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SYNOPSIS Cavitation-erosion experimental cata previously reparted by the present authors covering
several materials tested in a rotating disk device and a magnetostriction apparatus have been ana-

lyzed usirg normalization and curve-fitting techniques.

Fro this orocess a universal approach is

derived which cen include data from cavitation and liquid impingemeat Studies for specific materials

from different test devices.

1 INTRODUCTION

One of tte primary objeztives o erosion research
has been to mode) laboratory ercsion data to
field conditions with more confidence and reiia~
bility. Horegger (1), as eariy as 1927, consid-
ered “specific eroston™ in aa attespl to compare
materials and tiwe effects. However, systematic
investigations pertaining to time effects on
erosicn rates were conducted in the mid-1960's

{2 t0 5). In view of the strong C2pendence of
the erosion rate on exposure time in both cavita-
tion and liquid impingement environments, several
formulations, models, nomograms, and charts were
presented by dirferent investigators (4 to 14).
The main purpose of these formylations was to

ta) laentify the damage as well as erosion
mechanisms involved du ing the erosion
orocess with time;

(b) Characterize and quantify, as precisely
as possible, the erosion rate as the
exposure time increases for long terms;

{c) Test less resistant materiais in the
iaboratory for relatively shor: times
and extrapolate these data to resistant
materials in the field.

In view of the difficulties encountered in
the past to characterize and mode! materials with
diffarent devices and laboratory conditions, many
investigators agree that comparisons of test re-
sults should be done only if based on the corre-
sponding stages of the erosion-rate-versus-time
curves, Specifically. these stages have been
named the incubation period, the acceleration
period (accumylation 20ne), the peak damige rate,
the deceleration period (attenvation zone), the
steady-state region, and the lnng-term erosion
period, which is characterizec as either cyclic,
decreasing, or increasing, depending on the test
method and the erosion resistance of the material
(15). Typical erosion-rate-versus-time curves
are reproduced in Fig. 1 depicting all periods
(2 to 5).

A historical background of work on long-term
cavitation ergsion prediction and methods for
modeling the erosion-rate-versys-time curves are
presented in a recent study by the authors (16).
Several prediction equations for liquid impinge-
ment erosion are presented in (15). The impor-

tant models, formulations, nomograms, and the
variables necessary to evaluate the erosion-
versus-time curve or erosicn in a certain amount
of exposure time are presented in Table 1. No
single model or prediction attemgt has yet been
€ully precise in its ability to predict erosion
rates either during the initial phases of damage
or during the advanced stages of erosion. Hence,
icng-term prediciions using earlier formulations
differed from actual data by factors of two or
more. Most prolonged operations of machines re-
qQuire a higher confidence level to operate ma-
chinery at optimm efficiency. Thus if a method
is devised to accurately predict the long-term
erosion of a baseline material, and it is found
that the predi.ted erosion would be detrimental,
either the material mav be changed at the design
stage or more accurate overhaul periods may be
established.

A method for erosion-rate-data curve fitting
is presented as normalized cumulative average
erosion rate as a function of normalized time.
This method greatly reduces individual variations
of the instantaneous-erosion-rate-versus-time
curves. In this manner, a universal approach to
the analysis of data from previous experimental
results is presented for prediction purposes.
The long-term exposure behavior is discussed and
correction factors pertaining to the incubation
period are described. This paper is 3 condensed
version of (16).

2 NOTATION

ER erosion rate

MER maxisum erosion rate

p pressure

t exposure tixe to cavitation or im-

pingement erosion
incubation periods of curves ir
A, B,C,...N in Fig. 9
t; incubation period of a typical
erosion-rate-versus-time curve

tyety

Leveety
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ta time to attain maximum or peak rate
of erosion on rate-versus-time
curves

¥ velocity

v cumulative volume loss due to cavi-

tation erosion corresponding to
t hours exposure

vm maxioum cumulative volume loss due
to cavitation ercsion correspond-
ing to the slope of the erosion-
versus-time curve joining the
origin and the point of tangency

at incremental time causing an incre-
mental volume loss av
av incremental volume loss of material

in incremental time at

Subscripts:
a cumylative average
i instantaneous

3 DATA ANALYSIS AND PROCE DURE

3.1 ¢trosion Data Sources

in the development of this curve-fitting approach
for lang-term cavitation ercsion-rate prediction,
origina. data sets obtained independently by each
of the present authors were used. One used a ro-
tating disk device (17) and the other : magneto-
striction apparatus (18 to 20). The details of
the rotating disk device and magnetostriction ap-
paratus have been described in detail in (19, 2i,
and 22).

The experimental conditions for the rotating
disk device were velocity, 35 to 37.3 m/s;
oressure, 0.11 to 0.17 MPa {abs); diameter of the
cavitation inducer, 25.4 sm; and test liquicd,
water. The materials tested were aluminum, cop-
per, brass I, brass [l, stainless steel, and mild
steel. The compositions of materials and their
properties were reported in (16, 21, and 22).

The experimental conditions pertaining to the
magnetostriction apparatus were frequency, 25
kHz; mlithe, 44 um; test liquids, sodium (from
204" to 649 (), and water. The materials tested
were nickel, aluminum, zinc, iron, L-605 cobalt-
base alloy, Stellite, and stainless steel; the
compositions of materials and their mechanical
properties were previously reported (18 to 20).

3.2 Etrosion Data Treatment Method

Figure 2 presents cumulative-erosion-versus-
exposure-time curves for stainless steel tested
In a rotating disk device at four different velo-
cities (17). Figure 3{a) presents instantaneous-
erosion-rate -versus-time curves for the same
material (se2 upper curve in Fig. 2). As erosion
resistance increases the incubation period be-
comes more pronounced. Because there are several
pesks axd valleys in the erosion-rate-versus-time
curves, the prediction of erosion rate with expo-
sure time becomes increasing'y difficult.

As a first step to improve the situation, the
cumylative average erosion rate is calculated and

oRIGINST TAGT d )
oF B7 o JUALITY

plotted versus time (Fig. 3(b)) for the same data
presented in Fig. 2. The oscillations observed
in Fig. 3(a) are considerably smoother in Fig.
3(b) because of this treatment, It is now evi-
dent that a material responds to erosion in a
similar manner at different velocities and each
ergsion-rate-versus-time curve has a maximum ero-
sion rate if the test has been run for a suffi-
cient length of time.

Using these similarity principles, each data
point of Figs. 3(a) and (b) w's normalized with
resgect tc peak erosion rate and the time corre-
sponding to this geak. Figures 4(a) and {b)
present normalized-instantaneous-erosion-rate-
versus-normalized-time and normalized-cumulative-
average-eros ion-rate-versus-normalized-time, re-
spectively. However, the scatter in Fig. 4(a) is
too great to provide an accurate curve or predic-
tive equation for the field engineer. Theoreti-
cal an¢ empirical mocels proposed by earlier in-
vestigators (Table 1) do not fit these plots un-
less many assumptions are made; furthermore, ihe
scatter bands are large (16). On the other hand,
Fig. 4(b) provides a smooth curve without os~ill-
ations, indicating that a properly normalizea
erosicn rate follows a certain natural trend even
under different experimental conditions.

4 RESULTS AND DISCUSSION

Figure 5 presents typical normalized cumulative
erosion rate versus normalized time for different
materials tested in a rotating disk device and a
magnetostriction apparatus using both vibrating
and stationary specimens. A comperison of
norzalized-instantaneous-erosion-rate-versus-
normalized-time curves for the same materials
(16) indicated that there is too much scatter and
most of the individual materials cannot be repre-
sented by any single formulation. Figure 5, on
the other hand, shows a considerable reduction r
scatter. This coasistent configuration was ob-
served not only for materials tested in a rota-
ting disk device with water, but also for a
variety of materials tested with a magnetostric-
tion device using both water and liquid sodius.

The ratio of instantaneous/cumulative peak
heights MER;/MER, varied from 1.0 to 3.87 for
materials tested in the rotating disk device and
from 1.0 to 1.71 for materials tested with the
magnetostriction apparatus using water and liquid
sodium (16). As would be expected, the times to
attain maximum cumulative erosion rate (tm,) were
always longer than the times to attain maximum
instantanecus erosion rate (tmj). Furtherwore,
for the materials tested, the ratio tm;/tm,
varied from 0.42 to 0.960 in the rotating disk
device and from 0.3 to 0.88 in the magnetostric-
tion apparatus (16). As the erosion resistance
of the material increased, the ratio MER;/MER,
decreased. WNo clear—cut trend for the ratio
tm;/tm, was observed.

The advantages of normalized-cumulative-
erosion-rate-versus-normalized-time plots are
{a) scatter of the instantanepus-erosion-rate-
versus-time curves is greatly reduced, resulting
in a consistent, relatively smooth set of curves;
and (b) the MER, and tm, can be evaluated
from the erosion-versus-time curve.

4.1 Comparisons with Earlier Investigations

Data reported by Kerr (23), Thomas and Brunton
(24), and EV1 ott, et al, (25) were analyzed 1n
the same manner as the present investigations
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(16); typical plots are presented in Fig. 6. The
improvement of using cumulative erosion rate was
clear for data reported in (23, 24). This data
treatment further Supports the view that the
normalized cumulative-erosion-rate-versus-time
curves have significant advantages for erosion
prediction with reduced data scatter. It was
noted from Figs. 5 and 6, the guantitative data
in (16), and the typical data in Table 2 that
brass and stainless steel tested at different ex-
perimental conditions agreed very well on the
normalized average basis, Results in Table 2 in-
dicate that MER;/MER; varied from 1.4 to 3.2 and
tm;/ta, from 0.88 t0°0.82. One may therefore in-
fer that quantitative correlations exist between
cavitation and liquid impingement frrespective
of the *:7C o device ysed to produce ergsion.

4.2 Effect of Time Increments on Prediction
Models

“How many experimental pofnts are necessary?” and
"What time intervals should be used to obtaian the
most precise predictions possible?” are fre-
quently asked questions. To investigate the ef-
fect of the interval length on the accuracy of
the final plots, Fig. 7 was plotted using 1-hr
intervals for cavitation data of the cobalt-base
alloy L-605 in liquid sodium at 427° C. The same
data with time inlervals of 5, 10, and 15 min are
presented in Fig. 5ib). With fewer points the
determination of maximum erosion rate and tm
affected as shown in Tacle 3.

Major differences can be noted by comparing
the two sets of data. The parameters calculated
at 60-min intervals are far less accurate than
those calculated at 5-, 10-, and 15-min inter-
vals. Errors of SO to 300 percent were observed
in determining the parameters MER, and tm,. As
the erosion resistance decreased, the error in-
creased with long interval experiments (Table 3).
Figures 5(b) and 7 indicate, however, that these
close-interval data need be collected only until
an accurate peak is attained. Since MER, and
tm, are the crucial parameters which are used to
ca?culate the requisite quantities, errors in-
volved in their determination will lead to great-
er iraccuracies when they are used for long-term
predictions, This study points out the impor-
tance of using close intervals in the early sta-
ges of erosion (up to the peak rate of erosion)
to arrive at precise parameters for prediction
purposes.

is

4.3 Effect of Long Exposurc- on Erosion Rates

The long-term ergsion rate has been controversial
ever since investigators have been aware of the
influence of test time on erosion rate. Some fn-
vestigators have reported continuous decrease in
erosion rate after the initial peak rate, some
have reported constant final rates (steady
state), while others report cyclic rates at even
longer exposures, All of these patterns have
been well documented in (2 to 7) and in various
papers presented at the ASTM symposia (26 to 29).
Cumulative-eros fon-rate-versus~time curves are
presented in Fig. 8 in the normalfzed form, which
generally shows a decreasing trend irrespective
of erosion resistance and material (17 to 19).

The long-term exposure plots presented in
Fig. 8 are unique, as the ratio t/tm, ap-
proached nearly 400 (the highest ratio believed
to be observed to date). Some of the deviations
from a smooth curve in these plots are believed
to result from the small number of data points

taken during the incubation and acceleration
perfods. As explained ir the previous section,
difficulties in obtaining the true values of

a and the sensitivity of these
parameters to good long-term predictions are par-
tially responsible for the difficulty in obtain-
ing a single plot.

4.4 Incubation Periocd Corvaction

A typical set of most comminly observed cumula-
tive-erosion-rate-versus-time curves is schemati-
cally represented in Fig. 9(a}. The incubation
periods are indicated in the figure as t,, ty.
and t.. By subtracting these times from the
time of each experimental point on each of the
respective curves, a condensed set of plots is
generated (Fig. 9(b)). The new normalized time
for peak erosion rate is now calculated as

(t - ty )ty - ti).

All plols of normalized cumulative erosion
rate and normalized time use the relationships
(vit)/(va/tm) and t/tm, respectively. A correc-
tion factor for incubation period as used in Fig.
9(b) is necessary for all the previous figures;
this correction factor would shift the curves
toward the y-axis by the amount of time equiva-
lent to the incubation period. In saking the
transition froa the model to prototype the incu-
bation period for the prototype relative to the
model should be known in order to make this cor-
rection for more accurate long-term predictions.

Recently Heymann (30), while analyzing the
ASTH 6-2 sponsored ‘round robin' test program,
found that comparisons and correlatiors with the
{maximm) cumulative erosion rate gave more
scatter and inconsistency than those using maxi-
mum instantaneous erosion rate. This is primar-
1ly because the incubation period is dependent
on the average erosion rate, and because there
is more scatter in incubation periods than in
maximmm erosion rates (30). A possible disad-
vantage of the incubation period correction sug-
gested is that it may sometimes remove one of the
fundamental definition of the avera rosion-
rate approach. Some investigators ?:;.. 31 and
32) used incubation period to predict erosion
rates. These correlations are better than mate-
rial property correlations with erosion rates
{32). (%either of these investigators (31, 32)
considered long-term erosion-rate predictions.)

4.5 Erosion Resistance Variation

Laboratory and field devices produce uneven ero-
sion over the test specimen; hence, calculations
for erasion resistance are very general and vary
considerably even within the same device or test.
The normalized cumulative erosion-rate-

versus-time curves in the present investigations,
though generally smooth, indicate some deviations
with erosion intensity. As the erosion resis-
tance decreased, the portions of the curves fol-
lowing the peaks attained a lower value at long
test times. For a single test device these por-
tions of the curves were lower at long times for
more resistant materials, But the height of each
curve at longer test times appears to be a func-
tion of both the device and the material. This
correlation between the level of the long-tern-
erosion-rate-versus~-time curve and erosion resis-
tance may be helpful in applying this universal
plot approach to data from both laboratory and
field devices. An empirical factor called 'the
apparatus severity factor® is described in (15)
for liquid impingement data. This may serve as
an alternate approach to this discussfon.
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4.6 Universal Approach Plots

Summary plots of normalized erosion rate versus
normalized time are ented in Fig. 10 for the
prev.ous experimental data from brass, stainless
steel, mild steel, and cobalt alloy L-605. Every
material tested in any type of cavitation or lig-
uid impingement device can be represented in this
manner. Depending upon the test device and mate-
rial tested, a mean Curve may be chasen and scat-
ter bands can be defined or derived. The accu-
racy of the derivation of the two parameters tm,
and MER, (including the incubation period) con-
tributes to the accuracy of the prediction. The
deviation is greater in the aormalized time re-
gion from 0 to 1 than it is in any other portion
of the curve.

Although the plots of Fig. 10 are siaflar to
the set of plots reported by another investigator
(7), Fig. 10 is based on experimenta) data with-
out any assumptions or direct relation to theory.
The plots in (7) were generated using instantan-
eous erosion rate versus time while the present
curves of Fio. 10 were developed using cumulative
erosion rate versus time. Equations proposed in
{9) use both tangent points and fixed average-
depth-of —erosion values combined with a curve-fit
approach which results in much wider variations
than in the current study.

The concept of a normalized-cumulative-ero-
sion-rate-versus-normalized-time curve was first
suggested by Heymann (9) and used by one of the
present authors (17, 22) to check the validity
of the erosion “heory proposed by Thiruvengadam
(7) for a rotating disk device. By using cumula-
tive erosion rate initead of instantaneous ero-
sion rate the data scatter was considerabily re-
duced, and the plots (22) were closer to the the-
oretical curves presented in (7). The use of
cumulative erosion rate was also considered by
Lichtarowicz (12). Normalized-instantaneous-—
eros ion-rate-versus-normalized-time curves have
also been presented for erosion-corrosion model-
ing using a magnetostriction apparatus (33) and
for steam turbine blade and shield materials
using four different impingement devices (25).
Lichtarowicz (12) also suggested that only two
parameters MER, and tm, may be used to pre-
dict cumulative erosion rates for aluminum
(Table 1). However, this paper shows the impor-
tance of two additional parameters, the incuba-
tion period t; and the erosion resistance
(1/ER).

The erosion process due to cavitation and
liquid impingement is belfeved to be a function
of the earlier history of the eroded surface (in-
cluding work hardening, surface stresses, and
changes in material properties). Also, a study
of the relationship between the surface roughness
and the erosion rate would be helpful to gain ad-
ditional insight into the erosion process at
Tonger times.

4.7 Application of the Universal Curve Fit
Approach

To check the advantage of the analysis proposed
in this paper, data reported in (25) for stain-
less steel during liquid drop impingement at a
velocity of 305 to 314 m/s were analyzed. Of
the three devices used, the English Electric Com~
pany {EEC) data have been taken as standard and
normalized time as 2. Tadle 4 presents the pa-
rameters of MERj, tmy, MER,, tm,, and percentage
error measured while analyz?ng instantaneous and

cumulative erosion rate. In most situations,
cumylative erosion rate provides a better predic~
tion than instantaneous erosion rate. It is then
poss’Sle to calculate the theoretical cumuylative
erosion of a specimen at any point in time. Tais
information is useful in determining the extent
?:fa component ‘s erosion and its remaining useful
e.

5 CONCLUSIONS

Data for a large number of materials tested in
both a rotating disk device and a magnetostric-
tion oscillator have been analyzed in a manner
which brings the results of the two methods
closer ¢o a universal curve f.t.

Normalized cumulative erosion rate has been
plotted versus normalized time and a curve fit is

which covers a comprehensive variety of
materials, test conditions, and devices. Cumula-
tive erosion rate and time are normalized to the
peak erosion rate and time to peak erosion rate,
respectively, Adjustments are suggested for in-
cubation periods.

It was shown that the universal approach plot
is more accurate if small time intervals are used
before the peak damage rate is reached.

After the peak damage rate s passed, at long
exposure times, more resistant materials show a
Tower normaiized average erosion rate.

The curves and data scatter bands derived
from this universal curve-fit approach appear to
be useful in correlating different types of lab-
gﬁ:tory tests with each other and with field

ata.
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Table 1 P wodels, fermptations, and paremeters accessary for
conputation of cevitstion aad |iguid-tapingeaeat-erosion-versus-time curves

Levest igador Type of erestond Paremeters aceded for cosputation

Tatravengatan (6) | OV (nesegran) (1) Erosten intassity
‘2) Strais energy

Heymaen (8} CAY ané L1 (1) womina) acan lifetime for original
surf sce
{eleneateary (2} Standard devistiea for eriginal surfece
andel) {1 Nanias] meen lifetite for sebstrecture
Q) Standerd devistion fer substructure
u (clﬂm (1) &ln time during which no failure
(2) vemn o‘ lq-un.l olstritution on
thaic tiee scale

(3) M devistisn of log-asrmal
aistribution oo logarithmic time scale

Thivovengataem (7) | L1 ant OAS t1) Magnitute of tastantanecus eresion
rate at first pesh
{2} Time te attain first pesk instanta-
asews ereties rate
{3) Aua-uh- enpeneat
{€) weitul! shape parameter

Noff ang Ll (rate (1) Maniamm rate of eresten

Langbeta () erotion) (2) Incubation peried {intercept on time
mis frem stnl,t-lhz pertion of
erosioh-versus-tfae curve)

Beymaon (9) Cay andt LI (1) Fean Gupth of erusien at tangeat poist
(2) Awerage erwsien rate at tangent poimt
{3} Enpomentia) canstamt

(¥} {1) Cumulative mean dopth of eresion or

wmaterial loss at point
(2) mormal conpeneat m: welecity

{3) volume of liguic tapinging per ait
ares por wnit time

(€) Gemeralized sengtmensiona] evesion
resistiance parameter

Tichler and Ay (1) Incubstion time

oebee ($) {2) Reststance agsimst cavitation eresion
wnder hydredynanic Conditions, &3 eccwr
in mpgnetestrictive escillater

(3) Mean dupth of eresion at which effect
of crater formatien becomes mpnifest

(8) Proportienslity constant, syaiolizing
incredse in mean Jepth of erusien that
weuld be necessory to fore musher
of craters per ymit area in final
stesdy-state peried

{5) Ratie of rate of eresion in fing!
steady-state peried te rate of eresion
in first stesty-state peried

Perelag ant [§4 {1) werk ¢ene en micreplastic deformations

deniser (11) per cycle of load, due to the emeryy
cuit{ of microvolwnes of the
anteria

(2) Energy enpended on fatigue fractere
!l{ lnﬂ-n-ct of the surface form
4) Kinetic energy of & streem of droplets
(5) Enerqy in 3 stream of dreplets ssorted
h, the facubation period
{6) i.et ic energy of fractare deterwined
'ren aacretcepic fracture tests
in ! sorted by the materisl
h‘ taitial Q'-luq

Licktarowicz (12) | LI (graphd) (1) Commlative peak eros.om rate
{2) Time to reech cummlative peak
erosion rote

mosktevic {13) CAS (1) Cavitation property of anteria)

{2) Cavitation streogth of material
or ianer friction of materisel
guring plastic deforeation

(3) Cavitation damage rote in developed
period of cavitation atteck

Tairuvengadan (14} CAW and LI (1) Erosien intensity
{oomogran) (2) Ereston stremgth
Rao ang Yown (16} CAV and LI (1) Pesk comolative average eresion rate

(2) Tian to sttatn peak cusslative avevege
eroston rate

{3) Incubation pertod
(8) Erosten resistance

NAT: Cavitation erosion.
s Liguie tapingement eroston, cylindrical/spherical drop or jet tapact fo-
cluding jet with cavitation tnduter,
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Table 2 Maaraum rate of erosion and the 1mpacts to attain
1t for varwous materials - drop 'mpact

{Orop size, 1.5 mm; velocity, 125 m/sec; data source, (24).}

Naterial Maxtmm rate of MER, Impacts to attarn ta, ‘,

eroion, W/ mpact (—R, Wi 1M ErOs10n rate E"
Instantaneous, | Average, Instantaneous, | Average, N
NER, MER tay a, |
Cabalt 0.93a10-3 0.37m1073 | 2.52 5.07a10° 7.4110% | 0.69 |
!
18/8 stainless 2.86 .89 321 3.51 478 RN
stee! i !

|

Copper 5.85 161 1.6 a % | o i
Mg steel 1.7 3.0% !
i
60/80 brass 4.9 1.81 l 2.1 3 176 .80 |
| S1l1con steel 433 1.52 2.84 151 428 .82

Table I Maximem rate of erosic~ and tiee to attain 1t for L-605 cobalt alloy in 2
nagnetostriction apparatus with small and lTarge ntervals of time

[Data source. (19}, test lquid, Tiquid sodium at 4277 C: amplrtude, 44.5 um; freguency, 25 kMz;

specimen, vibrating.]

Pressure, Max:mum rate of erpsion, Time to 2ttain mpximus rate of erosion,
Wa 1 =10
—_—
Small intervals, iong intervals, Sastl intervals, Long fntervals,
$ and 10 min 60 ain 5 to 10 ein min
T '
Instan- | Average, ' instan- I Averyge, Instan- Average, Instan- Average,
toneous, | l(l. ’ taneous, I!l‘ taneous, N taneous, } L
MER, i L MER tm, ts,
+ . 4 |
0.2 2.0 | W2 15.62 12.9 7 1w | % ] ®
.3 2.7 ’ 3160 1. Jl.® 22.5 45 1% t %0
i
K 5.0 88.20 46.82 .62 10 1s x| %o
Apinimmm calculation time possible wher calcuiated by this method.
Table & Prediction of erosion using normalized sverage erosion rate
and 1nstantanecus erosion rate
g "R, . tmi, 1] Percent MR, te,, ER Percent
ag/kg | hgjcwl | WAy | ervor of | mgrkq | g/l | WR, | error of
morma ! 1zed normalized
eroston eroy1on
rate rate
£ECY 193 1.6 Q.19 0 119 1.78 0.67 0
capd 2.46 | 22.4 .25 2 1.54 | 41.08 .97 4
Wapiert | 92.8 3.8 .34 79 41 6.05 .81 71

EC - "he English Electric Comany rig.
- The C. A. Parsons’ eroston rig.
Chapier - The Napier erosion te<t rig of the Central flectricity Genereting Board (C1GB).
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Figure 1. - Characteristic erosion-rate-versus-time curves.
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Figure 2. - Cumulative erosion versus time for stainless steel tested in rotating-disk de-
vice. Pressure, 150 kPa abs; inducer diameter, 5.4 mm. Instantaneous erosion rate
at Q equals slope of local tangent at Q = A /At cumulative average erosion rate at Q
equals stope of line joining origin and point Q = VA,
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(a) Instantaneous erosion rate,
®) Cumulative erosion rate,

Figure 3. - Erosion rate versus time for stainless steel tested in a
l:;hting disk device at various velocities. Pressure, 0.150 MPa
S.
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figure 4 - Normalized erosion rate versus normalized time for stainless steel tested in a
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{a) Instantaneous erosion rate,
®) Cumulative erosion rate,

rotating disk device at various velocities. Pressure, 0.150 MPa ab,.
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{a) Aluminum tested with a rotating disk device Velocity, 35.8 m/s; temperature, 32° + 20 C; test

liquid, water.

(b) L-605 cobalt alloy tested with @ magnetostriction apparatus. Specimen, vibrating: frequency,
25 kHz; test liquid, liquid sodium,

(c) Various materials tgm with @ megnetostriction apparstus. Specimen, stationary; frequency,

2 kHz; pressure,

10° Pa; room temperature; test liquid, water.

Figure 5 - Normalized average erosion rate versus normalized time for various materials tested,
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Figure 6. - Normalized average erosion rate versus normalized time for various materials tested.
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Fiqure 7. - Normalized erasion rate versus ncrmalized time for L-605 alloy fested in magnedostriction
apparatus at 421° C in liquid sadium; 1-hr time intervals; specimen, vibrating: frequency. 25 kiz.
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Figure 8. - Normalized cumulative average erosion rate versus normalized time for long exposures,
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Figure 9. - Eifect of incubation period corvection where
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