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PREFACE

.  The literature on impingemef\f erosion has been examined with a view to deduci\hg
empiric (or analytic) relationships for the relationships between erosion rate and external
variables, in particular the velocity, angle of impingement, and size and shape of the
impacting drops. |

The difficulties inherent in the in'rerpretaﬁon of erosion test data are discussed
/\\

" and a rationalized approach is: described. The available data yield only very approxnmote [

“generalizations, which should be subjected to further experimental trial,

One of the major difficulties in the correlation of test data is the variation of

erosion rate during a test.

.
O

An analytic model is proposed to explain this vdriction.

Except for a short discussion in Part C on dissolution of materials by quUid metals,

,,*h-e reporl' is concerned with the effect of exfemal condmons such as impuct velocuty, etc.,

U

on the ‘erosion of metals by the im mgemenf of liquid drops. If does not directly. con-

&

or =~ except in pass-ng ~ with

the relationship between erosion resistance and other material properties.

Part A constitutes a major revision of Section V of Reference 1. Much new material

has been included, some of the old material has been deleted, and l'he conclusmns have been"

i
revised. Some of the deleted material is still referred to by c‘:ltmg Reference ’l but in ail

imporfant aspects thus report is self-contained.
~ Part 8, presenhng an analyhc model for the varlatlons of ¢ erosion rate with exposure
hme is a development of Appendix B of Reference 2. A broader discussion of the time-

dependence of the erosion rate (including this analytic model) is given in Reference 3.
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| SURVEY OF CLUES TO THE RELATIONSHIPS BETWEEN EROSION RATE

AND IMPINGEMENT CONDITIONS

F. J. Heymann

GENERAL CONSIDERATIONS RELATING TO THE INTERPRETATION AND
CORRELATION OF TEST DATA

1.1

Independent Variables

The obiecfivéi?;l this part is to see whether the impingement erosion test data in the

literature can be made to yield generalized relationships, by means of which the erosion to

//be expected under arbitrary operating conditions can be predlcted One would like to be

able to express the erosion in terms of an empirical or semi-empirical equation, which would

- be a function of the operating variabies and would contain constants which are properties of

the materials of the target and of the impinging liquid,

The independent varlables, or operating conditions, are as follows:

1)
2)
3)
4)
5)
6)
7)
8)

Area of target subjected to impingement,

Shape of target, | |

Size 6f impinging liquid drops or slugs,

Shape of i lmpmgmg liquid drops or slugs,

Rate of |mpmgement of liguid on target,

Impact velocity between liquid and target,

Angle of fmpact between liquid and target surface.
Piaysical properties of liquid such as:

a. density,

b. vuscosuy, §

c. compressublhi‘y, or acoustic velocnty
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9) Physical properties of target. While the significant broperties are stili
not known, these may be listed as possibilifieg
a. hardness, or other strength properiy,
b. strain energy to rupture, or other energy property,
c. elongation, or other ductility property,
d. endurance !imit, and fai'ig‘ue $=N relationship,
e. elasticity, or acoustic velocity.
10) Surface conditions of target, such as:
a. roughness,
b. work hardening or other surface effects due to previous preparation and/or
|erosion, YT
c. ‘presence of surface films of liquid. 2
1) Microstructure and orientation of surface layers.
In this part of the report primary emﬁhasls will be given to the veloclty and angle of
impact, ard the size and shape of |mpachng drops. Part B includes some discussions of

the fatigue properties and surface conditions of the,i‘arget.

1.2 Dependent Variables

| One of th<= greatest dlfflculﬂes in the mterprei'ahon and correlahon of erosion fest data
lies not in the multiplicity of the independent variables but in the ‘gdenﬂﬁcqhqn of the dependent
variable or variables, which we have heretofore: glibly referred to as "'i'he erosion”. .AH would
be well if, under given condmons, erosion proceeded at a constant raie qnd could be unmis-
iakably charqc erized by the uniform sﬂope of the cumulative weight ioss versus time curve.

As is well known ihis is not what happens, and therefore some approcuch must be found

to characterize "the erosion". Figure 1 (a) is intended to represent a Wpleal wetght

toss versus time curve. {The axes are vaguely. labeled "erosion" and "durcmon qune "
deliberately, since these quantities will be discussed more fully lqter.)y This curve is

characteristic of much of the . data found in the literature; the various sfrages of fhe

curve and possible explanations for them are discussed at length in Part B of this report.

e
Cone
|8 e
\\),r -,
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It can be shown that even a felatively well-behaved experimental plot is subject fe a
.. variety of infe»rpretciﬁons. The circles in figure 1 {a) represent the hypothetizal "raw data"
points. A conservative mefhbﬂ of drawing the "curve" is to join the experimeniul points by
straight lines, as shown. Reference 4f for instdncé,.,? shows curvas in this form. An erosion
rate curve can then be constructed by plotting the s!apwes'af’ these line segments versus the time
correspanding to their mid=points. This is shown by the circles and solid lines in figure 1 (b).
Referenéé"*ﬁ presents its data in this form. This approach requires no decisions, but obviously

is not accurate unless the data points are very close together.

'.‘mooi‘hed" curve, a conscious or unconscious decision must be made as

To draw ina
to how this smooth curve should Iook If it is believed that the erosion rate rises from zero
during an incubation period to a consfant maximum value, and subsequently declines to a
secondary constant value, a curve will be drewn such as the dashed one in :ﬁgur.\e. 1 (a),
whose counterpart in figure 1 (b) is also shown dashed. If one believes the erosion rate
reaches a rather steep peak value and then goes into a series of fluctuations, thenﬁ‘\the dash-
dotted lines in figures 1 (a) and (b) may result. This does not by any means exhaust\\ the posslble
variations, but will serve to show how this decision can have a considerable effect on the shape
of the erosion curve presented, particularly so if data are presented in the form of erasion rate

curves. (CGraphical differentiation of empirical data with ali its uncertainties is of course

notoricusly unreliable.)

This "prejudice” concerning what the erosion curves shouid look like is closely
related to the question of jusi tiow these curves should be quantitatively characterized,
just what the dependent variables are which should correlate with the operating condifidns.
The objective of this empurlcal approach is to predict the amount of erosion expeci'ed after

a glven time, or at least the time reqUIred to reach some "critical” degree of ‘erosion.

k3
References cited are listed in a later section.
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The parallel study reported in Part B concerns the possibility of predicting the form of
the erosion versus time curve analytically, on the basis of assumed material removal mechanisms.
This has not yet advanced to the stage where it can be of help in the present study. Therefore we
adgpt that view which is the most widely heldandwhich is practical eﬁough for present purposes.
That is:  The first stage in erosion shows . little or no weight loss and represents plastic defor-
maﬁcn"of the surface and initiation of fatigue cracks. This stage merges info the second stage
‘in which the rate of weight less is at @ maximum and approximately uniform over a period of
time. This in turn mergés info a later stage or stages in which the erosion rate diminishes and
may or may not tend toward another uniform value.- Whatever the precise cause or causes of

this decrease in erosion rate may be, it is usually associated with rather general and severe

“damage to the surface, which through geometrical effects alone may result in an effective

alteration of the impingement conditions. Thus the best parameters to describe the progress
of erosion in a relatively simple and yet significant manner are:
1) A qudnﬁty representative of the duration of the initial (incubation) stage, denoted
by To"“‘\l“\n\ figure 2.

L\E(’Jring the second stage, denoted

by R in figure 2, This is the most significant quantity, and most of the followihg
~ sections deal with it. : | L |

3) Of additionali interest would be some quantity repreﬁehi‘afi’ve~gf the degree of
damage at the "end" of the second stage. This would hel p to establish whether
this transition is really a geometric effect, and also whethér,_the first two stages
do really cover the "permissible" degree of erosion in a practical application.
However, very little information on this is available. |

There are test data to which the foregoing generalizations.and conclusions do not seem

to apply, but for most.of the usable data they do seem valid, and our correlation aﬁempfs are

based on this type of curve. Eventually, however, the deviations from this fype of curve must

- also be understood and accounted for. It is important to remember that more than one mech-

anism of material removal may be active: the above-described behavior applies to those

- conditions under which a fatigue mechanism predominates. This is valid for most of the

-4
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material and impact velocity combinations for which test data are available, and probably to
most turbine operating conditions. [f, however, impact velocities are incﬁ.reaséd, then material
removal due to individual impacts will alse occur, and at sufficiently high speeds the rate of
material removal by this process may be sufficiently high so that there is not encugh time for
fatigue failures to occur at ali. The shape of the erosion=-time curve, the significant dependent
quantities, and their functional relationships to such independent variables as drop size and
impact velocity, can all be expected to change durmg this transition from one predominant
‘mechanism to anotiier. Test data at relatively high velocnhes (around 2000 ft/sec) are being

. generated but are not yet available. Steam turbine blades will socon be operating in this

velocity range also.

1.3 Correlation Problems

Returning now to our assumed characteristic curve, another difficulty will be demon~-
strated. Figure 3 shows three hypothetical but typical erosion=-time curves from a given test
series. Curves A, B dnd C might have been obtained for three different materials under the
same operating conditions, or for the sarﬁé material at three different i‘mpac\‘f velocities or
with three different "drop" or "jet"! sizes. One may then seek to "compare" these curves, or
defermmr-* from each a number which represen’rs the erosion, to be correlated with material
properties or with operating parometers. With insufficient thought given to the
problem, the temptation might be to select a convenient point in time {(say T = 3 on flgure
3) and compare either the cumulative erosion, or, with more sophistication, the slope of

the erosicn=-time curve at that point. This, indeed, has been done by a number of authors.
It should be evident from the earlier discussions, however, that this procedure is entirely
invalid. It can result in spuricus "comparisons" beiween erosion rates correspondmg to
complefely d|fferent stages of the erosion process. Thus, in figure 3 at time T = 3, Curve
B is in the probably significant second stage; Curve A has already "broken” and is into the

third stage; Curve C may well still be in the incubation period.

\

1ti-5
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For a valid comparison there\ are two desiderata, of whlch at least ong or preferably
both should be fulfilied. These ane-'? ”
1) The measured slopes, or eroslon rates, should be as nearly as possible.average
or effective values represe‘ptahve of the second stages of the erosion-time curves.
2) The measured slopes should‘;‘ be as nearly as possible the averages or effective
values over the same runge c’f cumuh‘ahve erosion, i.e. associated with the same
degree of damage done fo fh\e surface
The first desideratum can be fulfn!led only if the "end® of the second stage is clearly
seen; if the test duration is not long enough for this fo occur, then the second rule must suffice,
and one must endeavor te choose the erosuon interval over which the slope is measured in such

h . :
a way that the first stage, or incubation perlod, is excluded. In figure 3, this is simply not

possible for Curve C; and when one exammes the avallable test dqfq the choice is often reduced

to one between spurious compqrisons or no: \compcmsons atell.

1.4 Rationalized Parameters

It was pointed out earlier thi' the axes in flgure 1 have been iabeled rather vaguely .
as "erosion” and "duration". Dlrect comparison between different test data is often compli-

fact that the "erosion" may be given in terms of weight foss, or volume ioss,

cated by the
and the "duration" in terms of time, or number of impacts (for wvheel-qnd-iefappqratus), or
in other ways. The target areas involved, and j‘he ;1uantify of water impinging on it, will
_ differ not ';‘ner‘e!y between different test seriés, but may also vary within a given test series
as a consequence of varying one of the other indepehder;f parameters. Thus, for instance,
ifina wheel -and-jet apparatus the jet diameter is changed, this effectively alters the area

of the target subjected to impact and also the quantity of water involved in each lmpacf and

if the impact velccity is changed by changing the speed of rotutlon, this also alters the weight .

of water lmpachng per unlt time.

In order to permit valud comparlsons and correlahons, it is therefore essenfial to

express the erosion and the duration: in a rationalized form which will compensate for these

h

test variations.

)
-6
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-Since the undesirable aspect of erosion is the loss of volume and the change of geomefry--?
-and this change c:;f geometry in furn affects the rate of erosion--volume loss rather than weight
loss should be considered. There can be little argument that the obvnous mhnnallzed erosion
parameter is volume loss per unit area, also sometimes referred to in the Ilterafure as mean
depth of penetration (MDP). |

The approp;‘ia\te rationalized duration parameter \is not quite so obvious. One could
make a case for /selecr\i‘ng;\ the number of impacts. ‘per unit area. At present, however,
preference is given to the volume Ofll/qud impinged per unit area. This is attractive because
results expressed in this way will show directly the effect of subdividing a given quantity of

|mpmgmg liquid into parﬂcles of different sizes or shapes, and because it makes the ' rahonal-

%\,_}

ized erosuon{ rate” (E)a non-dimensional quanhfy, as follows: K
_ Volume of material losf per unit area per unit time
~ Volume anqum lmpmged per unit area: per unit hme

“ I

'Ihe rationalized mcubahon time parameter correspondmg to the above is, of cours/e,‘
the cumulahve voiume of llqu:d lmpmged per .unit area at time T as defined by figure 2.

Fok some correlqhons, where nelfher fhe fcsrgef material nor the impinging liquid is
cnangea rhe rationalized erosion rate can be sahstocforlly represenred in terms of welghf of

mahﬂ-rlal Iow and weight of water lmpmgad M//
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prlmonly responsible for the domogep with the fangenhal component playing a secoLndqry role,

from the normal direction (expressed in‘our terminology):
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2.0 DEPENDENCE (>N IMPINGEMENT ANGLE

\ ' ’ ‘
Only recent!y have mveshgotors shown serious concern with the umpmgement angle.

The consensus appears to be that the normol component of the impingement velocity is that

4

Thus, accerding to Fyall ond King, ©) @) for- initially smooth surfaces the normal

in pocf velocnty can be used successﬁ:”y for correlahons valid durirg | the initiation and i
’earller sfdges of erosion, but that when the surface has been roughened by erosion, the tan-
genhol component also becomes slgmfnconl' because fhe true local mpoct angles ¢an become

‘more normal to the absolute velocity. No quanmcahve estimate is made for the latter ef"’ct

(() y _—

Lgngbem and Hoff"" sfate that fhe normul component governs he erosion; ﬂ’ey

- show" Iocl of equol average erosuon rates pioﬂ'ed on a field of obsolui'e ve!c)cuty versus u‘{eh- A

M;nahon ongle and state thof these correspond to loci of constant no»\mal velpclty component

\)\ o - }

~ (Vn =V cos 9). " . ) ];

()()

[

Pearson has proposed the: followmg corre!ahon equation fo represent the o =

erosion rate E.in terms of the impingement velocity V and mclm{ohon ong!e 8 meosured RN

t.
X

- : A

. in wblch K, V o and n are to be- reggrded as constants of the torgef moi‘enol (Acfuolly, at

Ieasf some of fhese constants myst also be functions of fhe nmpmgmg hqundl properhes, drop

<
\

3 7
 Pearson justifies mtroducmg the 'l/cos 6 i'erm by presenhng fhe data r\épr/oduced here .

suzesei'c) . . Lo e \ -

as flgures 4 and 5. (T hese are direct copies of Pearson's flgures except thaf our fermmology

_has been substituted and the curves\drown fhrough the points have been omltted ) It oppears

fhof E cos 0 correlates somewhof berrer with V cos 0 (figure 5) than does smply E wuib
V cos- 8 (ﬂgure 4) Thls lmprovement is hordly dramatic, however, -and fhe l/cos 8 cor-

rechon should, in our opini on, be regorded as tentative and sub|ecf to anolyhc or furl'her
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For 12 percent chromium stainless steel, Pearson obtained values of approximately 400
and 2, 6 for Vc and n respectively, for use in equation1. Ratios of erosion rate at angle ¢ to
that at normal inciden&:e(Eo/Eo), based on this relationship, have been plotted in figure 6 for
three different velocities, Some independent support for this formulation may be provided by
date: points also shown in figure 6, which have been deduced from erosion-time curves giveni}by
Busch and Hoff(lz); these were obtained in their supersonic rain erosion facility, with target
cones of different angles, but same base diameter. The material was pure aluminum; the abso-
lute impact velocity was Mach l 2, or approximately 1320 fi/sec.

In tnis situation, the area exposed to erosion changes with the angle, bu? the total
amount of impinging water remains the same. Thus,; no area correcfion is necessary if the slopes

of the erosion-time curves are compared; it is necessary, on the other hand, for a rational com-
parison of incubation times.

Note that the erosion rate at 6 = 10° is actually somewhat higher than that at

8 =0°; if this is actually so, it would support an observation by Bruni'on(7o)

that the damage
in single~impact tests could be greater at slight angles of inclination than wufﬂ normal
impact. (Note that at 1300 fi/sec on aluminum, single-impact damage is certainly occur-
ring.) On the other hand, this may be an apparent effect only and due tc scatter or some other
experimental variable. The curves in Reference 12 do not show actual data points.
The critical velocity Vc for aluminum would certainly be far lower than that for 13
. percent chrome steel ~perhaps on the prder of 100 ft/sec. If one compu%es.'Eo / Eo from
Pearson’s equation with V = 1300 and Vc = 100, n remaining 2.6, one obtains Curve E, .
which fits the data points reasonably well. Is this a confirmation of Pearson's equation, or
is it merely fortuitous? The jormer can be true only if the assumptions of Vc = 100 and
n = 2,6 are indeed correct. (Differences in the values of K cancel out, of course.)
in a previous progress report (Reference !) it had been suggestéd that the data of
Reference 12 could also be represented by the simple relationship EO Eo = cosz(), which |
is shown as Curve A in figure 6. This simple angle-dependence does not fit any of Pearson's

results presented in figures 4 and 5, and therefore should be rejected.
. ¥

In Section 4 of this report it is concluded that the exponents n in equations of this type
generally fall between 2,3 and 2. 4. | |

| i
=12
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The physical meaning of Pearson's equation is that erosion is in the first instance a
function of the normal component of the impact velocity, and that the additional erosion
due to a tangential com,,anenf is accounted for by the 1/cos 8 mulhphez. Such a relation
could not have been deduced from the dcta of Reference 12 alone, since in those tests the
absolute velocity was held constant, and the normal velocity component varied. Thus
there was no way of telling wﬁether‘\"he change in erosion with the angle was to be attribu-

ted to a function of the angle alone, or to a combination of the changes in the angle and

_the normal velocity. A reliable formulation for the angle effect can be obtained only ifa

reliable formuiation for the velocity effect is simultaneously determined, i.e. from test
programs in which velocities and angles are varied independently. This is what Pecrson
has attempted to do, and therefere, pending furthf‘r testing of the generality of his equation,
it is the best information available. |

One set of data somewhat at variance with the foregoing was reported by Branden~-
berger and DeHaller® . They tested one material in a relatively low-speed wheel-and-jet
apparatus at various combinations of specimen velocity (u) and jet velocity (v). The
"jet velocity" in a whéei-and-iet apparatus is of course in a direction perpendicular to the

ViZ + V2 if the

specimen were of round cross-section, as in a number of similar investigations, then w would

specimen velocity, and the absolute impact velocity is given by w =

also be the effective normal impact velocity. In thls case, however, the specumens were of
réctgnguidr shape, and thus the velocity w is inclined at an angle, 6 = tan (v' u), from
the normal to the specimen surface. For a given value of u, considerably different results

were obtained for different values of v. The authors g:laimed that these differences were far

~ Itoo great to be accounted for by the resulting differences in the absolute velocity w.

They speculated that cavitation moy have been induced by the flow geometry but
rejected this as a likely expianation because the location of the maximum damage was not
consistent with thic. They fimﬁ'ly-conciuded that the tangential velocity v had 'some,.gi pro-
nounced independent effect, not presently expla__i_‘lnable, on the erosion measured. This
conclusion has been introduced at some length because it has been quoted by subsequent
authors, and because g;sqmination of Ifhe ocfua‘l data simply does not bear it out, as will

be shown below.

1ni-13
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TABLE 1

EROSION RATE E FOR DIFFERENT SPECIMEN VELOCITIJES u AND JET VELOCITIES v
(FROM BRANDENBERGER AND DEHALLER 1927, REFERENCE {4})

v v w N E S E'
m/sec m; sec m/sec deg - gm/ 100 impacts  E cos 6 - gm/] O6 impacts
52 20 55.7 21 1.05 0.98
52 15 54,2 16 0.86 | 0.83
52 10 53.0 1N 0.67 0. 66
52 5 52.3 6 ©0.64 . 0.64
42 20 46.5 25 0.32 N 0.29
42 15 44.5 20 0.26 0.245
31 20 .9 33 0.122 | 0. 102
31 15 34.4 26  0.075  0.067

s

(Note: The jet diameter was 6 mm, and the target material iow carbon steel. )

'rTabIe l"lisfs best estimates of the mean érosion rates, for the weight loss interval
of .05 to, 0 5 gm, from figures 4 and 6 of Reference 4. The no.mal tqngenhal and
ubsolute veiocmes are also listed, as well as i'he angles and the "corrected" erosion rates
~ based on Pearson's hypothesis for angle effect discussed above. Figure 7 (a) shows
the data points plotted versus the normal impact velocity u, with the "1/cos ¢" qngle
correction. Figure 7 (b) shows the same data (without angle correchon)pioﬂed versus the
absolute velocity w. The followmg observations can be m\1de //

1) - When plotted against u, there is a different curve for each value of v. A

correction based on Pearson's assumption (Ev 0 = Ev °/cos ¢) did not suffice
) T’ & -

to br.ng them into lina.

2) When the dqta are plotted against the absolute velocn'y W, fhey fall quite

well mto one curve.

o d-te
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These observations not only contradict the conclusion reached b)) the authors of
Reference 4, but also seem to provide evidence contradicting the angle effect theory
proposed by Pearson (equation 1). A possible conclusion to be drawn from all of the
observations taken together is, however, that in this case there is no angle effect~
or none of the commqnlyq expected nature=-as a result of the jet vélociwo This is con-
ceivable when it is considered that the direction of the tangential component of the impact

velocity is also the direction in which the impacting mass of liquid is of infinite length.

=17
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0 - DEGREES

O DATA POINTS COMPUTED FROM BUSCH & HOFF F (REFERENCE 12)
(B, /E, =COSg . '
COMPUTED FRON) PEARSON'S EQ. :

E= K(VCOS® -400)2-4/cos 0
E= K(l300 cose -100)2 6/cos; ]

V = 1300 fps
y = ]OOO ‘7FPS<3
Vi= 700 fps

o

| ‘Figure 6. Camparlson of Erosion Versus Angle Curves

18



T

@]

i tsre b oy ok M et AT e me

&)

l | | 1 | 3
i L L | L s
o~ o 0 N o~ ™ =)
- - o s . 3 o
| SLOVAWI J0L/WO - 3-3LV NOISO¥3 -
| B I - — 3
| Queaemw
- (TR TR
> > > >0 -
Oodp
: 1J 1 |- I R — o
o~ o o 0 < ™ <
SLOVAWI OL/WO - 6 SOD 3 =,3~31Vd NOISOYI @ILDINOD -

-19

NO RMAL VEL-v -m/sec

(a)

(b) ABSOLUTE VEL-w-m/sec

e

Astronuclear
Laboratory

611131-178

Figurei 7. “Erosion Versus Veloci ies
(Computed from Dato of Reference 4)

o



i

Astronuclear - | | |
==/ Laboratory ) |

7
3

3.0  DEPENDENCE ON DROPSIZE AND SHAPE- o

3.1 Review of Available Dara,

Despite the fact thaf the maximum t;mpacf stress is genemily a function of the material
properties and the lmpact velocity, and should be mdeper‘denf of the size of the impacting
drops, there is ample evidence that both the size and the shape of the impacting liquid masses
do affect the erosion measured. Here again, the quantitative data in the literature fm\(\n“which
~generalized relahonshlps could be deduced is very scant.

A frequently cited test is that of Honegger, () n whlch he compared fhe erosmn
produced in a wheel-and-jet s,i'y,pe qpp_ara’ru’s by impact with one 1.5 mm water jet,

with that produced by nine 0.5 mm jets, arranged as shown in figure 8. The results are des-
| cribed t:.ls"‘follow_)s: “The splitting up of the jet is accompanied by a éohsideroble reductic)/r;}of
the erosion, the numerical value of the redﬁétion largely depends upon fhf" speed, and for
tests under consideration it varies from 1 to 5 for high speeds and 1 to 10 for low speeds. "
It will be noted that the tesi was so contrlved as to fulfill the reqmrements of a rationalized
_erosion measurement: both the--target area sub|ect;d to erosion q}nd the v,";olume of impinged
'wgi'er were the same for both cghfigurdﬁons.“ Yet, upon reflecfi;:n, one;"‘;must conclude that
this was not a valid test of the drop size effect, at least not if fig ; ire 8 ,: curately portrays
_ the mne-|e=-t arrangement. - This is because only the first three |eis would impact on a dry | \
surface. a liquid layer from these would almost certcunly still be present to cushion the effect.
of the next three impacts, and similarly so for the last three. Thus no 'quanﬂi'ahve concluslons
~should be drawn from these results, but the quahtc:tlve findings are of mi‘eresi‘
' Some systematic tests with dlfferlng jet diameters were reporfed by Brandenberger
and DeHaller. (4 The weigh’r-loss versus time curves are reproduce-d in ﬂgure %a,
The jet diameters varled from 4 mm to 12 mm, and attention should be given ta ‘the seeming
anomaly presenfed by the 6 mm and 8 mm curves, which gives rise fo the suspicion that these
~ curves may have been accsdentally mls-labeled and shoul4 in ree:;llty be switched. This
possibility will be furfher consndered below. | |
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The first step in evaluahng these data must be to express them in rationalized form
{as discussed/ in' Section 1.0 of this reporf) Flgure 9b is a replot of the data in terms of
rohonollzed coordinates. The solj;d lines represen* the original curves as labeled, and agam
there seems $o be a seeming anomaly between the 6 mm and 8 mm curves. If the labeling

on the orlgmal curves had indeed been swnfched then the true rationalized 6 mm and 8 mm

“eurves would appar as shown by the dotted lines in figure 9b., In that case, the &6 mm through

12 mm curves would all come’ very nearly on top of one another, with the 4 mm curve the

Relative values of the slopes of these erogion=ti mtb curves’ have been meosureed for the
damage mferval of 0.15 to 0.4 in figure %b, ano these hrave been plotted in f:gure 10. Figure
10a represenfs the data with the original curves as Iabeltrd and figure 10b with the 6 mm and

8 mm curves reversed. In neither case can any curve be-established through these points with

‘any degree of confidence. In figure 10a, as shown, a proportionaiity between erosion rate

)
and diameter could be suppori'ed, provaded the 6 mm dclta point is rejected. In figure 10b a
simnght-lme requlonshlp, not passing through the origin, has been shown, but the most that
can be said, on the basis of the data points alone, is that fhey would support some relatively

S

weak function of jet d dlameter.

Rerenﬂy Pearson ( N (3) has conducfed systematic tests wnfh different drop sizes in

his. wheel-and-spray fype of apparatus. fiigire 11 is.a reproduchon of f:g,/re 1 of Reference 13,

with our termmology As in all of Pearson's results, ‘the erosion rafe given is an "angle-
| correcfed" rahonallzed value o? the maxumum slope measured on fh/e we:ghf-loss versus time

;curve I represenfs mass less per umt areu dwnded by mass of waf/er unpachng/‘er Umf area.

The lmpmgemeni angle correchon used by. Pearson was descrnbed in Sechon 2.0 above. While

~ figure 11 shows an anomaly in the crossr;ng of the 920|.e, and 1050p Imes, Ii‘ seems to conflrm

thafr the relative eff‘*gt of drop size durﬁumshes at high drop sizes ay,n/d hlgh velocmes-l e.,

K as one gefs away fram whai' may be cdmmdered the "threshold" cor/dlhons.

y .
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for this set of data.

‘values are the same ones plotted in figure 12.
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A cross=plot of the data on figure 11 is shown\\in figure 12; here as in Figure 10 it is

difficult to justify a purely empirical curve other than a straight line to represent the E versus

“drop diameter relahonshlp, in the absence of any rational bqsls for some ol'her type of curve.

The extrapolation of the solid straight {ines to their intercepts on the coordinate axes is, how-
ever, questionable. The dotted lines are based on a correlation to be dereloped below.
(Reference 13 does not attempt to present any analytical or em&iricc&l equation for the q;&p
size effect.) “ J ” -
In Section V=5 of Reference I a hypothesis was introduced which resulted in rhe drop

size effect as being represented by a factor of the fwm

[]_G/VD] R : o

Wkere G represents a "critical" or "threshold" combination of velocity and drop diameter, such

. that for VZD’ Gno signifi"’ccnferosion occurs. Even if the hypothesis is not accepted in- toto, the

attempt to use the above factor to correlate data on drop-size effect may be justifiable. The

daia of Reference 13 is for the same material as that of Reference 11, in which a critical

velocity V of 390 ft/sec was found when testing with a drop size D of 660u. Thus G = 3902

X 6601, O X 108, and the above mentioned factor, which we shall denofe as the 'critical

facfor" or "K ", takes on the value
K = (1‘- /‘i'oglvzn) | 2
™ - | .

Table 2 lists K for a numbel of combinations of V and D, and also i'he vculues of the

- erosion rate E taken frqm the curves (not the origi )%I data points) drawn in figure 11. These

)

oo If K were a simple cofrection factor to be added to an equation such as equation 1,

- then one would expect that E/K would become a function of velocity only This is not the

case, as can be seen in the fifth column of table 2; a“though i“he spread of the E /K volues for"

different drop sizes, at a given velocnfy, is much smal\ler than the spread of the E values.

)
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LR TABLE 2 .
-~ ~DROP-SIZE CORRELATION ATTEMPTS FOR DATA OF FIGURE 11
v D K, = Ex 10° Ex10®
” i\-\loa Ke KCV
(ft/sec) ) 1 -7-2— (From Figure 11) |
V'D
350 0. 205 2.0 ‘9,75 123
: 450 0.383 3.8 9.90 230
600 660 0.578 10.0 17.3 347
920 0.694 17.0 24.5 416
1050 0.735 19.0 25.9 441
. ; . ‘[’ o
350 0.419 7.0 16.7 /; 293
| 450 .. 0.547 10.7 19.6 383
700 . 660 0.690 24,0 34.73 483
920 0.778 38.0 48.9 545
| 1050 0.801 41,0 51,1 561
350 0.554 <, 20.5 37.0 443
450 . 0.642 30 46.7 513
800 660 0.763 47 61.6 - 610
o926y, . 0,80 78 | %4.0 - 664
1050 ~—~ 0.851 . 78 S 9é 680
350 0.646 49 C o758 581
| 450  0.725. 64 88.3 652
900 660  0.813 88 108.0 - 732
920 ., 0. 886 148 171.0 . 780
1050 0.882 138 5700 793
350 0.714 100 400 74
450 0. 778 116 149.0 778
1000 460 0.848 . 140 1550 .. 848
’ 920 0,891 » 250 280,90 891
1050 0.905 220 243‘fj° | '905

. 7 ' .
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Another and really more rational way of regarding Kc- since it is a criterion of the
deviation both of drop size and velocify from a threshold or critical value ~ is to argue that
the erosion rate E should be a function of K V rather than of (V -V ) as proposed by
equation (1). Here V is understood to mean fhe normal component of impact veiocuty The
values of K V are listed in the last column of table 2, and figure 13 shows that when E is
plotted versus K V an almost surprisingly good correlation results.

Anather vcnld approach would be to retain the form of equation 1, and accepf from
the factor [l -G/V D} merely the consequence that for a given drop dlamefer D the critical
- velocity is given by V = \/'(_37D— That, in fact, was the reasoning whlch led fo taking
the value of G = 10 Thls suggests plotting E versus (V =V d) with V cd in this instance
being given by Vc = Y10 /D The values of V arevllste.d in table 3, and the points
corresponding to those of tabie 2 are plotted in ﬁgure 14. Again the correlation seems quite
good, *hough careful examination of the points suggests that the "scatter" is more systemafi¢
with drop size than that in figure 13. No formal attempt at curve-fitting has been made for
either figure 13 or figure 14, and therefore no statistical dé’fq_.. can be given to substantiate or
disprove the feeling that the former provides the better correlation. A hand-fitted curve
from figure 13, together with values of"Dc from table 3, have been used to generate the

dofted lines shown in figure 12,

TABLE 3 |
CRITICAL VALUES OF V_, AND D_ BASED.ON (VZD)C = 10°

D (u): 350 450 660 920 | 1050

V_(tfsec): 535 471 396 330 308

V{ft/sec): 600 700 800 900 1000

D (): 276 204 156 123 100

can be tested against (m,,er sets of ddfa. Some validating evidence is afforded by curves of

11-24
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the dependence of the crmcal velocity V (below which no erosion takes piace) on the jet
diameter D (in a wheel-and-|e apparqtus) presented by Vater. (14 he presented

two curves, valid for materials of corrosich fatigue endurance limit of 2000 and

2200 kg/ cmz, which have been approximately averaged and reproduced here as the solid

line in figure 15. According to the above hypothesis, this relationship should ke represented

by VCZD = G = constant if the ;@ef diameter can be regarded as analogous to drop diameter.
The dotted line in figure 15 shows such a relationship and follows very closely the experimental

curve.

3.2 Physical Reasons for Drop Size Effect

Consider the question as to why there should be a drop size effect at all. The maxi-
mum pressure developed under the impinging drop is generally held to be on the order of the
water hammer pi'essure, pCV, where V is the impact velocity, » is the density of the liquid

and C is the pressure wave velocity. This magnitude may be modlf‘ ed by Fa;‘i'ors which

depend on the drop shape (e. g. Engel( )), olfhbugh Bowden and Fleld( 6 hold that the maxi-
mum value of PCV holds for spherical drc\ps as well as flat-ended drops), and on the relative

(14)

acoustic lmpedance of the target and drop maferlals (e. g. Vater Mone of these is ex-

plici tly ,?'un tion‘of d.u,; size.
lf"\\is not really known, however, Whai' the true criterion of erosion damage is, While
some. genercil correlations have been mf:zde between the PCV value corresponding to the
critieal veioczfy, and the endurance hmlf it has also been shown( 7) that surface deformation -
can occur at PCV values far below the yield point.

When erosion does take piace, there is no certainty that the rate of erosion is strictly
a function of :mpacf pressure levels, Thlruvengcdqm( 8) has proposed that in cavitation
damage the energy available from the collapsing bubbles is a criterion of the volume rate

of material removal, so that the impact energy of impinging drops might be of interest.

The ‘question to be asked is: What properfiés of the impacts, or of their effect on the
target surfdce, vary when one reduces the size of droplets into which a given amount of wai'er,

impinging on a glven target area in unit hme, is subdivided?
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The total impact area (as distinguished from target area) actually increases, since
the number of drops increases as L7-3and the impact area per drop decreases as D2 when the
drop diameter D is reduced. | “

In other wofds, each target area element will be subjected to a greater number of <f
stress pulses per unit time, if one can assuime that the contact area of the impact bears a
fixed relationship to the projected area of the drop. If this were a/:/vsignificanf criterion, then
the erosion would be expected to increase with decreasing drop size, which cont;qdicfs all
experience.

However, another consequence of the increased impact area is that the total kinetic

. energy (\,}Vthh remains consfcnt) of the impinging water s spreae! out over a greater areq,

and therefore the energy flux per unit area is reduced. A hypethesis basei‘.! on this fact,
referred to earlier, led to the suggestion that the factor K (See equation 2) represents the
drop size effect. ‘ _ -

Another factor which is very likely of significance is the duration of the pressure
pulse on impact. Whatever pfecise reasoning is used to predict this dumﬁon (e.g. as in
Reference 16), it is clear i‘hqt for geometrically similar drops it must be proportional to drop ‘»
diameter. Thus the smpulse per unit area is smaller in the impact of a smaller drop, and pe¢-
haps this is of conszwence. Certainly the duration of the impact pressures (on the order of
microseccnds) are shor enough so that strain rate effects, in those materials that exhibit ’them,_
‘may become significant. The smaller the drop, the higher the effective strain rate, and there~-
fore the higher the effective yield point and the smaller the strain induced by the given applied

~ stress which is determined by the impact pressure. | |

Finally, the impact areas may weil be small enough wnere a size effect of frhevrnai'erial
itself becomes important. Particularly in the impact of a spherical drop (or sideways agdinst
a cylindrical jet), the impact area at the moment of peal' pressure will be a small fraction of
the projected area of the drep or jet. Size effects have been found in the values of endurance
limits of notched specimens, and this has been explqmed by Peterson(!?) by the argumenf
that for fatigue failure to occur, fhe endurance limit- musi be exceeded not merely at a pomf"

r "line" but across a dlmensmn ‘which is on the order of 0.002 to 0,003 lnch and may
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bear some relation to the grain size of the material. S$ince erosion damage, in the velocity
domain now under consideration, is primarily a fatigue process and failure has been shown

(20)

to occur initially by intergranular cracking (e.g. Marriott and Rowden'??), a similar size
effect is very possible.

A physical or phenomenological picture of this kmd of effect may be formed with
reference to a fatigue model proposed by Welbu||< D, He points out that the fatigue
process consists of two stages: crack initiation, and crack propagation, A erack

~ will initiate at a point in the material witha hlgh "damage factor" k, which can be regarded
roughly as the ratic of the nomina! applied stress magnified locally by stress raisers such as
scratches or mciuslons, to the ideali: zed strength of the material diminished locally by
dislocations or other imperfections. The higher the local velue of k, the smaller is the
number of stress cycles N “which are required to initiate a fracture at that point. Since
i‘he values are dependeni' on local aberrations they vory si‘chsﬂcally, and hence "N is
a random variable with large scatter”. Once a crack has been initiated, it "raises" the k-
field in fh; vicinity so that adjacent poinis are brought mote rapidly to the crack=initiation
s’tage, and the crack thereby propagates. | |

As the drop size increases so does the surface area over which the |mpact pressure
‘\_(assumed independent of drop size) extends, and so does (by elastic analysis) the depth to
which a given shgss level extends below the surface. Thus the stess gradient into the material
is reduced and the "k" field under the surface is increased. Thus, not only is there a greater
chance of initiating a sub-surface crack by virtue of the fact that a greater volume is highly
stressed, but the higher value of the "k* field will result in more rapid ¢ind deeper crack
propagation. In fact, if the depth of the stress field is less than some value characteristic of
the grain size, it is unlikely that the cracks wouid ever pro‘pagcte qround the grain and no
erosion may take place. This would establish the "threshold dmp size"

It is noteworthy that size effecis | nave been found in other material removal processes:
| Backer et al (22) discovered a Icrge increase in the shear energy required to
remove & unit volume of material, as the chip size (or depth of cut) decreases i in turning,

micro-milling and grinding operations; the depth of cut in these tests ranged from about
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0. 010 inch down to 2 x !]0-5 inch, It is thought that, as the affected depth of material is
reduced, the "theoretical strength” of the material is approached. These findings have been

consndered by mee( 3) to be of relevance to erosion by solid particle momgement.

3.3 Effect of Drop Shape

The effect of the shape may be divided into two questlons, of which one is difficult
to answer at the present, and the ofher is relatively easy, at least qualitatively.

The first is the effect of the shape of the "front" of the drop, that surface which
contacts the target. As previob.ély mentioned, some authors have stated that this shape
affects the maximum contact pressur{;, whereas others hold that it does not. In either case,
however, the time rate of the pressure rise and fall, and the variation in‘time of the actual
contact area, will definitely be affected, and both of these (and the interaction between
them) will certainly affect the damage produced, if the strain rate effect and material size
effect previously mentioned are indeé‘\d significant. in addition, the shape of the front of
the drop will affect tF‘ie radial oufflow\t\'\yelocify over the \‘grget surface after impact (see
e.g. Bowden and Brunton(24) and Engel(] 5) . and this in turn is of importance at impact
velocities high enoug!* to cause smgle-lmpacf damage. Complete theories or experimental

- data relating this georhetry to the damage are, however, lackmg

The second que=shon is that of the "tail " of the drop, or ite ‘‘ength per;pendacular
to the contact plone..,._ Bowden s group and also D«aCorso(2 5) have shown in single-
impact tests that the length of the i ampmgmg mass of water is of little significance. The
duration of the high (water hammer) pressure is governed essentially by the time it takes
pressure-release waves i‘p move. inward from the boundaries of the contact area and meet
(or, in the case of an extremely "short" mass of liquid, for the pressure wave to be reflected
from its back end as a release wave and return to the contact face). Thereafter, the contact
pressure is only the stagnation pressure __PV2/2, and the mass of liquid avrriving ti\;\en is relatively .

harmless.

Y
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Thus the "effective mass" of an impinging drop or mass of liquid may perhaps be

1
)

hypothesized to be approximately that mass through which the pressure release’waves must
travel before the water-hammer pressure is completely relieved at fliqe contact face.

A test result with some bearing on this was given by Brand.en’l‘:perger and de }Haller;(4) An
elongated jet cross=section was used in a wheel-and-jet apparatus and when impacted by the
specimens on its broad side, resulted in far more rapid erosion than w!’}hen impacted on its
narrow side. Unfortunately no quantitative conclusions can be drawn““, because in the latter
~case the "second stage" of erosion was not reached, so that a reliable comparison of erosion
rates is not possible, and further because the actual dimensions of the jet cross-section are
not given, (althcugh the proportions are suggested by a sketch), so thqt the size effect and
the shape effect cannot well be distinguished. Additional experimentsl'-f‘v of this type would seem
to be of value in helping to establish the significant criteria of a drop“l‘;s damage potenﬁai,

even though diop shapes met with in actuality may be of fairly uniform }"’_shcpe.
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4.0 DEPENDENCE ON IMPACT VELOCITY

4,1 Some Simple Empirical Equations for Veloc!ty Dependence

The literature contains a considerable body of data relating erosion to velocity, but

' the usefulness of much of these data is limited by the considerations discussed in Section 1.0,

There are various functional forms to which one can attempt to fit such data;

the most obvious ones are briefly discussed below, Here E = erosion rate and V = vélocity,

E=<:\‘/n

3)
This represents a simple power relationship, and |mpl ies that some erosion will take place no
matter how low the velocnfy is. Usually, however, it is fhought fhot there is a critical or -
threshold velocity V beiow whlch erosnon is absent for all prachcal purposes. An obvious

type of relationship to reflect. thls is

cevv o

= — =] \ A4aq)
a.‘ (Vc _ ) , v | ' // |

This irﬁpl ies that erosion is proportional to a power of the vel‘ocity in excess of the critical or
threshold velocity Vc° Pearson"sﬁequafion,‘ previously quoted in Section 2 of this reporlif,v is of -
that type, and, as will be seen later, it has been used by a number of other authors to eXpress |
their results, v'

Another type of relationship involving a critical velocity is

¢

i

E=aV"-b | = . " . (5)

which implies V_= b/a) /"
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and cdn,‘ be rewritten
. > v n | ' -
E=ap ( 7 ) -1 | (5a)

. Clearly both (4) and (5) have the property that

yvhen(V/Yc) >> 1, E—-a, |y ) (6)

C

and when V/V_—= 1, E > o.

4.2 Some Physical Considerations Relating to Velocity Effect

4,_'201 Ana!ogy%{,wif’h Fatigue S-N Data

1

Which among eq‘;ﬁai‘ions (3), (4) and (5) is a more logical choice dépends to some éxfent
on what physical reasomnq-—lf any-= is used to account for the lnfluence of velocity. One
~ physmal argument car lead to yet another type of relationship: Vater (14) (16) “has
noted that since erosion is a Fafigué phenomenon, and the applied stress is proportional to {or
at least a function of) velocity, the reiation befweer velocity and erosion iends ifseif fo a
treatment analogous ‘o the relation between stress and cycles to failure in fatigue. He has
presenfed curves in which velocity is plotted versus the number of impacts to obtain a given
weighf.loss (Figure jil éa), or versus the reciprocal of the weight loss obtained after a given
number‘of impacts (Figure 16b). (The latter is, however, once more an example of spurious
comparisons, since after a given number of impacts, different stages of the erosion-time curve
may have been reached.) | | -
" Some caution must be exercised in making direct analogies between S-N fatigue curves
‘and velocity versus erosion curves, If one assumes that erosion is tdking place as a steady-state

process, and that the mean size of erosion fragments is independent of V, then the volume rate

| of erosion E would mdeed be propoitional to 1/N where//N is the mean number of Tmpacts requnred

to generqi'g a loose ergmonfragmenf, In turn, N could be assumed to be related to the impact

@\ Fo
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stress and hence to the velocity V in a manner similar to the relation between cycles to failure
and stress ar\ conventional fatigue tests.

if fhvi%"se assumptions are correct, a V - (1/E) curve should exhibit similar characferisfi;:s
to a 5-N fatﬂgue curve, Even if erosion cannot be conceived of as a steady-state process, then
the number of impacts to obtain a given cumulative volume loss (as plofted in figure’ 16a) should
be a valid anaiogy, provided that there are no variations in the initial target surface conditions
which could affect the life-times of the original surface layer elements. (i might be pointed
out that one implication of the erosion-rate-time model proposed in Part B is that ;‘he erosion
process during the period of maximum erosion rate is generaily not a sfeady-stafe\process;
rather this peak in the rate-time curve can oceur as a result of @ "deluge" of erosion fragments
being loosened at about "the most probeble value" of the number of impacts to failure, as
measured from the time the impingement attack was initiated. It is only Becouse of scatter in
the sizes and the impacts-to-failure of the erosion fragments, that there is a tendency toward a

steady-state value.)

Fatigue $~N data are often depicted as an approximately straight line on a semi-log
. A | _ |

plot for intermediate values of N, as follows:

C = - e N fo L )

with a leveling off to S = SY at low volues of N, and a transition to S = SE "q_f high values of N,

where |
S = stress corresponding to N cycles
So = intercept of straight line on siress axis (So> Sy)
S = vyield stress
y N i .
SE = endurance limit. b

i
It
i

Consequently, one might expect some analogous relationship such as |

V=a-blog (-%-)
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or, in a form which is equivalent but more consistent with the previous types of equation listed,

"E=ae" )

where e is the base of logarithm chosen. This eéuafion of course does not prédicf a crif‘icql
velocity and must be combined with the separate condition that there is a transition to E-» 0
at some value V = Vc.

As pointed out before, this relatiqn, even for conventional fatigue data, is valid only
within a limited range. A number of more complicated equations have been p”roposed for re-
presenting S-N data over the full range of values; these are surveyed on pages 174-178 of
Reference 27. Such equations would predict a critical welqcify. It does not seem profifab!e
to attempt to use these, however, partly becuase of the computational difficulty involved and
partly because one of the ﬁirev iously mentioned assi.ampfions inherent in this direct analogy is
almost certainly un|ust|ﬂed! that is. the assumption that the mean erosion fragment size is
mdependenf of impact velocnty Since a higher velocity generates a greater impact pressure
~which in turn produces a Iqlnger stress-field in the target, i.e. a greater volume of material is

highly stressed, it seems veiﬁy likeiy that the mean fragment size increases with velocity. A =

velocity relationship could be postulated from this fact alone, as will be shown below.

4,22 Approach Bused on Size of Stress;Fiel-d under Impact i}/

The approach wull be demonsfrafed with reference fo a fwo-dlmensmnai ‘model, which

would apply to the wheel-and-|ef type of apparatus: |f is assumed that the contact pressure
between the "jet" whose side impinges ogamsf the target (or vice versc), and the target surface,
- can be reasonably repre'.ented by a belf of uniform pressure over the surface of a semi-infinite
solid, and furthermore that the effechve width "2a" of this belt i is a function of ";et" size and
shape and is mdependenf of impact velocﬂy. (Th:s assumption seems more reasonable thon a

Hertzian confccf stress distribution which would imply ﬂ'hoﬁ' the ligquid behaves as an elastic
solid on impact.) This corresponds to Case No. 11 on page 322 of Roqu( 8)
where formulae are given for the compressive and shear siresses anywhere within the solid.

Since the shear stress is surely a better cr:tenon for fculure than the compressive stress,

Jo w4
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consider the locus of a constant value of shear stress, S, as a function of the contact pressure
and the semi-width of the pressure belt, a. The formula given by Roark is |
$ =0318p sina o | (8
. =(/x)psina

where a is the ang“l”e subtended, af the point in question, by the bound‘aries 'of the pressyre |

~ belt on the surface. It can easily be .ahown that the locus defined by equation (8) consists of

two circular arcs of I'OdiUS r, where : T
r -1 -p
Q r § !
= ‘:/7

ala
s H]
N
o’l-:
4
N
i
Q

This is shoyvn in figure 17. The region sfresséd to values greater than S,Iiesﬁefw‘éen ‘the two

arcs. Figure 18 shows these loci for a number of values of p/S; the highest value of the shear

stress is of course S = p/x, and its "region® reduces to a semi-circular Iocus of. radlus r=a.
| Figure 18 can be regarded in two ways. It can represent fhe loci of varlous shear ‘stresses

in a given stress field, if we assume the confcct pressure p to be a fixed quantity. On the other

.~ hand, assuming the shear si'ress S to be the indepei: dem‘ fixed quanhfy, then i'he lines on flgure 18

represent the "spreadmg of the boundaries of the reg:on bounded by that sh'ess, as the contact

il
\

pressure p is increased. It is the latter pomt of view which we adopt for our argument, .

Y

LA

For the purpose of thls argument? w\e assume that if a "reference stress" S s s«elecfed

exceedmg an aproropnafe crlhcal value or endura(nce limit, ther: the “reference time" ‘or
i

number of impacis) required for fracture to have occurred all around the ﬂoc_.us of S is mdependen?

tl ‘ ‘ ) : . I ‘
51 : 4 7 :

N _;va R - ‘ ‘ N
i‘ 4"/‘.‘ | | | : g ! ) B
ye . g ] ; I a | -42 / . .

B

=)



o @ Astronuclear
} Laboratory

of the lengfh of that Iocus, since a greater length presents q proportionafery greater number of
crack initiation points. At this fixed "reference time", all the mc\gfenal berweer\ the original
surface and the lower locus will have been lost. Therefore, a Ioweri limit to the change in fhe
- erosion rate with contact pressure (and hence with velocity) is proaned by the change in the
areq AS whlch lies befween the oruglnal surface and the lower locus of\\a given vaive of S, as.
N | |

p is increased.

. The non-dimensionalized area As/a' " has been compufed as a function of p/S and is
plotted on log-log scales in figure 19, which therefore should represer;t an approach to a O'
,: velocrfy-erosron rate relahonshlp. Note that the slope begms at o hrgh value and graduall\
| approaches the value of 2. |

One should nof of course, take ’rhls model so ||feral|y as fo infer from it that fracture.
actually occurs by cracks Followmg along fhese locr Moreover it clearly gives a Iower limit. to
' the eros:on rate because it ignores "I'he facf *‘*haf earher fractures w1|| cecur above fhe reference
stress locus because of the hlqher si'res¢ 2 there, thus alferlng the geometry and causmg ‘the
Iocus of S h proqress -urther doWn mto the solid. In parhcular, this model predicts that
when the pressure reaches p =w §, the erosion jumps, from°zero to a value correspondmg to an
‘ area AS” 2 =7 2:=1 57 In acfuahty, if the "reference stress" S is chosen to be above the
- endurance {imif De sC that rhe rererence time® is not mﬁ vite, then for all values of P such
that p)zr S there will shll exist s.resses high enough to cause mai'erlal loss, fhough not within
fhe same reference flme. | The model does show, however, that some quantitative conclusions
may be drawn from a-fahgue ‘point of vnew, without any reference to specific S-N relationships.
If also serves to emphasize tharﬁfhe extent of the stress field under the impact must be taken into

)
account in ony anaiyhcal approach to predlchng fhe erosson-velocnfy relahonshrp, whether

that approach is based on stiess or energy concepfs. ¢

4.2.3 Energy Consrderahons . [

An energy approcich was descrrbed in pages 167 174 of Reference 1, which soughf to |
predict effects both of velocity and drop srzi- on the erosion. |t was based on the assumption
that the volume of material removed per umf aréa per impact, is proportional to (or a funci‘lon

l

of) the impact energy per unit area in excess of some:energy threshold per unit area characrer— |
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istic of the material surface. This resulfed in the followmg relahonshlp, expressed in non-

dlmensmnal ferms-

;‘1 . - !
RV / |
— P v e
_ 2 L ; o . ;
E = f { k2 3 1= 2 (9)
. o - To V k3 1 PLV D |
| L <+ 2 ;
R
‘where // . )
'E = rationalized erosion rate
_ [volume of eroded material o S
volume of impinged liquid | |
V:. = impact velocity
.D = characteristic dimension of droplet \\
P = i liquid - | ” \ -
L d\ensnjy of liqu | | ” : \\
L o . PN T TR ' ‘ - \
,, k2 = ratio of "effective” volume to total volume of drop . \\
k3 = ratio of e ¢ffective volume effechve impact crea" times d>0\p dlmenslon
. ) ' v &\\\
s = characteristic si'rength (or elastic modu!us) of material \\\
e, = "threshold enzrgy” per unit area of material surface o
Q. . \
f = funchonal relcmonshlp or factor of proporhonohfy | , " \\
i} , o -\

ina snmp!nfled fon'm, and fo brmg out the "threshold condmom," ini,lplicif i’gj@,%quatﬂm 9 \

i . : CL g . AN
can be rewritten as: : » A ' Yo
K . ‘ ‘ ‘ . S .‘ \

o\

: N 5 2 ) : G . & . . Kﬁ L
N (] Vo ) RN =" (%q)
s vp / | o

| where G represen%s a "critical value! such that lf VgD ( G no erosion i'akes place. (The 6.

relahonshup is of the type of eqpaflon 5.) This crlhccl value has proved qu’h‘e“successful ; in
/
|

one or two msi'anc:e«\, of correlafmg drop-size effect dafa, as was shown in the previous sectnon.
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In particular, it was shown that the dafa/éf Pearson in Reference 13 correlated well &m the form

V4

s
J//’
Y
7

AR . - -//;;.v/ . ‘ | ’ N
=, |V (1, - S ) @ - e

However, the difference bétwef*f; equations ?a and- 10 indicates that the energy threshold
concepf Jat least in its present form - is stili deficient,
While a number oF aufhors recently have sought to predict both erosion strength and

8, 29,
erosion attack severlfy'm terms of energy concepts ( e.g. 'lhlruvengadam(‘ 29, 30 and 31)

Hoff et ql( ), Snalnev et al( )) fhere are consuderable difficulties to be faced. The energy balance
involved in adroplet impact is very complex and has not yet really been examined in sufficient
depfh Part of the kinetic energy of the impinging dmp will remain as the kinetic energy of

the. radial outflow velocities; parf will be d:ssupated in the shock or pressure waves passing

| \fhmugh the drop and part in the shearing qssocmfed wr‘rh the change of direction of the liquid
flow; part will be dissipated in the fargef marerlal and here too, the energy dissipation associa-
ted with stress waves should be exammed considered as wellas the quasi-static plostic strain
hysferesus energy associated with each impact stress cycle. The piciure is further complicated

by the rather large amount of energy’ \;3{7\ <h will temporarily be stored as elastic strain energy

in the target and which will reappear in one of the prevnously-menhoned forms,

The energy dissipated in the target material is that associated with fracture and therefore
with erosion. But it isby*no means true to assume that the volume of maferiql removed {s propor~
tional to that energy Two reasons account for this: One is that (at least i m the case of Iarger drops
at moderate velocmes) erosion fragmenfs produced by the rcmdom lmkmg-up of fahgue-l ike
cracks (See Reference 20) are not likely to be deformed to the fracture point fhroughout their
- volume, and therefore the accumulafed plas'nc strain energy may be more related to the surface
area of fh«, fragment than to its voiume, r, at the least, be non-umformly dlsfnbuted wnthm ¥
the volume, The other is that in fracture due to the repeated stressing, the total enérgy mput
incrédses gredﬂ);' with the number of cycles to failure. This is evident in McAdams® results for

(33)

impoéf fatigue tests, ”~/and has recently been documented for a large collection ‘of Fafi“gue data

[ !
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by Halford. ('34) Even if one posfulawes that the damaging energy is the same l/n all

cases cmd the excess hysteresis energy is dissipated fhraugh non-damaging proc:#sses,

the fcct remains that all of the dissipated energy is supplned by the lmpmgmg droplets
and even if the energy absorphon by the target material is known, that in lfrself w:ll
not establish the erosion rate. The crudest broad conclusion one can draw  from i

fr

the above is that the erosion is likely to vary with the velocufy to a power higher

than 2, since the "impinging ej\ergy is proporfional to velocity squared and the /total energy’
to failure decreases wnth increcsing velocity (i.e., with increasing stress and decreasmg number

of impacts to fa||ure) \

4( Relahon Between Impact Pressure and Velocity

A final note of relevance to this subject concerns the relahonshlp between fhe impact
velocity and the contact pressure generated. This relahomhlp is often presented as fhe water-

hammer equation,:

= pcv | ‘ -

m
‘_
i
17
Ci
=
n
@
-
n
-
0
w
3
[
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&
0
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o
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although with a relatively. elastic target mat

and hence, the elaborated form:

p = ] Vv'] 0= PCV = | : (12)
) )
PC PrCy) T°T
where | - &
p = impact pressure o )
- V= impact velocity
- p = liquid density o ” ’ )
O
P. = target density Lo L . » ;

i [ v
) ) . i a <
iy o . S B a
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“ relationship Cx V", mfahcnf in equation 14, is nodi' a proper form
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C = pressure wave velocity in liquid
by

®

i

.‘ CT = stress wave velocity in farget « - |

\\‘;\ :
: N\
) y \\\\ Co N

The question of whether these equations are to be m‘{tc\.\gl'ified by virtue of the drop geometry has

“b'een*-fouched on in Section 3.2, The point to be made here is that-for the condiﬁons of a high-

speed impact, in which V is a substantial fraction of the acoustic velocity C in the Inquud or

may even exceed it, it is quite incorrect to approximate C by C (and, ulhmarely, to approxi-
mate C, by C oT’ the acoustic velocity in the target material).
To clarify this conceptually, one may lmagme a long cylmder of liquid lmpmgl\yg end-on

upon a rlgwd surface: a compression front, which forms the boundary betiveen fhe liquid brought

to rest and that still movmg, then leaves the plane of impact and propagates upsfream through

. -the liquid cvllnder at velocity C reiahve to the approaching lquld From simple momentum

consuderahons one can then deduce the relai'aonshlp p =p CV, but it is also obvious that C must
always exceed V no maﬂ'er how great the latter, since otherwise the compression front could -
not move away from the impact surface and_no "sforage space” would be created for the liquid
bfought to rest, //The exact determination of C as a function of V depends on the compressibil |fy

(35) -

properties of ! ﬂne liquid and is not_gotainable in cmy simple analyhcal form. Pearson

"'has made this defermmahon for water up to V = 1600 ft/sec, and has compared hls

i \
resulfs wnfh earlier ones of- Ksrkwood and Monfroll( ) whlch exfencled fo a somewhqf ‘

higher veloca’ry MHis data are shown 7)n Flgure 20, Pearson stated that the results can |

I
B

[w I o o

Thls, however, is true only for a limited range of fhe dal'a, and one could show easily fhaf the ,

”even f‘or an emp.t)rlccal C-V

/ .
relationship. Unfortunately, even a snmple empsrlcal form seems to }pe elusive.

At any rate, the numerlcal results of Pearson show that Off {V’— 1500 ff/sec, the actual

lmpact pressure is 60 percenf greater than that based on C = Cc ' on)'d in geneml since p mcreasesu

|
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“more than linearly with V, the rate of change of erosion rate with respect to velocity will be

i

greater thun that of erosion rate with respect to stress or impact pressure (such as deduced in

Section 4.2.2 above),

4.3 Empirical Data from the Literature Search

4.3.1 Preliminary Remarks

In attempting to fit a simple equation fo experimental data, equations like (3), (4),

(5) or (7) would be selected. Equation (4) would form a straight line on log-log paper if

plotted versus (V - Vc), but one does not know Vc ahead of time. Equation (7) would form

a straight line on semi-log paper, with V along the linear scale.

Figure 21 shows examples of these various relationships on a log-log plot. The upper
portion represents equations of types (4) and (5) with \//Vc plotted ayainst E, and the fower
portion equations of types (3) and (7) with V plotted against E. For consistency, the constarits
"a" have been chosen so that all curves pass through the point E=1, V or V/\/c = 2. A plot

of this kind may be of help in deciding what type of relationship to fry to fit to experimental
data points when these are plotted on a log-log graph. A corresponding plot of these families

of curves could be constructed on semi-log paper, with E as the log coordinate; in that case

the equations of type (7) would, of course, plot as straight lines.

A number of problems arise when attempting to establish an equation of one of these
types for experimental data, either by plotting the data points on log or semi-log paper, or
directly by numerical methods, | | a

One of the problems is that much of the data are obtained at velocities not very much
greater than the critical velocity (seldom at more than V/Vc = 2). Therefore one is probabiy
examining that portion of the curve in which a "transition" is taking place or in which, even

in a log-log plot, the curvature is greatest. This has the consequence that small errors in the
data points, or small differences in the manner in which a smooth curve is "fitted" to them, will .
have a large effect on the values of the exponent n and the critical velocity deduced therefrom,

This difficulty is compounded by the facts that the scatter in erosion data is inevitably

fairly great, that in many of the test series no more than three velocities have been investigated,

I1i~-48
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and that the ratio of the highest to the lowesi of these is often quite smail - about 1.5 .
This cuvers a very short span of the velocity axis on log-log paper. In short, a problem
exists in which: '
1) In the velocity range investigared the "true" relationship will not
appear as a straight line.
2)  There are too few data peints; and these cover too short a velocity
range to allow a curved line fo be fitted with the necessary accuracy.
If testing could be done at much higher velocities, then in theory the influence of Vc on the "appar-
ent exponent” - i.r. the slope of the curve ona log=logplot ~ would be reduced and ¢ more accurate
determination zould be made of n. In practice, however, at velocities much above V/V =2
one gets into the region of single~impact damage, whose velocity dependence may not b; the

same as that for fatigue damage, and so one may well-be in another transition region.

4,3.2 Examination of the Better Test Data

One of the earliest comprehensive sets of test dafa at various velocities was
given by Honegger. (5) His often quoted conclusion was that while the behavior of

the various materials differs considerably, the rate of erosion "may be generally ex-

pressed as":
9 ,
E cc (V~-125) _ (15)

where V is the impact velocity in m/sec. The above relationship was evidently deduced from
his figure 7, on which was plotted the "specific loss in weight" (weight loss per impact, henee
a measure of erosion rate E) after 215,000 impacts, versus velocity. This type of comparison,
as pointed out befq'fe, is not valid. Also, the equation fits a "mean curve" drown through the
band of experimen’fcl curves; byt some individual curves suggest exponents that are much higher.
Thus, the curve for Specimen No. 26 is well described by E OC(V—110)3“3,

For a more valid bosis of comparison, the rate-time curves presented for various ma-
terials and for the speeds of 175, 200 and 225 m/seé should be reviewed. From these, one

can, with some effort, deduce characteristic erosion rates which fuifill the criteria

[11-49
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specified in Section 1 of this report. Thishas beendone in a very approximate manner, and the
results are plotted on Iogg;log coordinates infigure 22. Their shape is not unlike what is predicted
by figure 19, at ve loci}fés close to the threshold value, but it would be bold indeed to atiempt
to fit any empirical equation to these data.

| An interesting set of resuls on one material was reported by Brandenberger &
DeHailer,(d) which was discussed earlier in Section 2, with reference fo the angle-
effect. The " rationalized ercsion rates” deduced "ﬁtam Reference 4 were plotted in figure 7,
and the data points of figure 7b have been re-plotted on semi-log coordinates on figure 23.

They fall remarkably well into a straight line, giving some supporf to the simple fatigue model

of velocity dependence represented by equations of type (7). Ii should be pointed out, however,

that the determination of the "best" values of E, from the irregular slopes of the very smali

graphs shown in Reference 4, involved a certain amount of judgment and some exi+apolation

for the u =31 m/sec data. In preliminary attempts, with fewer pretensions to accuracy, the
results were such as to fit equations of types (4) or (5) better than type (7). The following

equaiions have been fitted to the data of Reference 4 during these several attempts:

Ecc (V=20)32

2.6 ~
Eac (V-25)°

4
Ec:,~<~?ﬁ—-/ - 1.0 | )

L0326V | oy

E o

And yet these data are among the better in the literature, in that the ve locity range covered

was almost 2:1 and there were 8§ data points in that range. This, again, demonstrates the {near)

i11-50
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futility of applying a purely empirical approach and l}oping to deduce therefrom some useful
generalizations.: :‘ “

Another set of data covering an even larger velocity range was given by Hobbs in his
discussion to a paper by Leith and Thompson$37) although no informétion was given on the
material tested. The data were plotted on linear coordinates, labeled "rate of weight loss,
mg/sec" and "impact velocity, fi/sec" respectively. From the units in which the erosion
rate is given, one must infer that these data are not "rationalized", and that, therefore, the
erosion rates should be divided by a factor proportional to the corresponding velocities to put
them on arationalized basis, i.e., on the basis of equal rates of impinging water, The actual

data points from Hobbs' graph, and the values of E computed therefrom, are given irn Table 4:

TABLE 4

DATA OF HOBBS IMN REFERENCE 37

\Y Erosion Rate, R Rationalized Rate, E ~ "Reduced Vel."
ft/sec gm/sec (2 x 103 RAV) (V-270) ft/sec
270 o 0 _’ 0
330 0.02 0.122 60
385 ©0.03 | 0.156 115

440 0.06 0.272 ,, 170

495 011 0,444 225

570 0,32 o 1.12 300

620 0.40 - 1.29 350

680 0.85 2.50 410

735 1.01 2.75 465

775 1.28 3.30 , - 505

825 | 1.58 | 2,83 555

The values of E have been plotted on log-log scales in figure 24, both against actual velocity

- V (Curve "a"), and also against (V-V_) with Vc taken as 270 ft/sec (Curve "b"). Smoothly
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fitted curves are drawn as solid lines, and straight-line approximations as broken lines. These

latter suggest that the results can be represented, over a certain range, by

W\
N

Ecc V4"-""L.

, orby
(7)

Ecc (\/’-270)2' ‘

The latter may resuit in somewhat less scatter, but is valid over a more restricted range. The
same data are shown plotted on semi-log coordinates in figufé 25. A straight line fits the data
well ii) the lowar velocity range, but a distinct breakaway from it occurs at about 700 fi/sec,
Thus, these cesults, too, provide no evidence pointing toward any particular simple type of
empirical formulation. ‘, oo ‘

The most comprehensive body of test data recently made available\ is {}'ihaf of .

(1) (13)

in Sechon 2 and drop size effezts in Section 3, and in the latter sechon there was success in

Pearson. ‘These data have already been discussed in relaticn ’ré\ angie effects

collapsmg the data for different drop sizes into a single curve, by two dufferent n\\efhods, as
shown in figures 13 and 14. No actual curves were drawn in those figures so as nok to obscure
the data points themselves. Curves fitted by hand to these points are shown in f!gure 26. Curve
(a) represents figure 12 crid Curve (b) figure 14. The same curves, transposed onto !og-I@g
coordmates, are shown in figure 27, and strqnght lines (dot-dashed) are shown which coincide
with the curves themselves at the values E = 10~ S and E =10 4, and are reasonably valid
approximations for the range from E =5 x 10 =6 to E =2x 10-4. These lines represent relaficn-

ships as follows:

Curve. {a): Ecz (K (':V')‘3.05
| (18)
Corve B Ea (v-v_o2° |

|
F ie re K and V have been defmed in Sectlon 3 and in figures 13 tnd 14.
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Note that the latter has an exponent fairly close to the expression deduced by

Pearson( ) for a single drop size:

i N
I -
\/ i O

) ‘. {, (’
| B (V-390)2C )

Note also that the general appearance of the curves o{ ‘fi_‘gure 27 is similar to those of fiéure 24
(except for the curvafure at the highest velocities), and that the general appearance of those |
in \:\i"i.gure"“ 26 is not unlike that of figure 25: In particular curve 26a could reasonably well be
approkima;férd byr;\ straight line below about 600 ft/sec with a breekawoy above that. (it must
~ be remembered however, that in figure 25 the horizontal scale is actua! veloclty, whereas in

fugure 26a it is a "corrected velocrfy which is not a linear function of the acfual veiocr%y )

4.,3.3 Conclus%c‘ms

Abouf the only conclusron which seems justifiable, at rhls stage, is that even i'he best
| ‘available e uosnon-versus-velocui'y data do not follow exactly any law such as represented by
equations of types (3) through (7), but can, over limited ranges, be approxnmated by any of
them. Equations of type {4) have seemed mfumvely as most rational and have been adopfed
by many authors, including Honegger (See equahon 15 above), Pearson (equahon 19 ab«we),

and Fyall et al(® who presenr rhe following equation.for the erosion rate of "perspex"

T

Weight loss rate N--208)’3'37

~ This, however, refers to the velocity of a target within a given "rainfall": thys the
rate of water impingement increases linearly with velocity and the "rationaiized erosion rate”

would be given by

Eoc (v-208)% | | o (20)

i«
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, Compalrasorﬁ of the various equations of rype (4) which have been llsfed abcsve suggests
that when dcm' o,qn be represented in this manner, thé value of the exponenf will be not too
4/

far from 2.5, " ) 1 ACI
N Compamson of flgures 23 - 27 suggests that equahons of !rype (7) tend to fit better in
the lower veloc.xfy region (alihcugh there must also be transition fo the critical ve'amty),
wherea"s equaflons of type (4) fit best in the intérmediate velocity reglcn\
Fal ?f a direct power Iav\K/ of type (3) is used to represent the results, the t'x.ponen"s tend
o range from 4 to 6, though for brittle materials such as‘glass expxonents as hlgh as 13 hcwe
s . been é)]ucvt*ed by’ Langbem 8)

{ | ~in no case does |t appear justifiable to use any of i'hc"se cuwe-flffmg equations for

Tk

I

fhe purpose xpf exi'rapoiai'mg out of the test. ronge.
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Figure 16a. [:xcmple of V—N Curve (Adapfed from Figure 15 of Reference 14)
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Flgure 16. Erosion-Velocity Relationships Flotted in the Manner
of Fatigue Data
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~ the incubation period should be proporticnal, or analogous to, the number of cycles to

" obtain faﬁguey?ail_ure. Some evidence supporting this has been given by Ripken et al 1965
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‘5.0 DEPENDENT PARAMETERS OTHER THAN RATE

5.1 The "Incubation Period"

All of the correlations discussed in the previous three sections have related to the slope
of the "seconastage"” or "steady state region" of the erosion versus time curve, and littie

or no attention has been given to the "incubation period” or "first stage" of eros:on, which

may be defined as the duratuon to the intercept of the "steady state" or second-stage erosion

line wher. that is extended to cross the zero-erosion axis, A proper understanding of the
effect of velocity (and the other variables discussed) must eventually predict their effect on
the incubation period as well as on the subsequent erosion rate, sincf:“e the incubation period

may under some conditions be a substonﬁaliporﬁon of the effective life of the compoﬁenf

by fhe authors cited here.
Pearson - (11 and 13) has plotted mcubahon periods for different ve!ocmes o
drop sizes, and impingement angles, and found more scaiter in these data than in the

éoirs'esponding erosion rate data. Figure 28 reproduces his data for differeh? drop sizes in

Reference 13, including the average curve he has drawn because "the amount of scatfér “ o

obrscures the effect of drop diameter". It is nevertheless msfruchve to dra\\r the best curves
for each drop size separately, as is done in Flgure 29, from the dafo points in flgureﬁ28.
From these one can see a .trend for the curvature of the lines to mcrease with N
decreasing drop suze, this one would expect if the crmcul velocity increases with decreasmg

drop size, since rgt;ar the critical velocity W, would tend to infinity. In particular, the

350 p curve seems consisterif with the prediction from table 3 {in Section 3) that the critical

‘veloci ity for this drop size is 535 fi /sec.

The sumphfled Fahgue analogy which led to equahon 7 certainly also’implies that

(38)

43
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For one material, 'Ripken has measured the number of impacts corresponding to the
incubation period as prevnously defmed and the resuiting impact stress assumed to be given
by %pCVY, and superlmposed these poinfs on a stardard S=IN fatigue curve for the same

material. His plot is reproduced as figure 30, and one may see that the agreement is en-

€
couraging despite the boldness of this direct comparisor.

Howevm, as pomfed out earlier, the validity of the simple fatigue onalogy is quufe
questionable, Part B of this report describes a statistical mode! of the erosion rate=time
relationship, also based on an assumed fatigue mechanism for erosion dc;mage This model i
has as one of its consequerces fhat the whole shape of the rate~time curve is hlghly dependent / ,
on the scatter assocmfed wufh erosion fragment sizes and life~times, and thus neither the
maximum erosion rate nor the length of the incubation period can be related to the conven-'
tional 5=N diagram alone, It may yet prove more safisfacrory to correlate erosion data on
the basis of total duration to achieve a Spéc‘i\fiéd dan{dge Ie;/el, rather than somewhat

artificially dividing the process into an incubation period followed by a so~called steady~-

state period.

-~ 5,2 Limit of "Steady=State” Erosion Sftc)ige\

Also of interest in this connection is the damage Ievel or other criterion ot which
the assumed "steady-state" or "second phase” of erosion ceases and the erosion rate di-
minishes. Hobbs @ )3 has suggested that thus occurs at abouf the same rationalized eroswgn
(i.e. MDP) value for all materials, but exammaﬂon of erosuon-hme curves given by

an

predict that the truth is more complicated than ‘that. Since in so many cases authors have

do nof seem to bear i‘hls out, Here, again, the analyms of Part B would

not given the mformahon necessary for transforming the weight loss data into rationalized

form, it has not been thouéh’f wori’hwh‘i!e to aﬂ’embf any correlations of thi,s‘f parameter at o

this time.
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6.0 SUMMARY AND CONCLUSIONS FOR PART A

This part has described a study of the impingement erosion literature, with a view to
deducing from it laws or empirical relationships which would describe the influence of the
impingement condifions--in particular of the droplet size, impact velocity and direction=--
on the erosion-time history to be expected. An attempt has been made to define a rational
approach toward this objective and to clarify some of the problems which are involved and
the considerations which must be borne in mind. Possible analytic approaches have been

introduced and discussed where appropriate.

There is a considerable body of data and theory relating to single~impact tests,

\
notably the work of Engel (40 and 41) s (42 and 43)

(16 and 24)

, Jenkin , Bowden and his group
and DeCorso (25 and 44). These have not been made use of, at this time,
to help develop the desired relationships, for several reasons: The damage measurement

obtained in such tests is usually pit depth, or at best pit volume, neither of which is a

true indication of material actually removed sinee a good deal of plastic deformation is

takingpléce. Moreover, it would be dangerous to apply laws found from such ftests

to conditions in which fatigue-type erosion 'is predominani. I is the latter which

holds our main inferest, since in any practical turbine one certainly

operate under conditions where single=impact damage is predominant. Eventually, one hopes
for an understanding which would encompass the whole spectrum from fatigue-type erosion
to hypervelocity impect. But for the time being we are restricting the damage correlation

atfempfs to repeated-impact test data, while making use of single=impact research tor the

* knowledge it has provided of the impact hycrodynamics.

The most comprehensive recent tests on theeffect of engineering variables on

(11 and 13)

erosion are those performed by Pearsen ai the British Central Electricity

Generating Board's Marchwood Laboratories, and many of the conclusions derived herein

are based primarily on his data. Some of these data at least will shortly be in the cpen

literature, Reference 10. One questionablie point concerning his correlations is that they
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are based on the maximum slope of the erosion-time curves, rather than on an average slope
over some reasonably wel! defined damage range, as suggested in Section 1. In some cases,
judging from sample erosion~time curves found in his reports, the maximum slope occurs over

only a very short period and therefore may not be representative of the whole range of
inferest.

Other recent erosion research has been or will be presented af three symposia
(45, 46, 47) (3,78, 9, 17, 20,

31 and 32)

Some of the papers have been cited in pre~print form
, but it does not appear that any give more comprehensive data on the effect
of engineering variables than the,,cbcve-mentionéd studies of Pearson. A possible excep-

8, 9, 12 and 48] which also is more

tion is the work of the Dornier-System group
theoretically-oriented than Pearson's work, but whose primary emphasis is non-metallic
materials. | |

The effects of impingement velocity, impingement angle and drop-size may be
summarized as follows: |

None of the data examined has . given evidence of any basic "law" relating erosion

rate to impact velocity. The data do not in genérai plot as a sh-cnight line either on log-log
or semi'm!og coordinates. Any of a number of simple equations can be use: to approximate

individual sets of data over limited ranges. A popular equation of that type is:
.n.
Erosion Rate = k{V =~ V)

and in most cases so far the exponent n seems to lie in the range 2.3 - 2,6, when the

erosion rafe is rationalized, i.e. based on equal rates of water impinging.

The normal compdnent of the impact velocity appears to be the significant one and
should be used in such an equation. Pearson has suggested that the additional damage due
to the tangential component, under oblique impact conditions, can be approximated by
dividing the above expression by {cos 8), where 6 is the inclination of the absolute velocity

vector from the normal.

il
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Erosion due to a given amount of impinging liquid becomes more szvere when the
size of the impinging drops increasas. It is tentatively suggested, on the basis of the few

quantitative data bearing on this, that "critical" or "threshold" combinations of drop size

and velocity are given by
(V2 D)o = constant

Thus, if one critical condition is established, the value of V, for other drop sizes can be
deduced and used in equations such as the above-mentioned one.

A question of relevance at this point is how to take into account a mixture of different
drop sizes and impingement velocities, as wiil very likely be the case under rea! impingement
conditions such as experienced by g turbine blade. If erosion occurs by a fatigue mechanism,
then this would be related to the problem of cumulative fatigue damage. The physical and
statisticol aspects of fatigue life under repeated stress cycles of varying amplitude have been
discussed, for instance, by Freudénthal (49), who presents a number of different
possible approaches to the problem, Severa! of them lead to the conclusion that "high stress
“amplitudes shorten the fatigue life out of all proportion to their number of application or
their cycle ratic". This would seem to argue against the adoption cf a simplified approach
such us a superposition of the erosion rates due to various droplet size or velocity ranges
computed independently. However, te scope of the present report precludes any altern-
ative suggestion.

To predict the amount of erosion to be expected ofter a finite length of time, one

requires not only the erosion rate, or slope of the erosion=time curve, but also its intercept
as @ measure of the so~called "incubation time". The dota on incubation times is too sparse
and exhibits too much scattzr to allow any conclusions beyond the very broad and obvious
one that as the impingement conditions (velocity and drop size) decline foward the threshold

value, the incubction time increases.
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The erosion rate~time model tc be developed™in Part B of this report implies that

both the incubation time and the maximum erosion rate are strongly influenced by the sta-

tistical variations in the sizes and life~times of the erosion fragments formed, which in

turn are influenced by the scatter in drop sizes and velocities as wel! as the scatter inherent

in fatigue properties themselves. Consequently, it suggested that future correlations should

be attempted on the basis of the time required to attain specified damage levels ( i.e. MDP

values), rather than on the rather arbitrarily-defined incubation and rate parameters.

The view that erosion is a form of fatigue leads directly to a number of corollaries:

1)

2)

3)

4)

There is little likelihood of finding one specific independently measurable
matarial property which will predict erosion resistance, since ncne has been
found to predict fatigue strength uniquely, and far more research has been done
on fatigue than on erosion,

In fatigue, the relation between stress and endurance is determined by test for
each material, and is not expressible in simple analytical form. Similarly, the
relation between impact velocity and erosion very likely does not follow any
universal law but must be established empirically, perhaps in graphical form,

for each material. |

In erosion, as in fatigue, the condition of the surface is likely to be of consider-
able importance.

Although erosion is the result of many failures, and some of the statistical scatter
found in fatigue data may well average out in an erosion test, yet to obtain valid
results (or results with calculable confidence iimits) many more data points must
be taken and many more replicq‘ri:_.ins must be run than has been customary to
date. Related to this is the need, ‘o‘ﬂ'en emphasized in this report, fo establish
accurately the erosion versus exposure curve, and to carry out all tests to the
same degree of cumulative erosion damage if one wants to draw any quantitative
comparisons from them. The amount of testing required and the validity of results
should be optimized by proper statistical design of the experiments: this has

seldom been done in erosion testing.
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A final plea or suggestion to those generating erosion test data is that with the resulis
they should give all the pertinent information--material identification and preparation,
physical and mechariical properties, surface preparaiion, size and 'shape of specinien, area
exposed to erosion, amount of water impinging,and if possible the drop size or drop size
distribution, impact velocity etc.==which are necessary for computing the "rationalized"
erosion and duration parameters and making meaningful correlations between these and the

~impingement and materia! parameters.
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PART B
THE VARIATION OF ERC'SION RATE WITH EXPOSURE TIME

| - F. 1. Heymann
7.0  OBSERVED RATE-TIME PATTERNS

;
The recent literature dealing with the resistance of materials to impinger'g;ént and
cavitafion erosion has become increasingly concerned with the fact that the ram of material
loss is not uniform in time. While this, as a fact, had been noted .for nany yg/é:rs, some of
its cqnsequences have only lately been emphasized. Thus, os Thiruvengddam and
Preiser (50) have pointed out, the comparison of test results can be very misleading if not
based on corresponding phases of the rate-time curve, and therefore the rather common
practice in the earlier literature, of testing all specimens for the sqmé length of time, is
subject to criticism. The authors of Reference 50 proposed that characteristic erosion-time
curves could be described in terms of four zones: an "incubation zone" with no weight loss,
an "accumulation zone" with foss rate increasing fo a peak, an "attenuation zone" with
decreasing loss rate, and finally a "steady sfaAt.efzonek" with constant loss rate, figure 31.
They do not attempt any detailed explanation for these zones, but suggest that the first three
zones are influenced by the initial condition of the surface and that only the final zone is’
truly characteristic of the material itself and that it should be used for comparison or
correlation purposes. This particular suggestion is disputed by Plesset ans' Devine (1) ,
who showed photographically that in @ magnetostrictive oscillator the "attenuation zone" is
associated with a cavitation cloud of much reduced intensity, attributed to hydrodynamic
damping effects due to the heavily roughened specimen surface. Moreover, the authors of
Reference 51 stated that the “accumulation zone" and the "attenuation zone" are connected
by a period of essentially uniform high loss rate persisting for soime time, rather than by the
narrow peak described by Reference 50,and that there is no real indication of any final

steady=state zone. (See figure 32). Similar observaticns have been made by a number of
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recent investigators. Thus both Hobbs (39) , using a magnetostrictive osciilator cavi-
tation test, and Pearson (10 and ”), usin@ a drop impingement erosion rig,

hove called the region of maximum erosion rate the "steady-state" period, -dand kave based
their correlations of erosion with material properties and test conditions (such as oscillation
amplitude or impingement velocity) on this maximum loss rate. Both have associated the
declining loss-rate of final period with heavy surface damage, as d‘id Reference 51, and feel
that it is not a practicable measure of the erosion resistance. This, for practical reasons,
has also been the ubprodch adopted in Part A of this report.

All of the previously mentioned results exhibited what may be called the "conventional"
pattern or some minor variation thereof. (For an actual example see'figure 33.) However,
there are erosion results which do not foillow this pattern at all. Thus, Lichtman ef al

(52) presented loss=time curves of which many exhibit no apparent incubation or )
acceleration stages, but rather begin with a maximum rate which declines thereafter. (See
Figu‘re 34) These results were obtained in a rotating disc cavitation device. |

'Exactly the same type of result has been obfamed in the spray impingement erosion
test facility at the Westinghouse Steam vaus:om Development Laboratory. Erosion rates
invariably seem to begin ot a maximum valve and then decrease-- rapidly at first, and then
more graduqlly leading into or approachmg a lower si'eady"smte value. Fzgure 35 shows
some "characteristic ercsion rate curves" ", obtained by curve fitting fhrough points obtained
from several specimens for each material. One might suspect that incubation and acceleration
stages lie in the region to the left of the curves as 'shown, and were simply missed because
initial weight loss readings were generally not taken until after obout two hours of exposure.
In order to check this, the weight loss of one specimen=- a titanium a"oy of fairly gee'd
erosion resustance == Was measured after five minutes of exposure and several more times
during the f|rst hour of fesfmg The resuﬁ ¢ is shown i in fsgure 36 and suggests that the erosuon

rate does in fact begin at a muxm\um vaiue,, or, if fhere |s an mcubchon stage, it occurred

“within the First minute. The latter alternative is supporfed by the analytic model to be

-7 e
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~ described. In all of the titanium specimens which were tested the erosion rate has continued
" to decrease for af least 30 hours. It may, however, be worth noting that Thiruvengadam (?’9)
has shown the rotafing disc to be the most intensive cavitation damage device, and that the
Westinghouse test facility produces impingement of probably rather small droplets at a high
velocity, probably exceeding 2000 ft/sec. Thus, single~impact damage may be occurring
in both cases, confribuﬁng to the de-emphasis or lack of an incubation period.
The object of this part of the report is to show that a simple statistical model of the
‘erosion procel(ss, which regards erosion as a multiplicity of fatigue failures, can predict
c;hqracferushc rate~time curves of most observed types, and to discuss some of the implications

(/ of this model in relation to the measurement and correlation problem.
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Adapted from Figure 7 of Reference 37, (Magnetostriction
Device, in Distilled Water)




B s AR O S

@ Astronuclear
Laboratory

&0 T T T T
MANGANESE
50 |- BRONZE —
COMMERCIAL |
~ BRASS =
s 40 + —
f%
) - —
O
I
O
. |
s ~ MILD 7]
- <
3 STEEL
o 20 | _
>
NICKEL ALUMINUM -
BRONZE
10 ]
...'.ﬁ
TN B B N

0 60 80
TIME - HOURS ~ 611131-128

Figure 34, Cumulative Cavitation Erosion-Time Curves Which Begin at Maximum Rate,
Adapted from Figure 24 of Reference 52. (Rotating
Disc Device at 150 ft/sec.)

Ni-'83




RATE OF WEIGHT LOSS - MG/HR

\ Astronuciear

Laboratery

9 T | T | T |
- 18 Cr., & Ni., STEEL
20 ]
i
12 Cr. STEEL
m“m' '/.yli . '
10 — -
g — [ -
6 [~ 12 Cr. STEEL~CARBURIZED & HARDENED 7
4 - —
12 Cr. STEEL
NITRIDED & HARDENED
L F1AME-SPRAYED STELLITE
1 "THERMOSPRAY" - FLAME-SPRAYED -
r 18-8 STELLITE
° i oameny
WROUGHT STELLITE-6B =~ : R e
.6 fuomnares . - v)’/ . ‘ s ]
N‘D Cr. PLATED
SHOT PEENED & Cr. PLATED

.2 | | » | | _-?‘s | i \
0 5 10 15 20 25 3 3

TIME - HOURS 611131-11B

Figure 35. Typical Ercsion Rate-Time Curves Obtained in Westinghouse Steam

Division Spray Impingement Facility During 1956~1959

=

1l- 84

PR ro—— ARG, < g




MEAN DEPTH OF PENETRATION - MILS

g
[

&

ol
o
N

o
o

o2
o

\

0 | | | L \
0 - 30 60 90 120 150
| TIME - MINUTES 611131-218

Astronuclear
Laboratory

Figure 36, Early Loss Measurements for a Titanium (6 % Al, 4% V) Alloy Tested
in the Westinghouse Steam Division Facility

/
s

1i1-85




N\

Q Astronuclear
Labgratory

8.0 EFFECT OF MATERIAL REMOVAL MECHANISMS ON RATE-TIME PATTERN

For the sake of argument, the spectrum of erosion mechanisms in a ductile material
may be divided into several regimes as a function of impact infensity, or', in the case of
droplet impingement, as a function of impact velocity if drop size is held constant. These
regimes obviously merge one into the other; there are no sudden transitions between them,

For very low velocities below some "first threshcld" value, no measurable damage
or material loss will oecur during any practical exposure time, or meterial loss is confined
to isolated} weak spots. Such threshold velocities, empirically deduced from test or operating
experience or arbitrarily derived from the endurance limit of the material by some safety
foctor, have been used as design guides in some phases of stean{,_‘? turbine and condenser design.
it is not fully established whether there actually is a velocity be&low which erosion will

never occcur:  Honegger ) doubted it; and Vater (26), who suggested that the

dependence of erosion on velocity could be regarded and plotted analogously to the
dependence of fatigue life on applied stress, regarded th. erosion process as one somewhat
similar fo corrosion fatigue (in which there is no endurance limit), He therefore stated
that the "threshold velocity" had to be defined as that velocity below which no measurable
weight loss occurred after some specified number of impacts. In any case, one might say
that in this first regime the erosien; if any, corresponds to that in the incubation stage of the
conventional rate-time pattern: i.e. it will be low, possibly gradually increasing with some
random fluctuations, and will be highly influenced by the initial surface conditions and by

( 3) !

As the velocity exceeds the First threshold, something akin to fatigue failure becomes

the possdnhty of simultaneous corrosion as shown by Wheeler

the predominant failure mechanism. Metallurgical observations substantiating this, and
descriptions of the probable sequence of events leading to failure and the formation of loose

(26)

fraqments, have been provided by many investigators including Vater , von Schwartz
ef al ( ), Brunton (5 ), Thomas (1 ), and Marriott and Rowden (20)
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Some investigators have found more plastic deformation in the surface than might be ex-

(17)

pected: thus Thomas noted smail plastic depressions in the surface during the early

stages of exposure at velocities whose presumed impact pressures were less than the yield
point of the material. Brandenberger and de Haller “) , on the basis of extensive
radiographic studies concluded that fracture in erosion is neither like static fracture nor like
fatigue fracture, but is accompanied by a degree of damage to the crystal structure which is
intermediate batween thaf associated with those failure modes. It must be remembered,
though, that the stress-geometry condition == at least when the surface is still relativeiy
smooth == is noi of such a nature as to inake "static" rupture easily possible: thus the
general regime of predominant fatigue or repeated-impact rupture will extend well into the
velocity range where each drop could be expected to produce noticeable plastic deformation.
As the velocity increases, so, presumably, the regions of plastic deformation spread from the
immediate vicinity of the fracture surface toward a general deformation of the eventually-
produced erosion fragments. In this regime one may expect to find rate-time curves exhibiting
the "conventional pattern”, i.e. an incubation stage related to the fact that a certain number
of impacts are required before fatigue failures occur, an acceleration stage, possibly a
steady-state stage, an attenuation stage, and possibly a fina! steady=-state stage though
probably no generalizations should be made about the behavior when gross surface damage
has set in. The possibility of relating these phases in the erosion rate~time curve more
specifically to the fatigue properties of the material will be explored in the following
sections of this report. |

A second "threshold velocity" may be associated with that velocity at which the
material loss due to single-impact damage process becomes significant. This is probably
related to the "visible damage threshold" described by DeCorso and Kothmann (25 and 44),
above which a single impact leaves a distinct crater in a smooth material surface.
This regime eventually must merge into the regirhe of hypervelocity impact. The exaci

determination of the second threshold velocity from the point of view of material removai

is difficult, because in single-impact experiments == such as those performed by DeCorso (25),
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(55) | (40 and 41).

and also by Brunton, , Enge and others -- the actual amount of

material removed from the surface could not be reliably established, although
- crater depths or crater profiles were measured. From two curves given in Reference 56,

one can deduce that for hypervelocity impact of 1/16 inch diameter aluminum spheres on an
aluminum surface, the rotio of target véiume loss to crater volume is approximately 0, 15 af ﬁ;
a velocity of 7 km/sec (23, 000 ft/sec), reducing to about 0.09 at 4 km/sec (13,000 ft/sec). ;
One may cautiously infer from this that at the velocities of interest, say 1000-4000 fi/sec, o @
the corresponding ratio will be very much smaller yet. (This inference should be valid ,‘ L
qualitatively although the actual material removal mechanism in the hypervelocity regime g
is a liquid-like flow of the target material accompanied with some "splashing out", whereas

that in the regime of interest is related to the shear effect of radial outilow, as described a

earlier). Of course, this must be balanced by the fact that such loss occurs with each
impinging drop whereas many repeated impacts over some finite area are required to generate
one erosion fragment by the fatigue foilure mechanism. For any quantitative estimate of the
relative significance of the two mechanisms, more data are needed on each. |

Qualitatively, one may say that as single=impact erosion becomes significant, the

incubation period can no longer be a zero-weight loss period, but rather will begin by

exhibiting an erosion rate corresponding to the single-impact ercsion, this rate increasing in

!
;
j

time as additional fatigue-type erosion seis in. Fatigue in this instance probably corresponds

more to low=cycle fatigue due to strain cycling than to high-cycle fatigue due fo stress-

cycling. The geometry of the eroded surface will now be affected by the heavy plastic

deformation due i each drep as well as the breaking away of larger erosion fragmenis due to

fatigue fractures. Eventually, as single-impact erosion becomes the predominant mechanism,

one would expect to find little or no evidence of any incubation peried, and the surface

—

geometry should rapidly approach a steady-state condition, so that one might expect relatively

little change of erosion rate with time,
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9.0 AN ANALYTIC MODEL OF THE EROSION RATE-TIME RELATIONSHIP

9.1 Qualitative Description of Proposed Model

As seen in the previous section, the "conventional " erosion~rate versus time pattern
is that associated with a predominant fatigue mechanism for material removal. It is in this
regime that most of the test data and the practical experience lie, As is well Enown, fatigue
is intrinsically a statistical process exhibiting a considerable scatter, and this fact will be
made use of in developing an analytical model for the erosion rate-time paitern applicable
to this regime. The qualitative results have interesting implications with reference to the
previously reviewed findings and to previously-attempted correlations between erosion and
fatigue data. The approach to be"g;iescribed, though numerical in nature, can at this time “
predict no more than qualitative frends and should be considered as exploratory,

The mathematical and logical formulation of the model, both in a preliminary and in
an elaborated form, is gfven in detail in Sect‘ion 10. The basic reasoning of the model is
as follows: |

It is assumed that each small element of surface is subjected to an impact fatigue
 environment and that after a certain time ( i.e., a certain number of impac'rs) it will be |
detached from the surface os an erosion fragment, due to sub-surface fatigue failure. Further,
we assume that when many such surface elements are considered, the individual times required
for their removal would be described by some statistical distribution function, much as the
number of cycles t6 failure of a large number of fatigue specimens (stressed to the same level)
can be described by a distribution function. When erosion fragments are removed and expose
"fresh" surface to impingement attack, the time to remove elements of this new surface will
likewise be described by a distribution function, and so on. The time~to-failure distribution
function for these newly~exposed surfaces wili probably not be the same as that for the original
surface, since they will have been subiecfed to some sub-surface stress condition even before

being exposed to direct impingement, and since the surface geometry wi!! be different,
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In the case of conventional fatigue specimens, the &yf\\és'n'ibuﬁon occurs primarily as a

resuit of the sfahshca! nature of the fatigue process itself. in the case of erosion fragments,
it must ultimately teﬂect the variations in the concentration and Hf,e severlty of impacts
(i.e., droplet velocities and sizes), variations in fhe local surf’ace geometry and properties,
and variations in fhe size of fragments formed. At present however, one arbifrary dlstr,ubuhon

curve is assumed to represent ail of these sources of scaﬂer. “

Qualitatively, it can be seen that if these distributions had very little scatter or
dispersior._ 'i.e., if the lifetimes of all surface elements were about equal, then thq erosion .
rate would be zero until that lifetime was reached, at which instant a very high rate would
be exhibited while all of the original surface flaked off, to be followed by another interval
of zero rate until the second layer flaked off, etc. | ‘

if, however, these distribt:u’(ions have a significant dispersion, one can ini‘i)iﬁvély
predict that this will result in a ‘ate-fime curve which up fo a first peak looks somewhaf llke
the distribution curve, but in vSmch subsequent peozks and valleys are attenuated and cs
steady-state rate is approached. Ar mcubahon period" will exist if the dispersion is not

' //
excessive. One might think of the vanahona in the surface element lifetimes as "dlspe*rsmg

the periodicity associated with cne layer being removed after another. . :

The preliminary mathematical formulation and computer program considered one
distribution function applicable to the oragmal surface, and one other applicable fo each of =
the subsequently exposed "“surfaces®™, Both were specufned as normal dustrnbuhons fruncated
and normalized over a finite time span. Thus the significant input parameters were the
nommql mean lifetime (Mg) and standard devnah\r@n (o‘F) for the ongmal surface, and the
correspondmg values (M and ¢ G) for the "undersurfaces”, Flgure 37 showscsome rate-
time curves obtained by ’rhls program, with the distribution parameters as indicated. Note <
that the attaining of a si‘ecdy-state rate is hastened both by increasing the dlsperslon of the
funchons, and by specifying a shorter mean lifetime for the undersurfaces as compared to the /

original surfaceo L T e [
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Fluctuations such as shown in figure 37 have occasionally been cbserved, as il=~

lustrated b{\ figure 38 which shows rate-time curves computed from experimental cumulative

(57)

~ prominent in rate-time curves are not nearly as evidénf if the same data are plotted as

erosion curves presented by Kent . Moreover, flucfuaﬁiims which would appear quite
cumulative erosuon versus time -- which, after all, is how the data are actually obtained.
Therefore it seems qun‘e conceivable that i many cases such fluctuations would barely

have been noted and would have been "smoothed" out of the raw data, or might have been
lost entirely through the data points being too far apart in time,

Th\e f!ucfuaﬁons‘ however, are by no means an inevitable consequence of this model

if non-symh?'frical distribution functions are used, as will be seen in the results obtained

from the elaborated formulation of the model, described below.

g - 9.2 iaDesc;ription and Results of Elaborated Model

_ In the elaborated analysis we have chosen to use |og-norma| distribution functions,
since =~ as shown by References 58 and 59 -~ these provide a reasonable representation of
fahgue ||fe data. For added flexibility one can adopt ¢ "delayed" log-normal, i.e., one )
which would appear as a normal d:strlbuhon if the frequency of fmh)res were plotted versus |
log (t-Ty), where Ty represents a "delay time" mtroduced to ensure fhaf no fculures occur
prior to time t=T, . \

" The d’i\éﬁ"ib'l(ﬁgr; when plofted on a Ioa R scale, is then described by its mear (m)

and its standard d hon (cr) But one must use the distribution as transformed onto arith-

g
~metic 61 "real-hmé " sculeso An important pomf to note is that while in a symmetrlcal
dlstrlbuilon the mean, median, and mode values coincide, that is not true for a skew
distrlbuhon such as the Iog-normal The "real-time" value correspondmg to m, whichis « :
,denoted by Te lOm, esi'abllsl*es the median value of the log —rormal distribution -~
fe€., thdi/lalue of t° at which half of the specimens (or surface elements) will have failed,

This is the value’ ‘generally used to establish a point of an engineering S-N curve. In the
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"delayed" log- normai the median value is gi\,!'en by M = T, +T_. The mode, or peak
in the distribution curves, wull occur at a time value less than M The mean value, or
arithmetic average of all llfe-hmes, will occur at a time value greater than M, or ., 7
specifically at a time E = T +Tg, x 10! ‘5"2. For purposes of discussion, we will
characterize all distributions by fherr values of T, ¢, and euther M or E.
The elaborated model permits the specifying of a different distribution function for
each "level" below the original surface, and of two different functions for the original
“surface:  one for the "unaffected surface ", in which erosion takes place by. the initiation
of new pll's, and one for the "affected surface ", which is thar surroundihg existing plts cmd
in which erosion is presumed to take place by the lateral growth of these pits. The program
computes the rate of erosion, the cumulative erosion, and the exposed area at each level,
from which in tum, it can compute an average surface profile and surface roughness ot
selected time points. | ” |
The number of varlahons which could be investigated with this program is unlimited, .
and all that can be demonstrated here.are some of the important effects. The ‘most significant
of these iy the effect of the dlsperslon parameter 0. References 59 and 49 suagesf that in
corwenhonal fatigue tests, o; on a logyg scale, ranges approxrmately from 0. 15 to 0, 40, and
for erosion fragmeni' lifetimes even higher dispersions may be expected. Fugure 37 shows
computed erosion time curves for various values of ¢ from 0. 15 to 0.80, with the median (M)
 held constant; Flgure 40 shows a correspcndmg set of curves with the mean (E) held
: constcmt In f»ach case T : 0 and the same dlsfr:buhon is assumed for ull surfaces and
levels. Since in such cases the eventual stec:dy-stafe erosion rate must be/ propcrhonal to
the reciprocal of the mean ||fe-hme, all curves in figure 40 approach thd same steacy-swge

rate, ‘ | v s , ) .a

Two striking results appear from these curves: Firstly, the maxnmum erosion rates -
" vary consrderably. Secondly, almost all of the?expenmentally-found rate-time patterns

can be at least quchtchvely generated by proper chc-ce of the dlspersron parameter o,
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When i is small, the curves exhibit damped fluctuations similar to those of figure 37, When
o is increased, the fluctuations die out and the steady-state rate is attained quite quickly.
When o is further mcreased a’single peak appears in the curve, and at very high yalues of
o this peck may occur so early that the time resolution is |ust not fine enough to show the
acceleration stage of the rate-time curve, and the curve therefore appears to begin at its
* maximum value. The same is probably true for experimental cata like that of figures 34 - 36, _}
It does not seem unreasonable to suppose that erosion due to very small droplets, where each
impact stresses only a minute portion of the surface area, would be characterized by a high
| dispersion in the fragment life-times.

‘In many of the curves ‘of figures 39 and 40 the ratio of the erosion peak to the
‘expected steady-state value is not as greaf as sometimes found in prachce - but it should
be recognized that at time values greater thon the median, the su}'mce has suffered heavy
erosion damage and one may therefore expect that geometric effects such as suggested by -
References 5, 1 and 51 may have set in by this time and have caused an additional

dlmmuhon of the erosion rafe and possnbly suppression of further fluctuations, Certamly

. one would exgoect fhe results predlcted by this analysis to be at least modifisd by the geo- N
ihetric effects. Thus, figures 39(d) and 40(b) may correspon{tl to experlmentai results of the |
type of figures 31, and figures 39(b) and 40(a) to results of ths type oF figure 32, It is

possible, how\s-;ver, that some appropriate combination of distribution functicns for the

ae G

- SNOY A P [P SOUy JSRPY TPRg | " //' .« U
different surfaces could result irian elongated hump'such as) in figure 32, which then again

would not correspond to a steady-state value. - /

Figure 41 shows an example of slewmg down the I ss rafe from: the uﬁ’dffec%ed i Q\ ,,
surface as compared fo that of au! other surfaces -~ whnch/aretmesumed to be more suscephbie .
to erosion because of. i'he wregular geomefry. This case uﬁ |demhcal to that of figur»’ 39(d)

excepf that for I'he unaffeul'ed au:i’ace the median I|fehme has been increased to 3.0. Note

that the shape of the rate curve has been mode more similar to that typafied by figure 31; the
cumulahve loss rate is aiso shown and is quate sumniar to typncal curves such as figure 33
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Figure 42 shows "surface profile" curves, at various values of time "T", for some
of the previous cases. The ordinates indicate the surface "level", with O representing the
original surface. The abscissas represent the area not yet eroded away at each level, The
difference in abscissa between adjacent levels represents the area "exposed" at the lower
of the two levels. Note that in figure 42(a), a case of low dispersion value (o= 0.25),
the erosion is shallower and mere evenly distributed than in the other two cases which
represent high dispersion values (o= 0.8). This suggests that the geometric effects which
tend to reduce the erosion rate -- i.e., those due to high roughness -- are delayed in
the former case, which may explain why the maximum erosion rate in such a case may
persist for some time and give rise fo rate cuives typified by figure 32. Figure 43 shows
the computed surface roughness, versus computed mean depth of penetration, for the same

three cases, confirming the lower roughness associated with a lower dispersion value.

¢.3 Discussion and Conclusions

Now to examine the implications of this model with respect to correlations of incu- |
bation times and erosion rates. Since the incubation time seems obviously related to the

fatigue nature of erosion, several investigators have attempted correlations reflecting this.

@7)

Thus Leith and Thompson correlated the incubation times of several malerials with the
corrosion fatigue limit for 107 cycles of these materials. Mathieson and Hobbs( 40) made a
similar correlation with the conventional endurance limit, for several aluminum alloys. In
both cases the results were reasonably consistent, but the approach is hardly logical since

the incubation time in erosion surely should be related to a finite-life-time to failure, rather
than to a stress value at which no failure occurs. Thus the success of these correlations
surely depended on a second, implicit, correlation between the finite fatigue lives at the
test stress, and the endurance limits, valid for the group of materiais compared. Ripken

et al (38) have used a more logical approach, and have correlated the number of impacts cor-

responding to the incubation time at a given impact velocity, with the number of cycles to

failure in bending fatigue at an equivalent stress level. The stress level was assumed to be
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given by the waferhammer. pressure ( p CV). The incubation period was defined by the inter-
cept, on the time axis of the cumulative weight loss curve, of the straight line approxima-
ting the high erosion rate stage.

If the previously developed model is valid, this procedure is still not quite correct.
The statistical model implies that the apparent incubation period depends not only on the
mean lifetime of the erosion fragments but also on the scatter or dispersion in these lifetimes.
The erosion-rate becomes non-zero when the first "element" fails, and continues to increase until
‘approximately the mode or most probable value of the lifetime is reached on the top surface.
But it is the median value -- which may occur later yet if the distribution is skewed --
which corresponds fo the nominal lifetime af the appropriate stress as obtuined from a conven-
tional S-N fatigue curve. Whether either the median lifetime or the associated scatter in

erosion fragments corresponds to that of full-scale bending or pull-type fatigue specimens is

at present a moot question. However, the discrepancies in the correlations of Reference 38

are in the direction which the above argument would predict.

If one stipulates a steady-state erosion process, then the erosion rate would certainly

be inversely proportional to the mean lifetime of erosion fragments (provided their size dis-

ion remained constant), This is the basis from which one can draw the analogy between
the (loss r'c:te}'1 versus impact velocity in erosion, and cycles to failure versus stress level

in fatigue, as proposed by Reference 26, This appears to provide a rational basis for attempt-
ing to predict an erosion-speed relationship on the basis of known fatigue data for the material,
although to my knowledge this attempt has not been made. But here, again, the statistical
model suggests that the "obviocus" approach is not quite corract, It implies that the maximum
erosion rate -~ which many investigators have linearized and used in correlations, for good
and valid practical reasons -- does not necsssarily represent a steady-state erosion process

at all, hut rather the "deluge" of erosion fragments from the top surface layer which takes

place in the vicinity of the "most probable" fragment lifetime from the beginning of exposure.

I1-95



@ Astronuclear
Lakoratory

Thus the maximum instantaneous erosion rate is, again, not merely a function of the average
fatigue life of the surface elements but also of the scatter in lifetimes. Consequently, any
external or internal effect which influences that scatter will influence the maximum erosion
rate, even though it may not affect the eventual hypothetical steady-state rate.

Finally, what can this model contribute toward the resolution of the dispute referred
to in Section 7. It implies, firstly, that Reference 30 is correct in claiming that the
erosion rates during the stages encompassing the first peak in”fhe rate-time curve are not
characteristic merely of the material under test, since, as we have seen, the shdpe of this
curve depends on the shape of distribution functions which, in turn, depend in part on

- characteristics of the test mel'hod such as the distribution of bubble or droplet sizes, etc.

It implies, secondly, that while the erosion rate would, in the absence of other influences

tend toward a steady-state value as postulated by Refereqfé:e 50, this generally occurs only
after most of the original surface has eroded away, by wiwich time the surface damage will

be so severe as fo make the erosion conditions susceptible to geometry effects such as

described by Reference 51. In short, the instantaneous erosion rate may never be characteristic
of only the material, and for valid correlations it will become necessary to standardize the |
test methed very carefully, or to use properly chosen cumuliative erosion measurements, such

as the time required to aftain some specified value of the rationalized erosion (MDP) of

practical siznificance.
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Figure 37. Typical Computed Erosion Rate-Time Curves from Preli’minar}}
Statistical Model, Using Normal Distribution Functions
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. Figure 39. vTCompufed Rate~-Time Curves Based on Log-Mormal Distributions,
‘ Showing Effect of Varying Dispersion, ¢, with Median
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10.0 MATHEMATICAL FORMULATION OF MODEL | | |

10. 1 First Simplified Formulation

Let any surface exposed to erosion be thought of consisting of elementary areas (or
“volumes, if their thickness is considered) whose life-times under the erosion attack can be

described by a normallzed distribution function f (x). Thle by definition

g / f) dt = 1. | . - | @) -

. and the distribution function for a specific area A, exposed to erosion from time t = 0, is

© therefore

0= At @)

Since a surface element is lost from the surface when its I|fe-ﬂme is reached equation 22

can equally well be regarded as a: loss rate funahon for the area A " i ////
"/»\
Equation 22 may be furrher generah?ed by stating thaf the loss rate from an area A], v
/)
- first exposed to erosion at hme i* fl, is fhereaffer given by /' 4 T4 /

Let us now consider the orngmal or "hipp" surface of a body exposed to erosion. Of’re
may take r'rs ared to be umty,f and every porhon of its area is smuitaneously ‘exposed to

i eroslon at time t = 0. Thus f (t) adequafely describes fhe loss rate from the top surface
As surface .area is efoded, or losf, from the top surface, an equal ‘area is created, or exposed,
at the second“ level, Iocated at distance h below the surface where h is assumed as the
fhlckness of erosion fragments For convemence ﬂ\e ﬂmckness h will also be assigned a

K numerlcal value of unity on some appropraafe scala... In turn, the second level surface will

be eroded to expose a third Ievel surface, and so on. * But in. comput.ﬂg the actual loss rates

from all of fhe "undersurfaces" one musf recogmze that the hfehmes of surface elemenfs
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0

must be measured from the'time they were first exposed, and the total loss rate from all Y
(.

surface elements which were first exposed during a time increment dT at time T, depends

on the total area which was firsfexpased during that time inferval. ” )
Let Y(t) be the total rate of erosion, from cnll levels, at hmo . Thi s s what ane S
desires to compute. But Y(t) is, ipso facts, also @:hual to the. rate at which new surfa(,e

area is exposed, at all levels'below the top surfat,e, at time +. (Strictly speakmg, it'is
R\L
“proportional to it, but withh = 1,0t is numerr{cally equal. ) I ‘\‘a

Thus the total surface area first exposed durmg mcrement dT at time T, is Y(T)‘\dT

\
AV
\

and the loss rate from this area at fime t is, by equahon 23, | ; \
(24)

Fr (f))" £ (+-T) Y(T) dT

The total loss rate af time t, from all underst;ﬁrfaces, is composed of contnbuhons From all

undersurfaca: qreas first exposed durmg all t/Ame increments from T = Oto T = t, or

At
j F(-T) Y(T) dT
o) ) /

i

" The total loss rate or erosion rate or erosi‘Von rate, Y(t), is the sum of that from the top surface

- and fhof contributed by all undersurfaces, or.

Y(t) - f(t) + f f(+-T) Y(T) dT  © o | (25) , ”

&

The fact that the contributions from the undersurfaces.and from the top surface form two

distinct terms in equation 25 makes it conveniently possable to assign a dlffe\ent dlstrlbuhon

" function for the top surfaces as compared to aII undersurfaces. This is deSIrcslble if one walnts

to reflect the fact that the fop surface has in many ways.a different nqture ar/;d history than
| |

the undersurfaces exposed as a result of erosion. Finally, then one can sfate[’

il ‘ ;
& i
4

Y(’F) : f{t) + [ g(t-T). Y(T) dT | | o (26)

where f{t) = di’s."_fﬁ'bu(tlon function for top surface

e

et

g(t) = distribution function for undersurfaces - N
= » . Tee N )

S EeReami
)

U In-105

Jpg
-




o

@ Astronucizar
=/ Laboratory

It is worth noting that equation 26 is a well-known integral equation having a

convolution integral as its last term. A Laplace transformation yields

y(s) = 'f(S):f + g(s) y(s)

By ordinary algebra

y6) = £ / [ - Q(s>] @)

Y@ = L7 { f(s}f‘/_[l - g(ﬂ]} | (28)

or

* This solution may be useful if equation 26 has an easy Laplace transform and equation 27 has

an easy inverse transform. Ordinarily, numerical methods are required.
For the initial explorations equation 26 was computer-programmed directly, using
Normal distributions for functions f(t) and g(t), normalized over specified time spans rather

than between the limits of plus and minus infinity as suggested by equation 21.
v

10.2 Formulation of Elaborated Model

In further explorations of this approach, it is desirable not only to keeb track cf the
area exposed at each "level" as a function of time, so that an average surface profile or
surface roughness can be_computed, but it also may be desirable to assign different distribu-
tion functions for all levels. An analytical "continuity approach™ to this becomes very
cumbersome, and since the final evaluation is in any case a numerical one by computer, it
becomes advantageous to develop the model as a step-wise process in fime, and to have the
computer program compute the processes occurring in each time interval, one after the other.
In a sense, the computer pragram becomes a digitalized analog of the physical process.

- The crux of the approach is that the program maintains, and up~dates for each time

interval, the array S, . in which each value represents the surface area presently existing

L, J ,
at level L and dating back to time interval J during which it was first exposed as a result of

loss from the next-higher level. Thus the total surface areg presently existing at level L

il
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would be givenby), S Loy where N is the present time interval at which the evaluating
J=1 "

is being done.
Let us now . define a modified rate or quotient function g (t), which represents the .

loss rate as a proportion of the remaining area at fime t. In terms of the previously used

distribution funciion f(i), this is

" f(t) ,
qh) = { 29
I.O-j;f(f)dt ’ | )

For computation purposes tha continuous function q (t) is replaced by a loss quctient QI

representing the finite amount of loss during the lth time interval after the surface has first

been exposed. This can be represented ky

Q, = q(1.AD) At

where At is the length of a time interval. The program computes and stores all values of
QL N where the addiﬁongl subscript L refers to the level; thus a different distribution
“function f() can be specified for each level. |

The total erosion from all levels during time interval N, Y';', will‘/ then be composed

of all contributions of the type

R = § Q

L, J L, J L, N-J (30)

where RL j represents the loss rate from that area at level L which was first created during
I

time interval J. The total erosion rate is therefore approximated by

. M N-] -
= | "
YN Z h, E RL’ 51 [at (31
o LL =L J=1 ] |

where hL = thickness of erosion fragments lost from Lth level

M

total number of levels considered
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Using the R, J values computed from the SL § array which was valid for the begmnmg of
the NP time interval, one can readily compute the new values of SL J which are valid for

the end of the Nth inferval, i.e., for the begunmng of the (N + 1)th interval:

. _ - g - (I "
[SL, J] = [SL, J ] [RL, 1 - B
| N+1 N N ‘ | ,‘

for all values of J < N, and : :
N-1 \ | |

s - o (@)
[ L, N] [Z R ]
N+ L-1, ] N | | ,

§

for J = N,
The manner in which the cumulative erosion, surface "profile" and surface roughness
can be computed from the above-mentioned quantities is straightforward.

The log=-Normal frequency distribution function as programmed is of the form

f(y) =

2
- [log, (+-T -m) } (33)

1 exp { e (t-T,
Ty T ErE

This function has the following properties:

The mean, or expected value, is

2 S
CE= To + em +(]/2)6 ' (34)
The median value is
_ m | o -
M=T +e B - , (35)
The mode, or most probable value, is | .
9
m.g -
P=Tote R | | N (36)
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The input may be prescribed in terms of T, m and ¢ Hirectly; the latter two may also be
prescribed in terms of the equivalent logarithms to base 10, or in terms of the equivalent

real -time quantities Tm =e™ andR=¢7 .

10.3 Discrete Pit Formation and " Affected" Surface

In order to model the probable progress of erosion damage more faithfully, a further
elaboration has been introduced for the top surface only. This is based on the observation

that erosion tends to proceed by the formation and growth of discrete pits -- which may

‘extend to a considerable depth while adjacent "top surface" is still intact -- rather than by

a randomly-distributed depth.

To approach this condition, the top suiface is considered as consisting of two "kinds"
of surface: "affected areas” and "unaffected areas”. Affected areas are defined as those
areas of the top surface immediately surrounding existing erosion pits, whose resistance to
erosion may be assumed to be influenced by this fact. Therefore, one distribution function,

f4(t), is provided for the affected area, and ancther, fu(f) for the unaffected area which is

‘the remainder of fhé still existing top surface. (In general one would suppose that f, is such

as to result in more rapid erosion than f,, but the program does not make this a requirement).
The actual amount of area considered as affected is computed as follows: Let w be a
characteristic dimension of erosion fragments, which must be prescribed in the program input.
Then the affected area A, associated with a pit of surface area AP is defined as the area

of an annulus of width w surrounding a circle of area A_. In other words, ail of the

ﬁofenﬁal erosion fragments bounding upon an existing pit ':re considered "affected area”,

To carry this calculation through it is of course necessary to know the number and size
distribution of all pits. This is done as follows: During any time interval N, the loss from
the exiSﬁng"uncnffecfed“ sUrface, based on the fu, distriblution\fqncff‘on, is divided into an
integral number of vaiuves Ao (where Ao is the area of a circle of diameter w). Thus a known

number of new pits -- all of area A -~ are said to be “initiated". For the subsequent

time interval, the new pits are assigned their annulus of affected area. Further enlargement

(v
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of each of this generation of pits takes place by erosion from the affected area susrounding it,
requiring the “transformation" of additional surrounding area to maintain the pre\\v‘ioesly
specified relationship between affected area and pit area. Thus the number and ﬁl;esenf size
of each generation of pits, and extent of affected area surrounding them, can be esi'ablished
and updated.

The rate of loss from the affected areas is based on the f q distribution function, but
not in a simple manner. Let us for the moment talk in terms of the confinuous functions,
though the actual calculations are of course carried through in terms of step-wise loss
quoﬁenfs as explained previously, Consider now an area which existed a¢ unaffected area
until time ne T, at which time it becomes "transformed" into affected area. Up until TT the
loss from this area was governed by fi henceforth it is to be governed by fqe Upon reflection
it can be seen that our purpose would not be served in any realistic way by simply saying that
at t =Ty the loss rate jumps from f (TT) to f, (TT') and henceforth is given by f (t) (Inan
extreme case, f,(f) may represent such rapld erosion that TT is well beyond the mean or mode
value and f (TT) is already sensibly zero. Thus no further erosion, rather than more rapid
erosion, would result from this switch.) A wholly rigorous approach would have to be based
on cumvulative fatigue damage theory, but a device which is adequate for our purpose is fo
~require that the f, distribution function be entered at an "ef(fect’ive time" Tg, such that the
cumulative loss due to f, at Tg is equai fo the cumulative loss due to f | a at Jiqror

/

P4

TE I “
f fa(T)dT = 5{ fu(T)dT - (37)

If TE is defined by eqdeff@n 37, then the loss rate from the area under co;is*iaerati;en, at any
time t subsequent tot = TT' is given by f (t-Tp+ T ) “This device will at least ensure that
if a given area is "'fransformed" at any time Tr whatever, then 100% of it =- no mecve and
no less -- will have been Iosi' at time t= o ; which is the minumum logical requirement -

of any realistic approach. For some types of distribution functions, it is possible fo express

=119 L
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TE in terms of TT and the function constants. Thus, for the simple case of (normalized) ex-

ponential functions, where

B [ \}
~Pu f -Paf

f,() = pge and f(t) =
it is easy to show that

TE=TT(Pq/pu)

fi

An analytic expression can also be obtained for the log-normal distribution, but in many |
other cases, inciuding the normal distribution, TE would have tc be computed by frimlfand-
error procedures from the relationship of equation 37,

A consequence of this approach is that not only must the total affected area associated
with each "generation" of pits be known, but so must each "generation” of affected crea,
since the rate of loss from any portion of the affected area depends on when it had been
“transformed" from the uncffected to affected status. The number of pertinent computations
required during the th time interval is therefore N2, and the number of memory locations
required for the affected area array is M2, where M is the maximum number of time intervals
to be computed. This is a compelling argument for making M reasonably small (100 in our
program), which makes for a rather coarser time "grid” than one would otherwise desire. |

The details of thekcompufafio.n method would require too much space to present here,
but are generally analogous to the method described for the undersurfaces by equations 30
through 32, It should be emphasized merely that the concept of erosfifbn by discrete particles
of specified size is applied only to the initiation of new pits in ngZ;maiFfeci'ed surface, arnd
that the loss rates from the second and lower layers do not concern ﬂnemu‘selve's with whefher
the éécond layer surfa@:e was exposed as a result of loss from unaffected or affected surface.
Th|s distinction is on!y made for the loss rates from the top surface itself.

The program in its present form has provision for using either log-normal distributions

(to: represenf fatigue damage), or exponential distributions (to represent single-impact damage).

e



R A A A L R A S S

vp) \stronuctear
==/ Laboratory

PART C
CHEMICAL DISSOLUTION BY LIQUID METALS

F. R. Arcella o

- 11.0 MODEL OF TURBINE BLADE . DISSOLUTION IN LIQUID METALS

11.1 chkground

" The chemscal dissolution of varicus materials into alkali and heavy liquid metals has

“been extensively investigated. Results, particularly with alkali metal systems, have been

scattered. This scatter occurs because many diffi(-.ultiés arise when working with alkali liquid

‘metals. Dissolution rates, besides varying with the standard parameters of temperature, material,

flow rates, and temperature gradients, are also strongly influenced by alkali metal purit* (smali
ppm concentrations of oxygen, carbon, or nitrogen contribute to increased corrosion), ’by
dissimilar metal couplies within the system, hot trap and getter efficiency, etc. Also, as experi~
mental techniques and controls improve, the comparison of recent experimental results with earlier
data furfher contributes fo the problem.

Mosf liquid metal corrosion data, either from refluxmg capsules, natural eonvection loops,

~or pumped loops, has been of a quahtahve nature. Geneml surface dlssoluhon, grain boundary

penetration, and general mass transfer have been noted. However, the vast number of variables
involved in most systems has not permmed the mathematical approaches expressed by Epstein in
Reference 61 or Gill in Reference 63 to be extended to these more complex systems. - Thus,
experience with materials and systems has been relied upon to des‘igngte the materials and their
properties most compatible to the system in which they are to be incorporated. |

- Within the last few years improved experimental f4=chmques and equipment have permitted
mve.,hgators to reduce some of the variables (especially oxygen contamination) to less influential
levels. The quantitative data being generated today can, with due censideration of its source
and system, be extrapolated to other similar systems for rough, predictive comparisons.

In this section the chemical dissolution of a turbine blade material into the thin siream

" of condensed potassium that flows radially outward along the blade is considered. Epstein's

 static dissolution equation in Reference 61 was solved with.dynamic dissoluiion parameters from -

S
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Gill in Reference 63. The resulting approximation of 2. 3 rmls/ 'I'O 000 hours compares with
actual test data (chemical dlssolutuon) of 1.5 in Reference 67 and 1. Q( )mlls/ 10, 000 hours.
These figures indicate the relative range of dissolution attack by direct chemical

action that could be expected in a systgm” of low oxygen concentrations. Unless flow rates
across turbine blades are substantially higher than those considered here, it would seem

| unlikely that direct chemical dissolution will result in any serious damage by alkali-metals

to turbine rotor blades. _

It is known that chemical dussoluhon of a mafenal will occur preferenha!ly on the

It;::sf densely packed crystal surfaces and at grain boundaries. Such preferred dissolution may

have a weakening effect on the material which, when coupled with the impact stresses of

droplets, may result in an acceleraﬂ'lon of the impact erosion process.

11.2 Turbme Blade Dissolution in Liquid Metal | o &\

\\ SRy . ) o
Fora flow of liquid metal across a turbine blade, as in figure 44, consideration can be

given to the rem‘év\»valvof blade material through the ordinary dissolution of a solid inte a lquid.

~— N3

& ‘. B . . . \
J Lo 1b. liquid N
‘ ¢ -3 metal ‘
FLOW RATE =,'-,0.4 x 10 FT/'(LENGTH) SEC 611131-358 | !

ff:F|gure 44, Radlal Liquid Flow Along Turbine Blade {(with
a Shai'ow Ar{g!e (9) W|fh the Radial Dnrea.hon)
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For a flow gwen as the pounds of liquid metal impacting along the blade per foot of blade Iength

i
per second, I'he folimeg addlhonal conuderd,hons are made:*

!,

oo

1) All flow is aswmed radial and to confacf the surface of the blade over a band

" two centimeters deep from the Ieudmg edge.
2) Time of actual contact between Elqmd and blade will be requured since
dissolution will follow an. Arrhen?\us relation with time. :
. 3) Assumption of a prépgr Arthenius ‘s;fsoluhon"rai‘e constant must be found
/ through corre lations with the Iifenqture.
= 4) The time of contact between llqmd metal iri flow and the blade i is assumed
" to be as‘though all flow orugmateé' at the hub instead of bemg of dns?nbu?ed
origin as is the actual ?ase. (Obv\lously overstating the resadence hme )
5) Dimensionless parameters and ve Iocnty lf)oundary iayer effects are neglected
as such, and the theoretical form o{-‘ I'he equation used implies a reaction-
| o rate llmll'ed, constant femperai'ure pr:\\ocess. H.owever, the empirical constants.
v used in this development were selected from data taken at flow velocities of -
the order expected on turbine blades. \,_\ _ | | |
6) Although the liquid metal flowmg cvei the biade would ordmanly contain
some concentration of biade material (éhssolved), it is assumed that the flow

 considered begms as pure ||quud metal. ~ (Obviously overstating potenhal

\.&F)\Ac‘cording o Eps‘tein' in Reference 61, the dissolution of a metal into a liquid can be

| described as

NN
bl o

l//

i : o

Y

7 :;:’; (;;\:"] ) // ‘ R
. ) . \ood o 5 .
*The rates of liquid metal flow, velociiies of flow, film thickness dnd width used here are all
assumed quantities and do not represent actual calculations or data from liquid metal turbines.

They do represent some insight into the probable magnitudes of the assumed quanhhes based on

steam turbine calculations. = | y -




o Astronuclear

l.aboratory
where 1"
» n(t) Lis the concentration of dissolving solute as a function of time
. ny is the equilibrium saturation solubility of solute in the solvent
‘A is the area of confact befween soiid and liquid
Vv is the velume of liquid in con?act with the solid
t . is the time of contact {

is fhe solution-rate c.cmstant

The parameter k varies with/”temperature, flow rate (mixing), materials, surface, etc.

and at best must be determined fc/i: each system under consideration. Although few k values
are recordqéd in hteral'ure, the values and systems in the table below will |nd|ca*e the range
SFk. A cHouce ofk =5x 10 -6 cm/sec was made for this calculation. The basis for l'hus choice

was mrluenced by the matenals and system of Reference 63.

TABLE 1

5i  SOLUTION-RATE CONSTANTS

System - Temperature

k (cm/sec) Reference
Cu —-Pb (lig:) 510°C 6.07 x 10~ 62
Cu —-Bi (lig.) - 510°%C 1.91x 107> 62
304 /5 Li (liq.) - 510°C 1.54x 1070 63
304 s/5 > Li (liq.) 612°C 7.50x 107 63.

Since it is assumed the !iquid metal flows at an average width of flow from the leading

edge of 2 cm, the area of contact per foot of Ieng?h would thus be approxnmately 2 cm x 30.4

cm =60.8. },mz.

Q

Smc‘e the cenfrlfugul qccelerahon force on the liquid on a rotor blade surface is quufe
high, fhe radlai flow of liquid along the//leadmg edge of the blade may be assumed fo be less

fhan 1 m|| thlck The radial flow veloc,,fil'y Vis chosen = 2 ft/sec. Thus the duratlon time per
’, umt of flow ln al ff path is 0.5 sec.

G
|

N
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In 0.5 sec the volun2 V of liquid metal flowing across the 1 ft length of surface is

V=04x10

~3 b liquid metal

454 gms

ft (path) sec X6

AN

cc

x 0.5 sec x

(‘%,

'0,9gms(liquid met

PR RS A FRRT BT E E . B LFL clmmams T e o

|

= 01d6 cc

‘. n_, the saturation solubﬂi?y, of various materials in liquid potassium is given in table 2,
"ol e

4

L7

TABLE 2

SATURATION SOLUBILIIIES IN LIQUID POTASSIUM (K) ¢

~ System-

Temperature

\Fe—-K 1000°C

- R” K: o A\ 500°C
Rk 1000°C

SN y)—» K 1000°C

yé

Thus in equation 38 °
onft) = n_ (1 -exp [
‘n(t) = 300 ppm* |1

b

i

o -
N =
R - T

O
=3

I
X
D

S
o

-

3 -

I
e
&
—
. B
b o)

1 -

- k —G— t)]

- exp (~ 5 x 107 cm/sec

1

| -.661'44]
e .

r4ax 107

]
7.

P

3 N
o d
e D

)

%
H=1164

60.8 c:.m2
0.106 cc:

&

- Reference

64

64
65

66

Y

(5) sec):i

I
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Ecich mass unit of liquid metal that flows over 1 ft length of turbine blade (radially) picks up

0.421 ppm of blade material {iere assumed to be ironlike in makeup, physical properties, etc.)

through fhe process of dissolution. Each foot of blade material has a liquid metal fuow rate of
© 0.4 x 107 lb/sec. For 10,000 hours operqhon, the amounit of blade lost would be

O
i ” o .lb (llquld | e jo
= 04007 '“‘f;’-g—l)?— x (0.431) 10° ";'-biﬂ?-" % 10% hr x 3"’|,f:° ") sec
b J \ ’ ) , ; ,
B / , mefal i

6.2x 107 1 blade lost/10,000 hours/ft blade lengtt

n /

For an area of 60 8 cm?/ and a blade densﬂy of 8 gms/cc, the thickness foss would be

// o

/

_ 62x107° b 454 gms . 1 dinch -
Bgmsfcc b 808cn® " 25kem .|
“ o : L ; E ’ /;;
= 228 mils/‘lO 000 hours - - . o ';’,,\ /

ORNL( 7) reporting on attack by fiowmg NaK (2-10 ‘ft/sec) in the/ |
SNAP-8 sysfem, found fhaifmaxumum attack occurred in a system (with less than 30 ppm.
' oxygen) on Hasfellcay N at the outlet end of the SNAP-8 reactor, Extrapoiatuon//of this data
mdlcafes fhaf corrosion at this point will be less than 1.5 mils in 10, OOO hours aff 1300 °F,
’ These figures indicate ?he relahveorange of dussoluhon ai'fcack by dlrecf chemlcal
“action that could be expe ected in a system of low oxygen concentrations. Unless flow rates

across turbine blades vmﬂsubsfqnhully higher than those considered here,we dro not think it

V ~likely that “direct chemlcal dissolution will result in any serious damage by a?kal i-metals to

o N ) ; o /./
turbine rofor hlades. : - | G ve /

NS

_ ORNL. (62 and 69) has QIso been |nvc=st|gahng fhe compahblllty of
potential turbine materials (D-43, TZM FS-85, T-111, and Cb~1 Zr) in potassuum, boiling

‘ and condensmg foops. One Ch=1 Zr forced-clrculahon loop with Ch~-1 Zr nozzle and

%
o g o "
o i
o

" tutbine-blade specimens was operated for 300 hours with a maximum tempgratyr@, of 1 IOQOC =

[&)

e
2

-7



Astronuciear
==/ Laboratory

(minimum 355°C). Maximum attack was one mil at the impingement area of the second stage
blade. No evidence of attack or deposits was found in thg boiler, condenser or subcooler,
Tests on 316 s/s, Haynes-25 and TZM again revealed the maximum erosion damage at the
middle nozzle-blade position (three blade positions in the test) with the lowest vapor quality
(82 percent). These tests revealed little damage beyond formation of a smooth, shallow.
depression at the second-stage blade impingement area,

It is known that chemical dissolution of a mateiial into a liquid metal will occur
preferentially on the least densely packed crystal surfaces and at grain boundaries. Such
preferred dissolution may have a weakening effect on the material which, when coupled with

the impact stresses of droplets, may result in an acceleration of the impact erosion process.

= —t
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