
POLSKAAKADEMI.ANAUK
INSTYTUT MASZYN PR ZEPŁYWOWVCIł

, PRACE
INSTYTUTU MASZYN

PRZEPŁYWOWYCH

TRANSACTIONS

OF THE INST1TUTE OF FLUID-FLOW MACHINERY

88 1

wARSzAwł - pózNłŃ lsss
PAŃSTWOWE WYDAWi{ICTWO NAUKOWE



PRACE INSTYTUTU MASZYN PRZEPŁYWOWYCH

poświęconę są publikacjom naukowym 7,7akfęsn teorii i badań dc,świadczalnych

w dziedzinie mechaniki i iermodynamiki przepływów, ze szczególnym uwzględ-
nieniem problematyki maszyn przepływowych

*

THE TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW
MACHINERY

exist for the publication of theoreti cal and experime;tal investigations of altr

aspects of the mechanics and thermodynamics of fluid_flow with special reference

to fluid-flow machin€ry
t.

RADA REDAKCY,JNA_ EDIToRiłr" nołnp

TADEUSZ GERLACIi,HENRYK JARZYNA, tEF.zN KRZYŻANoWSK1
STEFAN PERYcZ.wŁoDzlMlERz PRoSNAK, KAZIMIERZ STELL,ER

RoBERT szEwALSKI (PRżEWoDNICZĄCY_CHAIRMAN), JÓZEF ŚMIGIELSK1

KOMITET REDAKCYJNY-EXECUTIVE EDITORS,

KAZIMIERZ STELLER _ REDAKTOR _ ED1TOR
WOJC1ECH PIETRASZKIEWICZ,ZENON ZAKRZEWSKI

DRZEJ ŻABICKI

REDAKCJA_EDITORIAL OFFICE

Instytut Mą§zyn Przepływowych P-A.N

ul, Gen. Józęfa Fiszera 14, 80-952 Gdańsk, skf. pocztowa 62l,tel 4t,lż-7lż

Copyright
by Państwowe Wyclawnictwo Naukowe

Wa rszawa l985

piinted in poland

ISBN 83-01-07ożO-x

IS§N 0079-3205

PAŃS-!-1.,,C{E wYD,]Ł§iriICTwo NĄUKowE _ cłDzIAŁ w PGZ\Ą\]U

Nak:..] ]4l-j., 9c *gz. Ark, tlł1. i3. Ark..ir!ii(. 1$,87-{. i':r;;iel ijruk. §ł,l,-(], \,:,;/,] 9, -0

x 1.]0 .n O.irjano Jc. składirłi:" 3 { 19§5 r. PoCpisanc do druku _i X: 19:i:: -

Druk r:kolic;ono w iistopadzie 1985 r. Zam. v 240ila1. s-?,l7,2, Ccn,, żł ::],-

DF(|]l{li.l?NIA i_]i.]i\Ą;E§S-"iTE]tj I}4. .ĄDl"M.Ą !iIC,{IEYJICZA_ 1-,, POZN l:,i]-



:PRACE INSTYTUTU MASZYN PRZEPŁYWOWYCH
1985 Zeszyt 88

*

BOGUSŁAW WEIGLE, ZYGMUNT SZPRENGIEL

Gdań:k

_An Attempt to Assess the Erosion Damage Due to the lrnpact of a
Polyfractional Rain of Droplets"

Several known methods of calculating tĘe effects of erosion damage caused by monofractional

and monokinetic stream of droplets have been described and compared to one another. A new equa-

tion describing the mean clepth of damage in tefms of the exposure time has been ProPosed for the

case of such a stream of droplets. For the case of erosion damage caused by a polYlractional Str€am

of droplets two known and two new methods of superimposing the erosion effęcts duę to fesPective

fractions of this stręam have been pres€nted and compared to one another. Tlre authors consider the

present paper to be a further step, after |1, 2, 31, towards the better prediction of the erosion damage

.progress.

Nomenclature

a,b,c -

b| _

p
Ps

r

s
S", So

constants in Eqs Q3) and (żĄ),

dimension'less,
constant in Eq. (13), dimension-
1ess,

Q,c" - sound velocity in liquid and solid,
resp. [ms- '],

d - droplet diameter [ml,
.ł - coefficient in Eq. (31),

ź, - exponent,
ł - number of irnpacts per unit area

[m-2] or exponent,

4 - number of droplets per unit volume
ot laln [m "l,

- exponent,

- impict pressure coefficięnt

[kg s- l m-2].

- radial coordinate in suriace plane

Im],

- Strength parameter, [Nm-'],
- normalized erosion resistance, di-

mensionlęsŚ,

* The work was done as part of the PR-8
power engineering", diręction 6, problem 4:

{J, - tota1 volume of water carried by
dToplets per unit afęa per unit time

[m'm-'s-'],
t}. - value of the volume of matęrial

loss per unit area per unit time

[m3 m-z 3-t1,
{J"u - maximum instantaneous value of thę

volume of material loss per unit
afea per urrit time [p3 p-2 5-1],

IJ ey - ayetagę value of Ę for the time pe-

riod z resulting in a cumulative
material loss of Y [p3 p-2 s-1],

Wa - flo{fit&l component of the droplet
impact velocity. lms-'],

Y - męan erosion depth [ml,
Yo - fictitious depth of erosion for t:0

(Fig. 1), [m],
y - Poisson's ratio, dimensionless,

pt, p" - density of liquid and solid, resp,,

[kgm-'],
ou - ultimate tensile strength, [Nm-2l,
t - time period [s, h],

governmental plogramme " Complex development of

Machinery designing methods.

|, 45]



46 B. Weigle, Z. Szprengiel

S ubscript s

H - Heymann,
i ._ discriminant of droplet fraction,

inc - incubation,
M - inflection point of the cumulaiive

erosion - exposure l ime curve t Fig. l),

resultant quantity,
Springer,
tangent point on the cumulativg
erosion-exposure time curve t Fig. 1.1,

Yablonik, Poddubenko.

res -
S-
T-

YP-

rntroduction

Tlre possibilitY of predicting the erosion damage on the §urface of material due to
lhe impacl of droplets depends on the inforination on:

1) the amount of impacting droplets, their size, velocitjes and physical properties,
2) the effect of ęfosive action of the stręam of droplets impacting on the matęrial

Surface.
The present work deals with the second problem.
The erosiol1 of materials in machinery pafts such as turbinę rotor blades and aircraft

comPonents is causęd by droplets varying in size and possible velocities, A stream consist_
ing of such droplels is callęd a polyfractional one.

Fig. 1. Basic notation for thę erosion depth vs exposure time relation



An Attempt to Assess the Erosion Damage Due...

Up to now the determination of the effect of elosive action of a stręam of droPlets

impinging on the surface of material has been based more or less on empirical formulae

based on results of experiments with a monofractional and monokinetic §tlęam of droPlets.

such formulae havę been described and compared to one anothęr.

When attęmpting to predict the erosion damage for polyfractional droPlet streants,

which prevail in the engineering practice, we come upon onę of the basic difffrculties: how

to evaluate jointly the effect of rospective droplet fractions. Two known and two nęw

methods of superimposing erosion effęcts duę to ihe respectivę fractions of droPlets have

been presented. The łręthods have beęn basęd on the assumption that for each single

fraction of droplets the relation Y_:f |r,"(t", (wr, d, Ę, erosion resistancę of material)]

is known, Fig. 1. Experirnental veriflcatión of thg methods presented here still lemains

an open questioll.

Assessment of erosion damage due to monofractional droplet stream

Considęr first the erosion damage _ exposure time dependences as assessed by Heymann,

Springer, and yablonik and Poddubęnko. All these dependences concern thę behaviour of

homogeneous materials subjected to impingements of a uniformly distributed rain of

identical droplets.

Fig.2. U"yltJ"u vs Yf Yr approximation; experimental points after Heymann [4]

Results aftęr Heymann: Heymann [4] has found that the least_squares fitting

to data of the ęrosion-time history plotted in a normalized coordinate sYstem U"ylU"u,

I/I, results in the following equation (Fig. 2),

IJ,yfIJ"y:exP|-a.25YlYr] for Y lYr>l,

where I, should bę taken as an experimental constant |4l, or a "typical" value equal to

250 pm [8], or according to equation after [4]

Yr:I.4 ' l0-2, .ro'5

4,|

(1)

(2)
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The definition of U"y (Fig. 1) is
Y

UnY:-'
x

For the maximum slope of the I(r) curve Heymann propo§ed the relation

(]"a)at: j! 1:ł_)', ę)s" \zsso/ 
'

Substituting Eq.(3) into Eq, (l) he obtained the erosion depth-exposure time relation:

t:Y(U"y)11}exp|0.25YlY7l, (5)

Further data collected by Heymann [3] present the following approximate influence
of the dropJet size on the maximum slope of the I(r) curve

(u"ń*:ł(#)"'(#)'' ""-d-1'7,14'10-4)- (6)

A similar ręlation for thę maximum slope was used by Krzyżatlowski and Szpren-
giel for prediction ol the droplet size effect on the turbine blading erosion hazań, L37

(U"u)n,:f(#)""(o*)"' (7)

In [5] Heymann considered collected test data leading to prediction of equations
for the incubation period and the maximum erosion rate. Wę took simpler alternative
equations for impact by drops. These, after appriopriate transformations, take the form:
for the incubation period

(t,,"),o:0.666.1016,0ó ł,*ro"(#), (8)

and for thę maximum slope of the erosion curve

({J"u)u+:|0-16,42 % ,1,,"y- oa. (9)
s"

where Ę is the factor of shape of the target surface, For flat surfaces the factor Ę can be
taken, after [5]. as equal to 0.49.

In [5] Heymann did not deal with determination of an equation approximating the
erosion depth-exposurę time dependence.

Results after Springer [6]: Springer has taken into account only the erosion
behaviour of materials within the exposure time not longer than 3 x Trn", He assumed
that the experimental data can be approximated by two straight lines (Fig. 1)

)r:0 for 0śtśTl."

Y :(U 
"1)r@ 

* rln") for r,n" < t < 3 T,n" .

(3)

(10)

(1 1)

and
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for

The maximum value of the inclement of depth per time (Ęr), folłows the equation

(u"v)s:,oor"'fi(:):,"",a* (12)

(tin"). :4,66 to- " rJ,r.,(i)"."i.,

D _ Ptcl
r s---,

, Ptct
r +--

P"C"

^ 4o,(br-I)
D __,

.I-2v
^ (P./S)1,".,
§ :__= .' (Pr/S)"

Fatigue considerątions applied to matęrial subjected to repeated liquid impingęment

result in the equation for the incubation period, r,.",

(1 3)

(l4)

where

^ (Pr/S)-'''
'0:(pJs) - 5.J '

The constants in Eqs (12) and (la) are obtained from the test data.

Results after Yablonik and Poddubenko [7]: The elosion damage behaviour

of the material subjected to droplet impingement has been approximated bY a single straight

line within the interval Tin"śTś,tyl Gig. 1)

Y,:kw pl[J"wftr łYg. (15)

The factors k, n as well as the fictitious depth Ło are experimontal coefficięnts and were

found to be independent of the impact velocity within the intęrval200 to 400 ms*1 and

dependent on the materials investigated.
Furthermore, it was found that the droplet diameter within the interval 400 to 1000

pm would not affect the erosion if the quantity of impacting water per unit area was the

§ame.

Using previous 1omenclature we introduce the maximum slope Ę, of the Y(t) curve.

Then we have
(U 

"a)vp:kro 
plU 

"wft

and Eq. (15) can be rewrittęn in the form

Y :t (U 
"y)yp 

* Yo "

(16)

(l7)
\

According to Fig. 1 fot r:rin" there is I:0, hencę we get an expfession for the incu-

bation period

ł Place IMP, z. 88

("in")"" : - Yol(U.*)r*, (1 8)
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Determination of the erosion ilepth - exposure time dependence

For experimental points of Y|YT and, YJYM above 1.0 Heymann [4] obtained, using
the least-squares method, the following equation:

U 
"y 

f U 
"y 

: exp |- 0.25Y l Yr],

U uv l U 
"v_: 

1.026 exp L- 0.236Y l YMf .

On the contTary, in [6. 7] the authors considered only the region Y<Y, in
used a linear approximation for the dependence Ł(r), Fig. 1,

Y:U"y(t'-T;nq).

In this case, after taking U"v:Ylr and substituting t from the
the quotient U.rlU"*

U 
"vlU nu:(I-YolY)'1 , (:22)

where )'o is a fictitious depth of ęrosion for t:0 (tlre value of Ę is negative).
In order to find an ęxpression which would approxirnate thę erosion progress obtained

xperimentally in Łroth regions, i.e. for YśYv and I> Yr, we introducę the rełation*)

{,}"yf(t"7a:a(Y/}r)Óexp fc.YlYr]. (23)

nrt l l',' 0 a,5 1.D 1.5 2.0

Fig.3. U.ylU"e1 vs Yf Y. approximation; experimental

3D 35 4.0

points after Heymann [4]

According to thę definition of (J.:y (cf. Eq. (3)), Eq, Q3) can be ręwritten as follows

t:Y , u;n} a-lęv 1vr)-u ""p |- cy lyr]. (,24)

Only the experimental results presented by Heymann [4,8] inthefórm U"ylUnu:
:_f (Y!Y) and U"rf U"*:f (YlYr) which covęr thę values of erosion depth Iś Y, and,
Y> ł', have been taken into considęration (Figs 2 and 3).

To det§rmine the values of tlre constants a;b, c in Eqs (23) and (24) the least-squares

(19)

(20)

which they

(21)

Eq. (21), one obtains for

ł'a"

* It should be mentioned that equations Q3) and Q4) have been taken by
approximate the avaiłabie experimental data on erosion curves. lt is also worth
crepa,ncies existed between these data --cf. also Ref. [14] (Editor's note).

the authors so as to
noting that large dis-
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method was applied to all the points presented in Fig. 2. Besides, Eqs (23) and Q4)shouldsatisfy the following conditions:

1) the derivative of functian (24) should be equal to infinity ń Y:O
at lóYlr=o: cll , (25)

2) the derivative of function (24) should be equal to the inverse value of {I", at Y=Y,
ótlaYiv=r_:1lU"u, (26)

3) the sęcond derivative of function (24) should be equal to zęfo at Y:Ya
(27)

(28)

ó2t lóYz|v= 1_ :0,
4) function (23) should reach a maximum at Y:Y, (Fig. 2)

a(U"yll.J"u)I _n
alvlv;!r,r.-,.o-u'

The dependence of Y, on Y, can be fourrd by equating ręlations (l9) and (20). Hence
we get the ratio YrlYr:1.42 which §e€ms to be an average value of those listed in [4].UnfortunatelY, functions (23) and (24) could not satisfy simultaneously the least_
-Squares fit to Points in Fig. 2 and the Óonditions as quoted above. For this."uror *" łuio"
the region undęr consideration inio two parts (see Figs 2 and 3): the first part for Iś Ilrand the other one for Y>Yy.

For function QĄ in the first region, YśYu, conditions 1 through 3 were applied
together with the requirement of equality of functions Q4) and, (23) for both reglonsat Y:Yu.

To determirre filnction (23) for the second region
in Fig. 2 and condition 4 were applied. The authors
regions has no physical argumentation.

the least-squares fit to all the points
rcalizę that a division into the two

Thus we obtained finally the values of constants a,.b, c for the searched functions
(23) or (24) as sPecified in Table 1. Both relations can be expressed as well in tęrms of y1,
instead of Yr. Then the constants a, b, c take appropriatę values as listed in Table l..

Table 1

YlY,
< 1.0

-0.2239750

i , r.O

0.8715714
0.3920000

*0.2760563

1.0077892
0.5626526

- 0.31 80445

ltcanbefoundeasilythatfunction(23)atthe pointYlYr:1.0takesthevatue U"ylU"a::0.6613224 which is close to 0.66666.. as given by Spiinger [6].Such Precise valuęs of the constants a, b, c and other dęrived magnitudes result fromlhe mathematical Processing of experimental data and from conditions (25) to(28) applied
:o Eqs (23) and (24). Therefore, they should not be regarded as a yery good fit to experi_nental curves I(r).
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Comparison of the characteristic magnitudes of the erosion damage curve

Characteristic quantities of thę curve I(r), as defined in Fig. 1, are the maximum slope

(J"*, the incubation period T;nq &ild the erosion depth Łi4 at the point M whęte the slope

of the curye begins to diminish, onty the ręlation for tlrę maximum slope of the erosion

curve has been determined by a1l thę authols mentionęd earlięr, They have also given

relations for one of the two remaining palamętęrs (see Tables 4, 5 arld 6), Table 2 con_

tains experimental data which have beęn used for assessing thę erosion relations fot U.*,

Tir" ot Yy. i,

Table 2

i

a r--T --T
w* [ms-'] I

Yablonik a.
poddubenko

|,11, 19,14

Springer
|61, 1976

Krzyża-
nowski and
Szprengie1

[3],1978

0.1 to 1.2
13'7 to 527

0.4 to 1.0
200 to 400

ru:2,9526614t i^"

Yu: |.95266I4t in.' U "r,

In order to be ablę to compafe al1 the relations to one another one should choose tho

matelial for which the erosion resistance can be specified in the form of constant coem-

cients S9 and S", The nęcessary data and ęrosion resistance coęfficięnts used in the methods

under considęfation are listed in Table 3. Since watęr is taken as the colliding liquid we

havę the density of water pt:lo3 kg*-' and the velocity of sound in watęr ct:!463
ms -.

The missing ęxpressions for t,." or YM were detęrminęd based on relations resulting

from the pręvious chaptef, i,e" Yr|Y*:1,42 and, (J",1(}",:0,6613", at the point M

(Fig. 1), Thus, we get the following expressions

and

-(29)

(30)

Each parametęr can be written in the following form:

U"M,Ti.",Yu:k.U,ł.,i..(d.to31o.(erosionresistance),(31)

Let us note that this equation is dimensionally inconsistent and thęrefore other PhY-

sical quantities should also be involved.
For all the relations indicated previously the valuęs of the coefficients k, m, n, P re-

lating to the respectivę parametęrs are listed in Tablęs 4, 5 and 6. To show the differęnces

among the expressio ns for (J"y, T,^" and Y, re7Ńtve va]ues of II"rl(U"r)"u, r,."/(t'^")r",

Yrl(Yr)r, plotted against the droplet size sor the impact velocity Wlv:300 ms-l ale

shown in Figs 4, 5 and 6. For all the parameters thę values given by Yablonik and Pod-

dubenko have be;r taken as thę refęręnce. Thick linęs in Figs 4, 5 and 6 indicate the range

Author
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fi-' lc4 .1a-3 d L.l 40-2

Fig. 4. Variation of relative values U"ul(U.u)vp vs droplet size d

of droplet diametęrs usęd by the several authors to asse§s the erosion ręlations U"M, Tinc

ot YM , The ręsults of comparison afe valid only for steel of propęrties indicated in Table 3.

Examination of Figs 4, 5 and 6 shows that:
t) the best coincidence of the foregoing relations - except the onę after Springer -

takes place for droplet sizes in the range of about a.7 <d<2 mm,
2) the quantities U"M, Tin" atd Yna have been determined by Yablonik and Poddu-

bęnko [7] without taking into account the dloplet size,
3) the quantities UnM, tin.and Y* determined by Springer [6] differ much fronr those

obtained by other methocls: their values come closer to the ones after Heymann ręlations
H2 and, H3 [3] for droplet size d less than about 0.1 młn,

4) the quatities U"* and Tinc as given by Heymann relations H2 show heavy depen-
dence upon droplet size, especially in the region of srnall droplets.



Fic. :. Variation of relative values rr,"/(rro")r"]vs

d[nJ
droplet

10"2

size d

40,
a fr]

vs droplet

fi-4

of relative values6, Variation Yul(Y"),r, size d
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Table 3

Relation Materials and appriopriate coefficients
Heymann 1 (4)
Heymann 2 (6)
Heymann 3 (7)

18Cr-8Ni au§tonitic stainless steel
DPH 170
(equivalent to 2Hl8N9, a,:580 MPa, after [13])

,S9:§": I

Heymann 4 (8), (9) AISI 316 austenitic stainless steel
DPH 153 to 205
au:550 to 600 MPa
(equivalent to Hl7Nl3M2T, d!:550 MPa,
after [13]) ,so:&:1

Sp.ńg* (12), (14) steel (quality not specified)
p":7,6.103 kg m-', c.:5182 ms-1, y:0.3
a,:593 MPa, bt:20.9

^ (ĄrS)ł..,
- (Ą/,§)n

^ (Ą/s.1-,,,
ó'o:-l

(ą/s);.,ii,,

(ĄiS)",.",:1.19,10-5

,§o : §I": 1

Yablonik,
poddubenko
(16), (17)

ferritic stainless steel
(after [13] : BHN 121

equivalent to ASTM
kvp:2.17.7o-2o kg-t
n :4.7
Yo: -0.0005 m

1Hl3
to 787, ou:600 Mpa,

4l0 steel)
m-1.7 s4.71

I
,So:§.:1

The DPH-Diamond Pyramide Fląrdness (Vickers) and BHN-Brinell Hardness Number are equivalent in the range up to abotrt 300

Table 4

Relation |-
Heymann 1

Heymann 2

Heymann 3

Heymann 4
Springer
YabIonik,
poddubenko

(4)

(6)

(7)
(9)

(12)

(16)

1.55.10-17

1.55.10-17

1.55.10-17
4.48. 70- 17

2.86,10-18

0
1.14.10-4

0,604 +
d

1.69
0
0

1

1

1

1

l

5.00

4.92

4.92
4,78
4.00

4,7o

HeYmann [5] stated on the basis of a large amount of experimental results that the
value of the prodrrct ]R".Ą is close to unity, where Ą: (J"rl(J"and 1/o the number of
specific impacts colresponding to Ą: UoTin", For drops Ą:1.5 Hod-r, after [5]. Then
one gets R",Ą :1.5U"l4Tin"d-1=l or fleMTinc=0.66. 10-3 (d.103). Then, as a next step
of comParison we shail check the products (I,y,Tin. using respective relations given in
Tables 4 and 5. Thę results are listed in Table 7 together with a numęrical example for
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T able 5

r,,. : k t ]ł wk (d. 1 03)',so

Relation

1.14.10-4
-(0.104+- d }

Heymann

Heymann

t

2 _1

Heymann 3

Heymann 4
Springer
Yablonik,
poddubenko

ó,
(14)

(1 8)

_ 4.92

- 4.,l7
_ 5.10

1.02B.1013
0.762.1013
5.334.1019

i

2.304.10L3

-1
-1
-1
_l

Table 6

ń- *, Ułw\(d,lO3)o,So,§n- '

Relation
H"y*""" 1 -

Heymann 2
Heymann 3

Heymann 4
Springer
Yablonik,
poddubęnko

a)
(ż)

O) 3.111.10-4
6.666.1o-4
2.971 .1o2

9.7 63 . la,4

p

-0J 0.5
0,5
i
l

i0
0
0
0
0

0
0
0

0.0l

Table 7

Relation P'o.ńUa (J.u.tnc, values lor d:1 mm, wl:300 m/s
3 /' 1^3\0.5 l ft 1 §qą,1n-30.i593. l0- J. (d. l0J)U,(d,lg,;o,s 0.i593,t0-3Heymann l

Heymann 2
Heymann 3

Heymann 4
Springer
Yablonik,
poddubenko

0.1593. 10*3.(d. 10.;o.s
0.1593 ."l0- 3 .(d. 1gs;o,,

0.341 .1o- 3 .(d. 103).w§.or
152.5,(d, 

'O';, 
r, ''"

0.5 . 10- 3

0.1593.10-3
0.1593 .l0- 3

0.361.10-3
9.38. 10- 3

0,5.10-3

d:I mm and }łN:300 m§-1, as męan value§ acceptable for all experimental data showtł

in Tablę 2. All vahres of the produQt (}"yTing, except thę onę after Springer, cofilę close

to 0.66. 10- 3 within ararlgę of an order 0f magnitude. The valug due to Springer's ręlations

exceeds this iimit.
According to Fig. 1 the product (J.MTinc defines the fictitious dępth Yo:_U.ltTi,".

Assessment of erosion ilamage due to polyfractional dłopllet §tream

To the best knowledge of the present authors thę ęrosion damage effect§ due to

simultaneous impingement of droplets of different diametęrs and velocities have nevef

been investigated experimentally in a manner adequate to experiments with monofractio-

nal droplet stręams as quoted, among othęrs, by Heymann [4, 5] or Springer [6].
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Therefore, thę methods of assessment of orosion damage due to a polyfractienal stream

of droplets have to bl based on theoretical considerations only.

Up to now two methods of superposition of the ęrosion effects due to polyfractional

dropiet stręam irtrpingement have been use<1.

The first method has been based on the conception of simple addition of the dePth
y of erosion causęd by each droplet fraction as acting independently in the samę timę

period r (Fig. 7) i.e.

Ę".:I Y(r),. (32)"

This method has been used by Valha [9] in connection with }Ieymatrn's approximatiorr

of the erosion effects due to a rnonofractional droplet stream, Eq, (5),

Fig. 7. The "XY" method of erosion damagę superposition

Thę second method is based on the a§sumption that ilre value of fI", for a polyfractio-

nal droplet stleam is equal to tlre simple sum of values of U"rifor respective fractions i com-

posing thę stream of droplets (Fig. 8) i.e.

(U"a),"":LU.ui,

This method was used by Krzyżanowski |lf,'Krzyżanowski and Weigle [2], Krzy-
żanowski and Szprengiel [3] and by Valha I10]. Al1 of them usęd the Heymann's,

approximation for the total damage ,quantity in thę form

t:Y ((J 
"y),", 

exp [0.25I/Ia] , G4}

łhere I" wa§ taken to be constant and equal to 200 pm l2,3] or 250 pnr [8, 10].

51"

(33)
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tai' {uo,|.,"=

= ta;'(ĘU",,)

' 'Linc,res (aac4 tincl

Fig. 8, The ''Zt].*'' method of erosion damage superposition

Thę authors of this paper do not accept these two methods due to the lack of
physical meaning in such description of thę ęrosion phęnomena.

The first method, Eq. (32), corresponds fo the assumption that the material undergoes
damage due to each drop fraction independently of the others, This means neglecting the
influence of the actual state of damage ts developed under action of the stream of all the
,drop fractions on the further progre§s of damage due to each fraction., The weak Point of the second method seems to be the approximation of the resultant
'curve r.""(I) bY the exPression valid for individual droplet fractions t(Ł),. The only va-
riable here is the Parameter (Ęy),"", Eq, (33). Besides, the assumption that the value
,of the Parameter Y, or I, is constant and independent of thę spectrum of the polyfractio-
_nal stream of droplets is questionable.

Poddubenko arrd Yablonik [11] have cotne to the sarne conclusion under assump-
tion that superposition of the erosion damage caused by each fraction of droplets follows
the rulę of suPerposition for a fatigue load [7]. They have applied this method together
-with the linear approximation of the tęst data as mentioned in the previous section. This
resulted into

Y, 
""(r) 

: t ({J 
".)."" 

* )1o (35)

with (U"M),.. as given by Eq. (33).

Two other methods of assessment of the total erosive effects due to impingement of a
polyfractional droplet stream will bę presented below.

Conception I: summing of the time periods l 1/t.
This method is very close to the one applied by Springer [6] who assumed that the

failure mechanism of eroded materials subjected to repeated tiquid impacts is simiiar
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to the failure mechanism of bars subjected to repeated torsion and bending. For a mgno_
fracticnal Stream of dropiets Springer applied the Miner's rule expressed by the equation

ł
\ .!J :at, (36)
iNi

where/r,.fr,...,.fi... represent the number of cycles in which the material is subjected
to specified ovęrstress levels ar,02,...,oj,.,; Ą, Nr,..., Nj...represent the life, in
cycle§, at thęse overstress levels. The factot a1 is an experimental constant, It can bę as_
sumed that the factor a, does represent an inner state of the eroded material (the state
of the structure of the material, its strain and/or energy level, etc.). We presume that the
depth Łof the material removed represents that inner statę of the material. Then the factor
a, should be a function of thę depth I, i.e.

at:ą{Y).
on the other hand we assume that the stress due to polyfractional droplet stream impin-
gement results in failure of thę material similar to that occurring duę to monofractional
droPlet Stleam impingement. Under thęse two assumptions Eq. (36) can be ręwrittęn
in the form

(37)

with the subscript i distinguishing one fraction from anothęr one. Forf representing the
number of cycles on the same stress ięvel in the centrę of an annulus r, of width dr §ub-
jected to droplet impacts there is

rr(f) :",tł

f i: n2nri clr .

For ł, which means the total numb:r of impacts per unit aręa in
wę can write

for eaclr fraction

(38)

the time period t(Ł),

(39)

(40)

(4I)

substitu-

{4ż)

n:.r(Y)qwu.

In tlre case of a polyfractional dropiet §tream there is

fii: ni2rr;tl r
and

ni:r (Y),q;wy,.

The radial distance r, varies continuously from zero to infinity. Thus Eq. (37),
ting Eq. (40), may bę rewritten

,r ry,l,+J Ń,:a,(y),

To integrate this equation we have followed the solution of Springer and obtained

Ęl,,:,'(*) ]:ąt(y)
(43)
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Substituting Eq. (al) into Eq. (43) yields

t (y ) . L|u,, r,} a?(*)''"] : o;g) .

n ^ / P,\o'(Y)t(Y)iQir",-ł 
'i (T,l :a{Yl.

{44)

According to Springer, for a single droplet fraction acting up to the depth I there is

(45)

The factors al(Y) and ar(Y) are still functions of the depth only. Replacing in Eq. (44)
tbe expression in brackets by al(Y)fu(Y)1 from Eq. (45) we get

r(y).I "',!1}:o,ty;.

Finally, the equation for thę time period r.", needed to cause damage of the depth
to polyfractional droplet stleam impingement takes the form (Fig. 9)

t.".:(|(z(Y)), ')-r,
Conception II: surnming of the instairtaneous,depth increments ) lŁ
Thę second conception introducęd by the authors is based on the assumption that

for any giverr state of erosion damage as expressed by Ł the further increase of depth
dYis a sum of instantaneous valuęs of increments of depth dYr, at this depth Ę due to
each of fractioirs of the polyfractional droplet stream, i.e.

dY:L@Y) (48)

Moreover, we assurned that the instantaneous incrernęnts of depth ctY, d,o not depend

(46}

I'due

(47\

tJY
Fig. 9. The "Źllc' method of erosion

rt(Y}

damage superposition,

t
authors' conception tr
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on the pręvious progress of damage (until the depth I is reached); we camo to this con-

clusion aftęr examining the tęst results of [1 1] and Il21. Hence, the instantaneous incrę-

ments clyidepend on the derivatives (TYlOt), determined relative to thę dePth,Ł,and for

"]"n "'the 
droPlet fraction *''i;:Ói';: 

Gg)yot/i

Substituting Eq. (a9) into (48) and integrating over the time perioil needed to reach the

,ttY') f,tv) ti(Y] 'L

lmage superposition, authors' conception [I

total depth I, we get the equation
tr /aY\y(.): ] y{:: } a,. (50)- \-/ 

) i\at )t

For numerical calculations the integral should be replaced by a sum, which requires a

suitable choice of the time-st ep dr. Then Eqs (48) to (50) may be rewritten as (see Fig, 10):

(51)

(52)

(53)

6l'

and

lY:Z(tY)t,
,

' /AY\
uY),:ra, 

),/' '

ł.":II(ó]) r..o i \oTli
To obtain for each droplęt fraction thę values of time periods t(Ą,aPPearing in Eq, (47)
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or the derivatives (0Ylat\:ll@tlaY), needed for Eq. (53) one can use ,one of the
equations t(I) from the preceding paragraph.

ln thó method of Z(Iny superposition thę resuliant curve I(t) is given by equation
(24), where the value of (J"r,."" should be taken instead of that of (}"*,. Furthermore,
the value of Y, should bę determinęd as the one appropriate to ail the fractions. Up to
now, e.g. in |2.,3,8, 10], exPerimental valuęs of Yrhave boen taken into consideration.
Let us consider the effect of simultaneous action of the polyfractional droplet stręam frac-
tions: The effect of each fraction acting separately ręsults in a curvę yi(r) as shown in
Fig. 8. As it is lvell known, the incubątion period z;n" is defined as the value of thę abscissa
at the Point of intersection with the tangent of the maximum slope (I"y of the curve ).(t).,
It is obvious that if all the droplet fractiorrs act simultaneously on the same surface of
the target thęn the resultant incubation period Ti,",.", bacomes shorter than obtained for
anY of the fraciions acting separateiy. We have assumed that the part of each fractiorr i in
thę resuitant incubation period 7i,",."" is proportional to the reciprocal of its incubation
period obtained in a separate action i.e. ?i.",,"./",n",,. The sum of these parts is equal
to uliity

,1''"" ,:) :, .

? \ r;"" /i
Hence we have

ri"",.", : (I(ril),) -' .

As the resultant curve Ę""(r) has to futfil the conditions which are connected with the
Eq. QĄ as rvell ąs with Eqs (29) and (30), one gets yM,,"":1.9526614 UnM,,"s.?i.",.".,
It is worth noting that if the valuę I, is the same for all the fractions, YM,:con;ta;t,
then we will get Yu,,"":Yui..

To describe all the methods of superposition in short terrns we shall use furtlrer on
abbreviations: "I Ł" method, "LU"r" method, "ż1 f r" method, and, ''Z/I'. method-
respeciively.

A comParison of numęrical resuits for all the męthods of assessment of erosion danrage
due to PolYfractional droplet stream impingement as discussed above wiil be madę in the
next chapter

Example of computation

Tc illustrate the above-presented coirsiderątions an example of computation of the
erosion damage due to a polyfractional stream of drople,is is given.

The concePtions of superpositicn of erosion efrects due to a polyfractional strear:n
of droPlets have beerr based on tlre assumption ihat ęrosion ęffects due to a rrronofractional
and monokinetic droplet stream are known,

E,rPression (24) has beęn used to assess the erosion deptlr vs ęxposure time curve clue
to each iraciion separateiy.

\umerical calculations have łreerł performed for a streanr consis,iing of five frąctions
rritir CroPlet diameters d:a,6:0.8; 1.0; I.2;1.4 mm and one droplei impact velocity equal
to irr:j$Q ms*1. The toial vo]umetric in'tensity of impacting water derived from the
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five fractions amounts to

tl ":[Uoi:10- 
3m3m-2s- 1 

.

The chosęn droplet diameters and impact velocity fall approximately into the tange

used in the experimęntal investigations (Table 3).

The valuęs of characteristic erosion parameters of thę individual fractions of droPlets

computed using ihe respective methods of assęssmęnt of ęrosion of a monofractional

stream of droplets arę coilected in Table 8.

It has been assumed in computation of the ęrosion damage that the impact velocitY

lu, is independent of the droplet sizę. Furlhermore, a Gaussian distribution of mas§ con,

centration of the colliding water has been bssumed for the five fractions of droplets (Table

8). The normalized erosion Tesistance of the material under considęration is taken to be

equal to unity as for chromium-nickel steel, ,S":|.
Figures Il, 12and13showtheresultsof śuperpositionof erosiondamageforseve-

ral methods of superposition, i.e. "ZY", "ZU"M" antd "llfr" respectiyely, and for va_

ricus ręlations of efo§ion parameters for the monofractional stręam of droPlets.

Computations for the method of superposition "Z(J"*" have been conductęd twice,

Oncę for theconstant valaeY*,"":(I,łł;)_u" for which the results aro shown in Fig. 12,

and the second time for IM.."":I.95266|4U"M,,"",Tin.,,". (E!l, (30)), For the lattęr

Fig. t1. Variation of the erosion depth Yvs exposuTę time t due to polyfractional stream of droplets;

the..Xy,, method of erosion damage srrperpositiOn
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110 "rn]

Uo= L Ur, =

wŃ= 3uU m 5'

a -2-1
m'm5

10r [h]



1.5

-----!ż-

vp

wr [h]

l)d:rua.: fu-3-3 -ł"t

NN= 300 m s-|

Fie. 12. Variation of the erosion depth Y vs exposure time z due to polyfractional strĆam of droplots;
thę ''ZU.v" method of erosion damage superposition
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f4. 13. Variation of the erosion depth 7vs exposufe time r due to polyfractional stream of droplets.
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[to-3.i
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Fig, 16, Variation of the ęrosion dePth I'vs exposure time z due to monofractional stream of droplets
d:1.4.10-3 m

case thę TęSultS are nearly thę same as the results according to the superpositio n ,,1lfr,
rvhich are shown in Fig. 13.

The computation ręsults show that.the methods of superposition "x lft,, and,,,2 /Y,,
are equivalent to each other for time incremęnt lr (Eq.. (53)) small enough.

An insPection of Figs tL, 12 and,13 shows significant differences among the considered
methods of erosion damage superposition. The differences between 1hę ięsults obtained
for the mentioned superposition methods depend on the type of relations for (r"y, yy
and T,n".

AdditionaltY, for comParison, the results of numęrical calculations of erosion damage
for some of the individual fraciions of droplets, d:0,6; 1.0; 7,4 mm, and for yarious
methods of assessment of erosion parameters have been presented in Figs 14, 15 and, 16.
The quantitY of colliding water carried by each fraction of droplets is the same and equalto Uo:10-3 m3m-?s-1.

conclusions
1. Sęveral relations, after Heymann, Springer, arrd Yablonik and poddubenko des-

cribing the characteristic erosion parameters U"M, Tin", Y, due to monofractional stream
of droPlets have been Presented and compared to one another. ifhe convergencę of theso

::"'"r' 

depends mainly on the droplet size.



68 B. Weigle, Z. Szprengiel

2. A new equation approxirnating the experimental tęsts of efosion damage due to a

single droplet fraction has been ptoposed (P.q. QĄ). It is a compilation of the approxi-

-uiion, presented by Heymann [4, 5], Springer [6], a.nd Yabtonik and Poddubęnko

t7].
3, Four methods of superimposing the erosion effects due to Tospęctive fractions of

polyfractional stream of droplets have been presented: two known methods "2Y" -Eq,
(32) and,,\Q"v,, _Eq, (33) and two proposed methods "ZIY" _Eq, (53) and "21lr" _

Eq. (a|.
4. Only the ręsultant curve I(t) due to the method "ZU"u" may be obtainęd in ana-

Iytical manner.
5. Numęrical examples in which ęffects of fivę-fraction droplet stręam have bęen SuP9rim-

posed are included to illustrate the methods of ęrosion damage assessment as discussęd

in the paper. These methods węre also presented in [14]. The ręsutrts of computations for

thę two new methods "Zlft" and "ZIY" are identical. A1l ths calculations have bęęn

performed assuming water droplets irnpact against a flat surface of a steel target.

6. It is worth noting that the discrepancy of the ręsults for relations of erosion damage

due to monofractional stream of droplets is similąr to that charactęristic for methods

of erosiorr damage superposition duę to polyfractional stręam of dropleis.
, 7. The authors had no possibility of verifying the foregoing methods of suPer-

position of erosion effęcts with the experimental data because of the lack of such exPeri-

ments. It should be mentioiręd that the superposition according to any method can be

performed on the condition that the curves I(z) for all fractions of droplets exist in a given

range of time r.
8, A program of experimental investigations aimed at verifying the erosion curvęs

both for monofractional and polyfractional droplet §treams has been worked out,

9. In the case of superposition of frąctions that neęd a very wide range of exPosure

time an analylicalrepresentation for the curve beyond the resultant timę limit t."" is neęded.

Therefore, in our opinion it is insufficient to give a linęar approximation up to the exPo-

sure time t, of the ręsults for ęach individual monofractional droplet stream as proPosed

by Heymann [5], Springer [6], Yablonik and Poddubenko [7]. The approxi_

mating exponential relation after Heymann [4] valid only for the value§ Y>Yr is also

an insufficient representation.

Received by th" pdito., June 1983,
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Próba oceny zniszczeń erozyjnych wywołanych uderzeniami wielofrakcyjnego d€§uczu

kropeI

" 
streszczęnie

Wyniki badań erozyjnego niszczenia materiału poddanego uderzeniom kropel przedstawiane §ą

rajczęściej w postaci wykreślnej zależności ubytków materiału od czasu oddziaływaniajędnofrakcyjnego
.irumielria lub deszczu kropel. W urządzeniach techrricznych, w których występują zjawiska erozji
lłopatki wirnikowe turbin parowych, elementy samolotów poddanych działaniu deszczu atmosferycz-
nego itd.), z reguły występują krople o szerokim zakresie wymiarów i prędkości, przy równocześnic
riejednorodnym rozmieszczęniu w plzestrzeni. Stojąc przed zadaniem wyznaczenia (postawienia prog-
nozy) postępu zniszczeń erozyjnych w warunkach ptacy urządzenia technicznego natrafiamy na jedną
z podstawowych trudności: sposób łącznego ujęcia wpływu poszczegdlnych flakcji krope1.

W pracy zebtano w pierwszej koiejności znane za7eżności w-iążące czas od,działywania kropcl,
.:] parametry charakterystyczne oraz wielkość powstałych ubytków materiału wskutek kolizji z mono-

: :akcyjnym deszczem kropel.
Następnie przedstawiono dwie dotychczas stosowalre oraz dwie proponowane przez autorów me-

: -J1 wyznaczania zniszczeń sumarycznych w funkcji czasu oddziaływania wielofrakcyjnego deszczu
i:..pel, Pierwsza z proponowanych metod oparta jest na założenil o zmęczeniowym charakterze zja-
" -ska powstawania i postępu zniszczeń. Druga zaś, na założeniu, że w kolejnych, dostatecznie krótkich
::zedziałach czasu oddziaływania, każda z frakcji kropel wywołuje taki przyrost zniszczeń, jaki by
;,.,rstał przy jej samodzielnym oddziaływaniu. Dotychczas brak materiału eksperynrentalnego pozwr-
,:_:.ego zweryfikowaĆ jakąkolwiek z przedstawionych metod. Autorzy przygotowują program badań
: r ; :,er; men tal nych zmierzającyc,h do ich weryfi kacii.
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florurtna oueHKIł 3po3tIoHHLIx lroBpexAeIlnfi BbI3BaHHbtrx yAapaMH MEoIoópaKIłfioHIIo!]o

AorItAf KaIIeJIb

PesrcN4e

Pesylrratsr 3po3tonĘr,tx zccrregorarMź IIoBpexAeIM, MaTepIłaJIa lloABepranilIeroc, yAapaM Ka_
tlOJIL fipe.ĄcTaBJulloTc' qaqe Bcero B nnge rpa(lrra 3aBIłcIn\4ocTIł y6rrłeź MaTepła1a oT BpeMeI{It Bo3-
aeiłcrsns oAeo$parryłorrrroro IIoTo(a tłnn AoxCA, KaEeJIL, B rexrłrłqecxłx ycTpoźcTBax, B KoTopLIx Bo3_
Im(aIoT 3po3IłoIIHLIe -fiBJIeEIłfr (pa6ovłe JIoIIaTKI,i IIapoBEIx ryp6lrn, 3JIeMeHT6I caMo.IIeToB llolpepra_
rcqflecfi AeŹcrnnro a:rlłocSepułecroro .ąoxArł E T.A.), ltaK rrpaBuJlo BbIcTyIIaIoT xaIIJItr B lrrupoltoM AIła_
[a3oHe pa3MepoB Ił c(opocTeń IIpE oAEoBpeMeHHo HeoAHopoAIloM pacqpeAeJleHl4n B IrpocTpaIIcTBe.
Pemał iaAa.Iy ofipeAeJIeHIłfl (rroclasIelu,fi nporrłora) pa3BIlTE, 3po3lłoĘIlblx {oBpex,4elilłż B ycJloBĘrx
pa6orr,r TexguqecKoro ycrpożcrna BcTpeqaroT o4go Il3 ocIIoBEbIx 3aTpyAEeIMfi: cnoco6 coBMecTgoro
npeAcTaBłeulifi . Blrłfrrli|lg, oT.qelblłslx $parqlfź rtaIIeJIb.

B pa6ore co6parrsr B nepByIo o{epęAb Ił3BecTH6Ie 3aBłcI4MocTIł cBr3BIBaIoIqEe BpeMr Bo3AeżcTBd-ff
xaIIeJIb, Iłx xapa(Tepnble napaMeTpEl, a Tarxe Be;luqłHy Bo3IIRKIIIIE ydrrlleft MaTeptra:1a BcłeAcTBIłe
rorułsIllł c trłołło$parquonnBlM AoxAęM KaIleJIb.

3arerrł npegcrarnelIrl ABa Ao clłx rrop trptrMeufleMrle Ił ABa IIpeAnaraeMEIę aBTopaMIł MeToAa o[pe-
AenęIIE, cyMMapnblx norpexAerrrź a $yur{Wr BpeMeIłI4 nosgeżcrsrłx vrroroSparcquongoro AoxA, xa-
uem. fleprrń u3 [peAnaraeMśIxcMeToAoB ocIIoBąI{ IIa IIpeA[oIoxeEuI{ ycTąJIocTHoro xapaKTepa ,BjIe_
III{' Bo3EIłxEoBeIIIł' Il pa3BiłT[fi IIoBpexAeEEŻ. Bropoń MeTo,4 ocIIoBaE Ęa EpeAIIoJIoxeHI4lł, IITo B oqe-
peAIIEIx, Ao_cTaToIrEo KopoTKEx lrpeAenax BpeMeFłIł roa.ąeżcrałł, Kax.qas n: $paxunfi KarreJrr, BLI3bIBaeT
taxofi nPuPocr rroBpexAeu{ż, xaxoź Bosnl4rar 6u npR ee caołocroqieJlbnoM sos.Ąeńcrsnfi. Ąo crar
EoP Ęe xBaTaeT 3KcnepIłMeHTaJIbEoro MaTepIłaJIa tro3Bollrloll1ęIo [poBeplłTb rrro6oż Ił3 trpeAcTaBnell_
IłbIx MeTo,qoB. Aaroparrłrł noAroToBJlfieTc, [porpaMMa 3Kc[epIłMeETaJIr,Hblx LlccJle4oBaurłŹ EaIIpaBJIeĘ-
EbD( IJa Iłx npoBepKy.


