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Selection of Materials for Hydraulic Power Machines
Exposed to Cavitation

Aitention is drawn to factors influencing performance of materials when exposed to cavitation. Infor-
hom is given on methods of evaluating the resistance of materials basing on their mechanical pro-

5 and erosion tests. Special attention is given to the principles of selecting structural materials for
“me elements which are exposed to cavitation. :

1. Introduction

“he durability and reliability of fluid-flow machines are mainly influenced by:
- design and operating conditions, . ‘
* echnoldgy of manufacture, especially the structural materials applied.
a2 important barrier, which makes increasing performance parameters of fluid-
* machines difficult, is cavitation. Effects of cavitation are of two kinds. On one
- side. cavitation chamges operation characteristics of the machines, on the other
| s the cause of dynamic influences on their structural elements; it causes vibrations,
i cracks and erosion of material. ‘
“sperience gained by the Polish water power industry indicates that damages of
e elements caused by cavitation become increasingly frequent. In effect inter-
Wiur periods become shorter and duration of repairs increases. The size of the
Wem and the need for limiting it are proved by examples from the following
i power plants (Fig. 1):-a) — Grodek, b) — Koronowo, ¢) — Solina, d) and
- Zydowo, f) — Zarnowiec. ;
! “susion may be counteracted among others by using proper materials. In this
® physical and chemical properties of materials guaranteeing good resistance to
Witon are indicated, methods of ‘evaluating materials are discussed and directions
“esigners and users concerning selection of structural materials are given.



Fig. 1a. Damages to carbon steel runner blades after 7 years operation (Francis
turbine, hydro power plant at Grédek) :

Fig. 1b. Damages to cast carbon steel runner casing (Kaplan-turbine of hydre
power plant at Koronowo)




Fig. Ic. Damage of the hub at the runner outlet
(Francis turbine, hydro power plant at Solina)

& Damage of cast manganese steel guide ring vanes (reversible machine,
pumped-storage power plant at Zydowo)



Fig. le. Cavitation pitting in the guide ring vane journal (reversible machine, pumped-
-storage power plant at Zydowo)

Fig. 1f. Damage of runner hub padded with stainless steel (reversible mgghine,
pumped-storage power plant at Zarnowiec)
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2. Factors Influehcing Performance of Materials Exposed to Cavitation

The cavitation erosion process depends on the kind and condition of material,
e and intensity of cavitation, type and state of liquid, especially its chemical acti-
wr Influence of material factors on erosion is illustrated in Fig. 2. It may be conclu-
u=d that materials characterized by good mechanical properties, resistant to corrosion,
(with uniform and fine grained structure and a limited number of defects have high
mmistance to cavitation.

Material performance under cavitation impingement is connected with the energy
W cavitation pulses. The relation between erosion intensity I, [W/cm?], i.e. energy
Jsorbed by a unit material surface in unit time, and the mean damage penetration
= MDPR has been defined by A. P. Thiruvengadam [7] in the following form:
I cm

MDPR - 2 [ ] [0

S

e: SE [MPa] — is the resistance of the material to erosion, understood as the
umum unit energy accumulated in the material before it gets separated. The same
Mhor pointed out [8] that erosion intensity can be determined from the formula

E-o L 2.67 W
I.=—pv3i-—0 Acexpl — = 2
== 9p * p Wedo /| | m? @
low corrosion
<& resistance
g
S high corrosion
T resistance

— hardness
Fig. 2. Influence of the properties of material on its erosion resistance [3]
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" where p — density of liquid in kg/m?, v,, — undisturbed flow velocity in m/s, L—
racteristic linear dimension in mm, R — mean cavitation nucleus radius in mm, O —
vitation number in undisturbed flow, 46 = 0,—0, (0, is the cavitation number
responding to initial cavitation), We — Weber number. It results from formula
that erosion intensity is a function of many arguments often difficult to determi

The cavitation number o is often assumed as a measure of cavitation inte
Depending on the value of this number the machine performance parameters
dynamic characteristics as well as the cavitation erosion course are defined. The
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Fig. 3. Rate of material damage in dependence of cavitation index
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Fig. 4. Relationship between index ME and
damage degree of a lead sample
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wiationship is shown in Fig. 3. It can be seen that the relationship Am/t = f(c) is not
umple one and therefore forecasting cavitation damages from the value of ¢ is not
sible. However, as a measure of erosion danger may be used the intensity of action
i cavitation on the material, i.e. the value of loads resulting from cavitation bubble
lmolosions. This phenomenon may be characterized by the following index of ca-

Wllation intensity:
1 (kPa)? :
ME = =Y n;p? 8
) TZ nlpl [: S } ( )

re: n; — number of pulses in the i-th interval corresponding to pressure p; in kPa,
' — time of pulse counting measured in seconds. This observation is confirmed by
" 4 in which the relationship between the ME index and the degree of a lead sample
Mstruction is shown.

With respect.-to the liquid, its influence on cavitation erosion is determined by:

lizct on the damage process of metals, especially of cast iron and carbon steel. Hence
e joint action of cavitation and corrosion quickens damage occuring under the
wilsence of the cavitation phenomenon itself. This statement is illustrated in Fig. 5.

~ 3. Evaluation of Resistance of Materials to Cavitation

By cavitation erosion resistance of materials we understand the ability to resist
M damaging effect of cavitation. Evaluation of this ability is only relative, and is
ported by more or less accurate grounds. To the less accurate ones belong various
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strength parameters such as e.g. hardness, elasticity or strain energy at distortion; for
example those occurring the relationships determined by F. G. Hammitt et al. [2B

1I/MDPR = C-UR?°98 1/MDPR = C (URHB)?:72

1/MDPR = C (URE?%)%6%° 1/MDPR = C-HB"8 <

{/MDPR = C-SE%738
in which MDPR is the maximum damage penetration rate, i.e. thé ratio of the depth
of pits, corresponding to the maximum erosion rate, to the time of cavitation actic
As results from the above relatlonshlps the materials with higher UR (ultimate re
silience), HB (hardness in Brinell units), E (modulus of elasticity) and SE (destructive
strain energy) have better resistance to cavitation. These relatlonshlps have bes
determined from tests made with a certain group of materials on a magnetostrictia
stand. However, it should be borne in mind that a change of conditions of damage
(not excluding the materials) may cause not only a change of the value of constant €
but also of the value of indices in formulas (4).

A more precise evaluation of the material is based on erosion tests. They consist &
a quantitative comparison of changes in the materials (samples of materials) cause
by cavitation of constant intensity and occurring under the same conditions.

Most often, erosion tests, are performed under laboratory conditions with the us
of flow, vibration and impact devices. The laboratory of the Institute of Fluid-Flo
Machinery of the Polish Academy of Sciences in Gdansk is equipped with such appa
ratus. With its use the curves indicating the loss of sample mass or volume and erosie
rate in time are determined. In Fig. 6 an example of curves indicating destruction
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Fig. 6. Damage characteristics of “Armco” iron and acid resistant\s\teel 1H18NYT determined at a rotas
disc stand (Laboratory of the Institute of Fluid-Flow Machinery, P.A.Sci.)

commercially pure iron and acid resistant steel at a stand with a rotating disc is pse
sented. Smaller, or more slowly occurring changes in one material (in this case in &
acid resistant steel) as related to changes in the other one (armco iron) indicate
the first material is more resistant than the second one.

Evaluation made under laboratory conditions does not always coincide with
behaviour of the material in field. The reason for this is the reaction of material
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“%e change of level, form and number of pressure pulses resulting from cavitation
“ubble implosions.
Ifit is assumed that the energy of an impact absorbed by the material is constant
i proportional to the supplied energy, then knowing the results of laboratory tests
W corresponding samples (of known cavitation intensity) and the corresponding
Satation intensity index under operating conditions, the average durability of the
Macerial in a full scale machine can be evaluated. It can be written that the average
mmerial durability is approximately [4]:
= Rcav,F (”ME)L : 3
oy =7 LRM’L (1ME),” [min/mm?>] ‘ 5)
‘: Were= R, r and R,,, ; is the resistance of the same material under field (F) and labo-
ey (L) conditions, n < 1 is the efficiency with which the material absorbes energy,
WE s the cavitation intensity index (equation 3). The method of experimental de-
mmnation of resistance R,,, is described in [5]. Assuming the approximation that

B =1, and R, » = R, ; equation (5) becomes: :

| ME, : :
e ©)
j‘ Since the average material durability 6 may be assumed as inversely proportional
e mean damage penetration rate MDPR, it can be written that:

MDPR, = MDPR, xgﬁ

&

)

L

4. Classification of Materials in Respect to Their Cavitation Properties

“rom among various factors influencing the resistance of materials to cavitation,
b “hemical composition and structure of the material should be distinguished. For
mole, the most desired structure for steel is the martensitic structure, which ensu-
“ar higher cavitation resistance than the ferritic-pearlitic structure (Fig. 7).
| Srosion curves of steels varying both in chemical composition and structure are
wa in Fig. 8. It may be concluded that the chemical composition and structure
Mence the incubation period and material durability.
- & classification of some Polish materials with regard to cavitation erosion re-
Wiace was carried out at the Institute of Fluid-Flow Machinery of the Polish
wemy of Sciences. For the evaluation materials often used in hydraulic machines
¢ sclected. The evaluation was based on erosion tests performed on a device with
) ng disc. Test results are shown in Table 1. The classification may be helpful
“eiecting the material for machine elements exposed to cavitation.
“he following materials of foreign origin have good “anticavitation” properties.
b, martensitic steels En56A, En56C and austenitic ones 304S15 and 321S12
i3 have chemical composition similar to steels designated in the Polish Standards




Evaluation of some Polish materials with regard to their cavitation erosion resistance

Table’

Resistance Material, characteristics according to the Polish Standards or name

Very good stellite

Good 23H12MNF, E Stel CoW, ES13Cr, 2H13 quenbhed and tempered

Fairly good ES 18-8-2, LH17N2, ES 18-8, ES ’18—78-6, BM 12733, Superston, ZICr28, ES 24-18
1H18N9T, OH18N9

Moderate BAM2, 2H13 annealed, St5, BK331, LII500, 1H13, L1H13N, EO4, St3, MMS55.
LII400

Poor

15G, M70, Z1300, Z1250, Z1200, PA2 very poor

Fig. 7. Structure of steel 45 at an equilibrium state (a) and after quenching (b)
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Fig. 8. Erosion curves for various steels

W 'H13, 3H13 and OH18N9, 1H18NIT; also martensitic; sieels for precipitation
Wodening Nimar 110, Nimar 125 corresponding to the Polish N18K8MS5TPr,

EKOMS5TPr, or Ultrafort 401 — corresponding to HION7K9MSPr (in accordance
% the 1977 draft of_fthc branch standard);

oslovakian, martensitic steels type Crl3, Cr13Ni4, and austenitic steels type

R 3Ni6 with chemical composition similar to steels designated by the Polish Standard
W IH13, H13N4, and H13N6;

ch, martensitic steels Z12C13, Z35C13, and austenitic steels ZSCN 18-08,
S 18-08, ZBCBT 18-08 with chemical composition similar to steels designated
' e Polish Standard as 1H13, 2H13-4H13, OH18N9, 1H18N9, 1H18N9T;

: martensitic steels 3X13, 25X14H, 0012H3A, austenitic steels 30X101°10,
WISH3I3A 2, X14T730HP, X14I'12M, X18H12B P.

15 well known that the most endangered by mechanical overloads and cavi-
e are water turbine runners, pump impellers and rotors of reversible machines.
Wwing at the best solutions for these elements requires of course close cooperation
#15%e designer (rotor geometry), physical metallurgist (selection of material) and pro-
Mleson engineer (manufacturing). Depending on the requirements and production
fiiities, the rotors are cast or are composed of cast, rolled or welded elements. At
Wesent, martensitic cast steel (low-carbon) with an addition of nickel and molybde-
um are used for casting. Information on structural materials used for hydraulic
muchine rotors by VOEST-ALPINE is presented in Table 2.

Lately, VOEST-ALPINE has developed new martensitic cast steels, of improved
Medness, designed for special applications (parts exposed to cavitation, erosion and
lse working in marine environment), e.g. cast steel type G-X5CrNiCuMoNb 13/6/2/2
mt the double-phase (martensitic-austenitic) type G-X6CrNoMo 24/8.

. Large runners or impellers, which consist most often of cast elements (hubs,
lirts, blades), rolled (skirts) and those made from sheet steel (unshaped blades), are
wmnected mechanically or by welding. In the last case, the type G-X5CrNiMo 13/4
weerial has good weldability.
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Table
Typical stainless cast steel used for water turbine runners by VOEST-ALPINE 1]

Chemical composition, % Mechanical properties

Heat treatment
Kind of cast steel Rosl Ro | A
C Cr | Ni | Mo C
(MPa){(MPa)| (%)
G-X10CrNi 13/1 0.07—1120—|14— | | Solutioning 440 [640—| 15
011 1 135 ] 15 1000—1050 790
Ageing 650—700
G-X5CrNi 13/4 0.07 {12.0—13.5— {04 — | Solutioning 540 |760—] 15
: 135§ 45 | 0.6 |980—1050 960
Ageing 580—620
G-X5CrNiMo 13/4 | 0.07 }12.0—}4.0— | 1.4— | Solutioning 540 |760—1 15
135 1 50 | 1.6 |980—1050 960
Ageing 580—620
G-XSCrNiMo 16/5 0.07 1150—4.5— | 0.5— | Solutioning 540 {760—| 15
160 { 60 | 2.0 |980—1050 960

Ageing 580-—620

More information on materials used by VOEST-ALPINE is contained in
paper of H. En6ckl and others presented at the International Seminar in Vienna

The problem of improving structural materials exposed to cavitation is the
of attention of both the research centres involved in materials technology and
manufacturers of water turbines, impeller pumps, ship propellers hydraulic fi
etc. For instance, the Institute of Power Engineering in Warsaw and the B
Ironworks in Katowice have developed new electrodes EN10-10B designed
for regenerating water turbine elements damaged by cavitation. Investigations
padding welds from other electrodes made in Poland showed [6] (Fig. 9) that
ES13Cr and EStelCoNi electrodes have higher resistance to cavitation than the

200
/ /
150 L™ 5 ,/
S —
100 -é - /// PR s
/ £5 24-18 -~
£S 18-8 3Cr
50 \fﬂiﬂ —/ EstelLoN. ]

e i
100 200 300 400 S00 600 700 600 900 Tooo floo 1206
t, min
Fig. 9. Erosxon test results for samples padded with various electrodes {Laboratory of the
Fluid-Flow Machinery, P.A.Sci.)
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monly used chromium-nickel-manganese electrodes. This observation was confirmed
v the results of repairs carried out at the Zydowo Pumped-Storage Power Plant.
It should be mentioned here that the selection of electrodes and development of
ew electrodes for hydro power installations is not only connected with regenerating
f damaged parts but also with protective paddings for machine elements made from
arbon steel.

5. General Indications

Increasingly frequent occurrence of cavitation in hydraulic machines requires
aking this phenomenon under consideration when selecting structural materials.
“rst of all, cavitation conditions of designed machines should be investigated. These
mwestigations should supply information on cavitation intensity and the places where
i occurs. They may be based on theoretical prediction (analyses of pressure distri-
wrions and velocities in the flow system), model tests* (cavitation characteristics of
machines and recordings of cavitation symptoms) or comparative evaluations (com-

50000
= 26000
: o /
‘.' gt g 10000 /
[ = S J 6000
/ :
x
07
o Diameter & /
0 5 0 Dm 100 >
S /
&
/ w0 ¥ S
10000 10000
s/ i’
! 00
< g, /17 wol
g AL 9 Diameter
< / 10 S 10 0m]
Y
1
. /
600 A°
VA
/
200 Fig. 10. Permissible cavitation pitting depth,
00 area and volume nomograms for hydraulic
: power generating machines, in dependence
50 piameter  of runner/impeller diameter (examples acc.
- 5 0 0[m] to IEC)

* If model tests are used, the scale effects should be taken into account, especially the influence of
ions, velocities and pressure on the course of cavitation phenomena.
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parisons of performance of similar machines). This information and the knowle
of cavitation resistance of various materials should be used in actual des1gnmg

When machine elements are repaired or replaced, it is worthwhile to exas
cavitation phenomena under field conditions. To gain this objective, an evaluais
of cavitation loads should be made using diagnostic methods presented also in &
of the papers at this conference. Only the results of such investigations, toge
with the results of tests of appropriate samples of materials, can ensure propes
lection of a structural material or a method of repairing machine elements d
by cavitation.

When selecting structural materials, also the IEC recommendations should
taken into account (International Electrotechnical Commission, Publication
1978: Cavitation pitting evaluation in hydraulic turbines, storage pumps and ps
-turbines). In Fig. 10 are shown the nomograms from the IEC publication determ
permissible values of maximum pitting (g) in cm, damaged surface area (A4) in cm*,
volume loss (¥) in cm?, depending on runner or impeller diameter D. These re
mendations refer to the guarantee period of 8000 h (water turbines) and 3000 h
rage pumps and reversible machines). The IEC recommendations are not compulss
Nevertheless, they are a valuable indication for designers and users of “hydss
machines. ‘ ,

The indications presented here are not always explicit and precisely stated. Fu
work on these problems and on durability and availability improvement of pe
generating machines is carried out in various research centers. Research on bui
and repairing machines exposed to cavitation also serves these objectives. It s&
that progress in this field can be promoted by gaining a better understanding ¢
erosion mechanism, knowledge of cavitation erosion forecasting and through &
station diagnostics.
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Dobér materialéw do budowy hydraulicznych maszyn energetycznych
narazonych na dzialanie kawitacji

Streszczenie

Na wstepie przedstawiono przyklady elementéw maszyn hydraulicznych uszkodzonych wskutek kawi-
W rys. 1a..f). Na tym tle omowiono czynniki wplywajace na niszczenie materialow (rys. 2) oraz wskazano
mbieg erozji kawitacyjnej w zaleznosci od parametrow charakteryzujacych przeplyw z kawitacja
14i5).

Lzegolna uwage poswu;cono ocenie odpornosci materialow na dziatanie kawitacji. Przytoczono
Wi empiryczne (4) miedzy maksymalna szybkoscig penetrac_u erozji i réznymi cechami wytrzymato-
Suwmi materialow oraz wskazano na testy erozyjne stuzace ocenie (rys. 6) i przew1dywan1u trwalosci
elow w roznych warunkach kawitacyjnych (wzor 5).
W dalszym ciagu przytoczono wyniki badan materialow (rys. 7, 8 i9), przedstawiono klasyfikacje
worych materialow krajowych pod wzgledem ich odpornosci na erozje kawitacyjng (tabela 1) oraz
xczono informacje o materialach angielskich, czeskich, francuskich, radzieckich i austriackich cha-
wvzujacych si¢ duza odpornoscia na dzialanie kawitacji przeplywowe;.
Wz zakonczenie zamieszczono wskazowki ogolne dotyczace wyboru materialow do budowy maszyn
aych na dzialanie kawitacji oraz zalecenia miedzynarodowej komisji elektrotechnicznej IEC w sprawie
i kawitacyjnej w turbinach wodnych, pompach zasobnikowych i maszynach odwracalnych.

‘ “0.»]60]) MAaTEPHAJIOB JUJISl CTPOCHHN FHAPAB/IHYCCKHX JHEPreTHHECKHX MalliiH
noABEPraroumxca JeiiCTBHIO KABHTALUH

Pe3some

% BCTYIJICHHH NPEICTABJIEHE! IPUMEpBI 3JIEMEHTOB MHAPABIMYECKHX MAIIMH, TOBPEXIEHHBIX BBUIY
rams kauTalmu (puc. la...f). Ha aToM ¢one o6eyxaarotcs GpaxTopbl BIHAIOIUME HAa PA3pyILICHUE Ma-
e 0s (puc. 2), a TAKXKE YKa3bIBAETCS HA XOJ KaBHTAUMOHHOMN 3pO3UM B 32BHCHMOCTH OT NIapaMeTpoB
MITEDH3YIOUIMX TEUYEHHE ¢ KaBuTauueH (puc. 3, 4 u 5).
woboe BHUIMAaHUE YIENAETCH OLEHKE CONPOTHUBIISEMOCTY MaTepuasioB AeiicTsuio kapuranuu. [pu-
s IMIIUPHUYCCKHE 3aBUCUMOCTH (4) Mexay MaKCUMabHOM CKOPOCThIO TPOHUKHOBEHHS 3PO3UH
WSHBIME [IPU3HAKAMU CONPOTUBJICHUA MAaTEPHAJIOB, a TAKXKE YKA3bIBAETCS HA 9PO3UOHHBIC HCTIbI-
caykaiiue oueHke (puc. 6) M MpeABHABIBAHUIO MPOYHOCTH MATEPHAJIOB B Pa3JIMYHBIX KaBUTa-
wscx. ycoBusx (Gopmyina 5).
4 za7bHelIIEM PUBOASATCS Pe3ybTaThl HCCIEROBAHNIN MaTepraoB (puc. 7, 8 u 9), npeacrasiieHa
\BHMKALHS HEKOTOPHIX OTEYECTBEHHBLIX MATEPUANIOB C TOYKH 3PEHHUS X CONMPOTUBJISEMOCTH Aeii-
! ¥2BUTALMOHHOM 3po3uH (Tabsuna 1), a Takke NOMEIarTes UHGOPMALIMK O aHIJIMHCKHX, YEUICKUX,
WIVICKHX, COBETCKMX H aBCTPHUICKHX MAaTepuajax XapakTepusyloluxcs Gonpluodl conpoTHBIs-
520 JEWCTBUIO MPOTOYHOH KABUTALHH.

§ 3aKIIOYEHMH JaHbl O0IMe YKa3aHHA OTHOCHUTENbHO OTOOpa MATEPHAJIOB JUIsi CTPOCHHS MalllMH
WeDTAFOLIMXCS AEUCTBHIO KABUTALMH, a8 TAKKE PEKOMEHAAINA MEXIYHAPOAHOR JIEKTPOTEXHUYECKOH
scun IEC 1o [esy KaBUTAIHOHHOM 3pO3MH B rMAPOTYpOUMHAX, aKKYMYJISTOPHBIX Hacocax u obpa-




