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SUMMARY 
Cavitation often occurs in inducer pumps of space rockets. 

Silver plated coatings on the inducer liner face the damage of 

cavitation. In this study, we carried out cavitation erosion tests 

using silver plated coatings with different thermodynamic 

parameters at a constant cavitation number. Then we carried out 

cavitation erosion tests using some liquids with the same 

thermodynamic parameter and cavitation number as liquid 

oxygen. The thermodynamic parameter  proposed by Brennen 

was used. The liquids used for the cavitation erosion tests were 

water, ethanol and hexane. We discuss the relation between the 

thermodynamic parameter and the mass loss rate, and the 

relation between acoustic impedance and the mass loss rate. 

1. INTRODUCTION 
Cavitation bubble collapse impact loads act repeatedly on a 

material surface to produce plastic deformation, crack 

initiation, crack growth and material removal. Cavitation 

erosion is a kind of fatigue phenomena. This phenomenon 

sometimes occurs on the components which contact flowing 

liquids such as pumps, piping systems and ship propellers. The 

erosion reduces the machine performance and the lifetime. 

It is well known that cavitation occurs in inducer pumps 

used for space rockets [1-3]. Kamijo et al. [1] reported that 

backflow cavitation at the inlet of the pumps was suppressed by 

using a specially developed inducer with a different flow 

coefficient and a lower operating pressure. Yamada et al. [2] 

reported several examples of the accidents and unstable 

vibrations caused by cavitation in pumps. Uchiumi et al. [3] 

proposed an analytical method for cavity type evaluation in 

terms of the blade shape of the rocket inducer. Cavitation in the 

inducer may cause the erosion of the inducer and the liner. 

However, there have been no reports on cavitation erosion 

prevention methods or on the cavitation erosion behavior. 

Silver plated coatings are nowadays used for the clearance 

between pump inducers and liners to reduce the damage and the 

temperature rise when the inducer impeller contacts the coating 

[4, 5]. 

Hattori et al. [6] carried out cavitation erosion tests for 

silver plated coatings using a vibratory specimen method in 

deionized water, ethanol and liquid nitrogen. They discussed 

the effect of the test liquid and the temperature on the erosion 

mechanism. They found that cavitation erosion occurs in 

deionized water and ethanol, but it hardly occurs in liquid 

nitrogen. The reason was that bubbles generated by the pressure 

drop in liquid nitrogen did not collapse because the surrounding 

pressure increased to the atmospheric pressure, when the 

saturation pressure increased with the temperature rise. 

However, an experimental verification was not performed. 

On the other hand, Brennen [7] found a thermodynamic 

parameter  based on the thermodynamics of single vapor 

bubbles in a flow system. He discussed the relation between the 

liquid temperature and the parameter  in hydrogen, oxygen, 

nitrogen, water, methane and freon. Brennen [8] also reported 

that the cavitation number of a pump head decreasing point in a 

centrifugal pump and a rocket inducer can be estimated by a 

nondimensional parameter *. Recently, Watanabe et al. [9] 

reported a review of the thermodynamic effect of cavitation and 

a theoretical analysis. These researches discussed the 

thermodynamic effect on cavitation inception but not cavitation 

erosion. 

In this study, we carried out cavitation erosion tests using 

silver plated coatings in liquids with different thermodynamic 

parameters at a constant cavitation number. Hardness tests were 

also carried out by using a Shore hardness tester as a function 

of the specimen temperature. Another set of cavitation erosion 

tests was carried out using three kinds of liquids with the same 

thermodynamic parameter and cavitation number as liquid 

oxygen condition. The fluids were water, ethanol and hexane. 

We discuss the relation between the thermodynamic parameter 

and the mass loss rate, and the relation between the acoustic 

impedance and the mass loss rate. 

Proceedings of the Eighth International Symposium on Cavitation (CAV 2012)
Edited by Claus-Dieter OHL, Evert KLASEBOER, Siew Wan OHL, Shi Wei GONG and Boo Cheong KHOO.
Copyright c© 2012 Research Publishing Services. All rights reserved.
ISBN: 978-981-07-2826-7 :: doi:10.3850/978-981-07-2826-7 103 299



Proceedings of the Eighth International Symposium on Cavitation (CAV 2012)

2.
T

base 

speci

200

the d

Vick

heat-

surfa

C

vibra

The

and 

press

Figs.

of th

mant

mant

temp

colla

flow

temp

pump

erosi

Then

up   t

(a) Schem

EXPERIMEN
The specimen

metal. Fig.1

imen with a d

m in thicknes

designation, c

kers hardness 

-treated and th

ace finish was 

Cavitation er

atory apparatu

tests were car

pressure in a

sure up to 0.7 

.2(a) and (b) s

he test apparatu

tle heater and

tle heater shu

perature cont

apse. Therefor

ed to maintain

perature contro

ping air in th

ion tests bega

n, the pressure

to   the    prede

D

2- 3

Silver plated 

coating

2- 3

Silver plated 

coating

matic drawing 

Fig.2 T

NTAL SET U
n was a silve

1 shows the 

diameter of 16m

ss and 10.5 mg

coating meta

and surface 

he Vickers ha

the same as th

rosion tests w

us as specifie

rried out unde

a test chambe

MPa absolute

show a schem

us.  The test t

d a temperatu

ut down at a p

tinued to in

re, we used a

n the liquid te

ol was ±2°C. 

he sealed cha

an after attach

e was applied

etermined    te

Designation 

C1

Fig.1 Dimen

16

M

16

M

(b)

Test apparatus

P
er plated coati

dimensions o

mm. The coat

g/mm3 in dens

l, base meta

finish. The s

ardness (HV0

he real inducer

were carried 

d in the AST

er controlled l

er which was

e and a temper

matic drawing 

temperature w

ure controller

predetermined

ncrease by c

a cooling coi

emperature. Th

Test pressure 

amber using a

hing a specime

d and the test 

emperature.   T

Coating metal 

Ag 

nsion of specim

5

1
0

2
0

M10 1.25

5

1
0

2
0

M10 1.25

Set up photog

s

ing on a SUS

of a vibrating

ting was 150

sity. Table 1 sh

l, heat treatm

specimen was

.2) was 72.5. 

r pump. 

out by usin

TM standard G

liquid tempera

s able to app

rature up to 42

and a photog

was controlled 

r. Even when

d temperature

cavitation bu

il in which w

he accuracy o

was controlle

a compressor. 

en tip to the h

liquid was he

The   peak-to-p

Base metal

SUS304

men

Table 1  Con

graph 

S304 

g tip 

m to 

hows 

ment, 

s not 

The 

ng a 

G32. 

ature 

ply a 

23K. 

graph 

by a 

n the 

e, the 

ubble 

water 

of the 

ed by 

The

horn. 

eated 

peak

di

ba

th

lo

th

sil

fu

3.
3.

29

at

th

pr

pa

de

   

wh

th

co

th

as

fro

ob

Ea

tem

he

th

de

an

ca

29

so

Heat treatm

None

ndition of silve

T
h

d
i

t
[

/
3
/2

]

splacement a

alance (sensiti

e specimen, a

ss. A profilom

e profile of th

licon rubber h

unction of the s

 RESULTS
1 Cavitation 

98K and 0.1M

Cavitation 

several tem

ermodynamic

roposed by B

arameter. d

efined by 

                   

here T  is the

e liquid dens

onstant pressu

ermal diffusiv

Fig.3 show

s a function o

om the triple

btained from t

ach data point

mperature in 

exane were use

Table 2 sh

ermodynamic

etermined bas

nd liquid oxy

avitation erosi

98K( =7), 324

o that  had sim

ment HV0.2

72.5

er plated coati

=

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

0

T
h

e
rm

o
d

y
n

a
m

ic
 p

a
ra

m
e
te

r 
[m

/s
3
/2

]

amplitude of 

ivity 0.01mg) 

and the results

meter (KEYEN

he eroded surf

heater were u

specimen temp

S AND DISCU
 erosion test

MPa

erosion tests w

mperatures t

 parameter on

Brennen [7] w

depends on t

(T ) = ( v L)

e test tempera

ity, L is the 

ure specific h

vity of the liqu

ws the variatio

of the nondim

e point to the

the p-T diagra

t was calculate

all test liquid

ed in this stud

hows types of

 parameter 

ed on deioniz

ygen at 90K 

ion tests wer

4K( =100), 35

milar intervals

Sur

Same as the

ing 

Fig.3  Therm

= 14500

0.2

Non-dim

the tip was 

was used to 

s were evaluat

NCE LT-8010) 

face. A Shore 

used to measu

perature. 

USSIONS 
ts based on 

were carried o

o evaluate 

n the cavitation

was used as 

the liquid te

) / ( l cpl T
1/

ature, v is the

evaporative l

heat of the l

uid.

on in thermod

mensional tem

e critical poin

am (p:pressure

ed by Eq.(1). 

ds. Deionized

dy because of t

f test liquid, te

. The test 

zed water at 2

( =14500). 

re carried out

52K( =1028) 

s in the logarit

rface finish 

e real inducer p

modynamic pa

 = 7 

0.4 0.6

mensional temper
(T-Tt)/(Tc-Tt)

50 m. A pr

measure the m

ted in terms o

was used to m

hardness teste

ure the hardne

deionized wa

out using test 

the effect 

n erosion rate

the thermod

emperature an

/2)  ,                

e vapor densit

atent heat, cp

liquid and l

dynamic param

mperature cal

nt of the test

e and T:tempe

 increased w

d water, ethan

their easy hand

est temperatur

temperatures

298K (25°C, 

In deionized 

t at temperatu

and 401K( =

thmic scale. 

pump

arameter 

0.8

rature 

Wate

Ethan

LOX

LN2

Hexa

recision 

mass of 

of mass 

measure 

er and a 

ess as a 

ater at 

liquids

of the 

. The 

dynamic 

nd was 

       (1) 

ty, l is 

pl is the 

is the 

meter

lculated 

t liquid 

erature). 

with the 

nol and 

dling.

res and 

s were 

 = 7) 

water, 

ures of 

=14500) 

1

r

nol

ne

300



Proceedings of the Eighth International Symposium on Cavitation (CAV 2012)

0

50

100

150

200

250

300

350

0 5 10 15 20 25C
u

m
u

la
ti

v
e

 m
a

s
s

 l
o

s
s

  
[m

g
]

Exposure   time  [h]

303K, 0.1MPa

327K, 0.11MPa

354K, 0.19MPa

243K, 0.1MPa

13

44

84 40

0

5

10

15

20

25

30

35

40

45

50

300 350 400

S
h

o
re

 h
a

rd
n

e
s

s

Temperature   [K]

SUS304

Silver plated coating

0

50

100

150

200

250

300

350

0 1 2 3 4

C
u

m
u

la
ti

v
e
 m

a
s
s
 l

o
s
s

[m
g

]

Exposure   time  [h]

298K, 0.1MPa

324K, 0.11MPa

352K, 0.14MPa

401K, 0.35MPa

123 

412

450 626 

In ethanol, cavitation erosion tests were carried out at 

temperatures of 303K ( =225), 327K ( =1950) and 354K 

( =14500). Table 2 also shows the test pressure (absolute), the 

saturated vapor pressure, the density of the liquid and the 

cavitation number. The test pressures were determined based on 

the cavitation number in deionized water at 298K and 0.1MPa. 

The cavitation number was defined as  

                                = (p-pv) / (1/2 l v
2)  ,                              (2) 

where p is the test pressure, pv is the saturated vapor pressure 

and v is the flow velocity. It was difficult to measure the flow 

velocity in the vibratory specimen method. Therefore, we 

calculated the flow velocity from the oscillation frequency and 

the peak-to-peak displacement amplitude of the tip (v = 50×10-

6m×2×19500 = 1.95m/s). If the flow velocity is assumed to be 

the same under all test conditions, the test pressure was given 

by 

pex = ( l_ex / l ) / ( p – pv) + pv_ex   .                        (3) 

The symbols with index ex indicate the test condition. The 

symbols without the index ex indicate the standard test 

condition. In ethanol, cavitation erosion tests at 303K and 243K 

were carried out at 0.1MPa, so that the cavitation numbers were 

different from  = 51.8. 

Before the cavitation erosion tests, Shore hardness tests 

were carried out for different specimen temperatures to 

examine whether the material hardness changes with the test 

temperature. The tests were carried out at several temperatures 

from 303K to 403K. The silver plated coating and the SUS304 

base material were used in the hardness tests. Fig.4 shows the 

Shore hardness as a function of the test temperature. The Shore 

hardness of SUS304 at 303K is 35.5, and this value 

corresponds to a Vickers hardness of 236HV. This is a 

reasonable value for SUS304. The Shore hardness of SUS304 

is almost constant irrespective of the test temperature. The 

Shore hardness of the silver plated coating at 303K is 12.3, and 

this value corresponds to a Vickers hardness of 73HV. This is 

also a reasonable value for the silver plated coating. The Shore 

hardness of silver plated coating is also nearly constant. 

Therefore, the temperature dependence of the material 

properties on cavitation erosion does not need to be considered, 

and only the temperature dependence of the liquid properties 

should be taken into account. 

Fig.5 shows the cumulative mass loss curves at four 

different temperatures in deionized water. The incubation 

period does not appear clearly and the maximum rate stage 

Test liquid 
Temperature 

[K] 

Thermodyn

amic 

parameter 

Test 

pressure 

[MPa] 

Saturated

vapor

pressure

[MPa] 

Liquid

density 

[kg/m3]

Cavitation 

number 

Liquid 

oxygen 
90 14500  0.0994  1142 

Deionized 

water 
298 7 0.101  0.0031  997 51.8 

Deionized 

water 
324 100 0.110  0.0129  988 51.8 

Deionized 

water 
352 1028 0.141  0.0452  972 51.8 

Deionized 

water 
401 14500 0.345  0.2530  937 51.8 

Ethanol 303 225 0.101  0.0105  781 61.2 

Ethanol 327 1950 0.110  0.0356  760 51.8 

Ethanol 354 14500 0.184  0.1120  732 51.8 

Ethanol 243 (0.9) 0.101  0.0002  831 63.9 

Table 2 Test conditions based on deionized water at 298K 

Fig.4  Relation between Shore 

hardness and temperature 

Fig. 5  Mass loss curves of 

deionized water 
Fig. 6  Mass loss curves of ethanol 
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Fig. 8  Relation between mass loss and 

relative temperature 

appears immediately at the beginning of each test for every 

temperature. The incubation period is extremely short because 

of the softness of the silver plated coating. The cumulative 

mass loss at 298K increases linearly in the early stage, and the 

mass loss rate decreases slightly after 40 minutes. The 

cumulative mass loss reaches 320mg after 1 hour. The curves at 

324K and 352K are similar to that at 298K. The mass loss rate 

at 324K is the highest and reaches 280mg after 30minutes. The 

mass loss rate at 352K is higher than that at 298K and reaches 

280mg after 40minutes. The mass loss rate at 401K is 

significantly lower than that in the other tests. The mass loss at 

401K increases linearly and mass loss rate is about one third of 

that at 298K. The numerical value in Fig.6 shows the mass loss 

rate in the maximum rate stage.  

Fig.6 shows cumulative mass loss curves at four 

temperatures in ethanol. The incubation period does not appear 

clearly and the maximum rate stage appears immediately at the 

beginning of each test at all temperatures similar to the tests in 

deionized water. The mass loss rates in ethanol are lower than 

that in deionized water. The tests took about six times longer 

than those in deionized water. The mass loss at 303K increases 

and the mass loss rate decreases gradually. The cumulative 

mass loss reaches 250mg after 3hours. The mass loss rate at 

327K  is  lower  than  that  at  303K.   The  mass  loss  at  327K 

increases and the mass loss rate decreases slightly similar to the 

curve at 303K. The cumulative mass loss reaches 160mg after 

5hours. The mass loss rate at 354K is lower than that at 327K. 

The mass loss at 354K increases linearly and the mass loss rate 

decreases slightly after 5hours. The cumulative mass loss 

reached 130mg after 20 hours. The curve at 243K is similar to 

that at 327K and the cumulative mass loss reaches 160mg after 

5 hours. 

Fig.7 shows the mass loss rate in the maximum rate stage 

as a function of the thermodynamic parameter . Brennen [7] 

found that the cavitation number at the drop point of pump 

head is constant up to a thermodynamic parameter * of 20 and 

that the cavitation number decreases for larger values of * [8]. 

Gross et al. [10] reported that the thermodynamic effect 

appeared at a  around 1.5 to 7.0×104 m/s3/2 in liquid oxygen. 

Yoshida et al. reported that the thermodynamic effect appeared 

at a  of 4.7×104 m/s3/2 [11] and for  around 1.3 to 8.1×104

m/s3/2 [12] in liquid nitrogen. Kikuta et al. [13] reported that the 

thermodynamic effect appeared at  values of 3.8×104 m/s3/2

and 1.3×104 m/s3/2 in liquid nitrogen. Franc et al. [14] reported 

that the thermodynamic effect appeared at a  of 2.4 to 7.1×104

Fig. 7  Relation between mass loss and  

thermodynamic parameter 

Fig.9  Eroded surfaces of test specimens 
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Fig.11 shows the cumulative mass loss curves. The 

incubation period does not appear clearly, and the maximum 

rate stage appears immediately after the beginning of each test 

for all test conditions. In deionized water, the mass loss reaches 

80mg after 10 minutes. The mass loss increases by about 50mg 

every 10 minutes, and the cumulative mass loss reaches 310mg 

after 1 hour. In ethanol, the mass loss rate is lower than that in 

deionized water. The mass loss increases linearly in the initial 

stage, but the mass loss rate decreases gradually. The 

cumulative mass loss reaches 150mg after 5 hours. In hexane, 

the mass loss rate is lower than that in ethanol.  The mass loss 

increases linearly and the mass loss rate decreases slightly after 

5hours. The cumulative mass loss reaches 150mg after 20 hours. 

The values in figure show the mass loss rate of the maximum 

rate stage. The results show that mass loss rate increases with 

the acoustic impedance. 

Fig.12 shows the mass loss rate as a function of the 

acoustic impedance. The mass loss rate as a function of 

acoustic impedance increases linearly on a log-log scale. A 

straight line is obtained with a slope of 3.2. This slope is similar 

to that in Wilson’s study [16].  This means that the mass loss 

rate can be evaluated in terms of the acoustic impedance if the 

other conditions are kept constant. Furthermore, the mass loss 

rate in liquid oxygen was shown as a circle in Fig.12. The mass 

loss rate can be estimated according to this line. 

Fig.13 shows an original surface and surfaces after the 

tests. The original surface is smooth. After the tests, specimen 

surfaces are eroded deeply. The shape of surfaces is similar to 

lotus root cross sections. Fig.14 shows examples of surface 

profiles. The mass loss was about 150mg in each case. In 

deionized water, a deeply eroded ring area of 1 to 3mm width 

from the outer circumference is observed. Inside this area, both 

deep and shallow areas of erosion are mixed. In ethanol, the 

shape of surface is similar to that in deionized water. In hexane, 

the surface was clearly divided into deep and shallow areas of 

erosion. 

In conclusion, the mass loss rate can be evaluated in terms 

of the acoustic impedance if the other conditions are kept 

constant. 

4. CONCLUSIONS 
Cavitation erosion tests of silver plated coatings were 

carried out. The following conclusions are drawn. 

(1) The hardness of silver plated coating does not change at 

temperatures from 303K to 403K. Therefore, the effect of 

temperature on cavitation erosion is not based on solid 

material properties, but on properties of the test liquid. 

(2) The thermodynamic effect appeared at  of 100m/s3/2 or 

more, and the mass loss rate decreased. When  decreased 

below 100m/s3/2, the mass loss rate decreased with the 

decreasing bubble number due to the decrease in the 

saturated vapor pressure. 

(3) The mass loss rate can be evaluated in terms of the 

acoustic impedance if the other conditions are kept 

constant. 
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