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S  ABSTRACT

g EFFECT OF CAVITATION NUMBER AND SOURCE

"y SIZE ON CAVITATION DAMAGE

v, 4
.

- Yelwal Ranganath

- - /_ \

This thesis presents the fesults of an experimental

' : 1

investigation. carried out to analyse the effect of cavita-

tion number and source size on cavitation damage using a

'rotating disk facility. .Soft aluminum plates mounted in

the wake of triangular bévitating sourées'sérved as test’

specimens. The triangular source shape was chosen to

‘eliminate Reynolds number effects. : o -

* It is shown that for a wide rangé of cavitation

numbers a critical source size exists for which erosion is
maximum at a .fiked velocity. The maximum erosion for

different velocities occur in a narrow band of cavitation

numbers. Studies were also made to evaluate the velocity
exponent i@fluencing the cavitation erosion. The velocity
exponent for wéight loss due to cavitation damage is found

to have an approximate value of 5.95 at maximum erosion

)
conditions

-
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b source size (prism width)
B breadth of the specimen
. d maximum depth of penetration‘(Mdp)

£ vortex shedding frequency
length of the cavity

L length of the specimen

n,n;,n: velocity exponents

P 'undisturbed pressure of the
approaching ambient flow

PV vapour pressure

r radial distance of the source from
the disk centre

R - Reynoldé number Vd/v

s . Strouhal number fb/V /

t ., test duration /

T | ) temperature of water .
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v undisturbed velocity of the
approaching flow

V¢ circumferential vélocity-of the disk

W welght loss due to cavitation erosion

max maximum weight loss due to cavitatién

erosion
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angular measurement
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CHAPTER 1

INTRODUCTION

When the pressure in a liquid system is reduced
dynamically at constant temperature, vapoun'or gas and
vapour filled bubbles or cavities are formed. The forma-

tion of thesé bubbles, their growth and their subsequent.

collapse in the region of higher pressure is termed cavitation.

Hydraulic primemovers, flow-measuring equipment,

hydraulic structurés including conduits, space vehicles and

' nuclear reactors are'very often affected by cavitation.”

S

Cavitation is also important in ship propellers operating at

When cavitation occurs, the flow pattern is modified.

high speeds.

e

- Hence, the»hydrodYnamiés of the flow between the liquid and

the boundary is altered. There will be a decrease in the
power output and efficiency in the case of turbines .

reduction in the head and efficiency in the case of pumps

.indicating the effective decrease in momentum transfer between

the liquid and the rotor. Besides, an increase in the resis-

tance to flow of the liquid is-also noticed. [13].

Damage due to cavitation causes the removal of the

material from the guiding surface. Other effects of cavita-

tion which do not influence the flow or damage to the sur-

™

. X . . .
faces, but are otherwise relevant, are noise and vibration.
]



.

Howevé:, vibration leads to system instabilities.

- Cavitation is uhdésirable, often destructive, except
in .the field of ocean sutveys, the destruction of bacteria,
(]

emulsification. techniques and depolymerisation.

-

Cavitation is ma%nly influenced by the properties
of the liquid: geomeéry of the guidiné surface, the turbulence
and the boundary layer, amount of nuclei content in the
liquid and the tensile strength of the liquid.

Laboratory sthdies'ﬁave Been conducted in order to
determine the éffects of cavitation [table 1]. Howgv;r, in
all these cases, cavitation is made to ogcﬁr at specified
locations. Being a high speed phenomenon, cavitation usually .
occﬁrs aﬁ‘inaccssible places where direct obsefvations

cannot be made. Equipment generally used to study the various

effects of cavitation’ are discussed in the fallowing paragraphs.

1) Flow Apparatus

-~ -

Cavitation is produced on objects moved at high
speeds through a liquid such as a-rotatiﬁg disk or a towing ,

tank. Constricted passages ‘such as venturies and nozzles are

‘also included in this category.

2} Acoustic Field Generators

An electric field of sufficient intensity . is appiied



across the conductive'coating.betweéh the inner and outer
surfaces of a barium titanate ring. The ring is placed
below the free surface of a liquid contained in a glass

¢cylinder. Large pressure is developed at the centre of the

LY

'Eyiinder base due to the formation of a standing wave. Test

‘specimens, if placed at this position, will be subjected to

cavitation erosion.

3) Vibratory Methods

Test specimens are attached to a magnetostriction
oscillator on the piezo-electric transducer devices; when

vibration is produced, it gives rise to cavitation.

In the pre;ent investigation, a rotating disk
facility is utilized. Cavitation is produced at a specified
location under controlled pressure and temperature. The ‘
studies are carried out to find the vélocity exponent for a
wide range of cavitation numbers.

I

The weight loss of test specimens was measured
for each test and the dependence of this weight.on the

velocity provided the velocity exponent. . Thus,

n n : )
Vi t/Val = (AWy)/(AW:2) (1.1)

where

Vi and V2 = the velocities for two sets of conditions



* AW]_ and L'\Wz

the weight losses of the test
specimen for velocities V; ‘and Vg

(at fixed cavitation'numbers.),_.

n; = the velocity exponent.
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CHAPTER I1IX

REVIEW OF THE EXISTING LITERATURE

2.1 GENERAL REMARKS

e

Considerable data héve been published on the hydro-
dynamic characteristids of flow-past cavitétiﬁg soﬁrces
[9413,24,26] mounted in water tunnels, rotating disks and
venturies. In most of the casés, two-dimensional cylinders
were used as cavitatingfsources. Most of the test results
obtained [16,18] were in the range of critical Reynolds’

“nqmbgr. Consequently, the test results were highly Reynolds

number dependent:

£ P Cylinders aﬂd triangular prisms arxe the most common
: typés of twé—aimensional cavitating sources. 1In the case of

two-dimensional triangular prisms, Reynolds number is elimin-
f . dted as a primary parameter since thé separation points are

fixed.

/

2.2 CAVITATION EROSION

’f ' Velocity dependence on cavitation erosion has been
“established by many investigators [9,12,16,21,24]. Studies

conéucted to find the relation between the erosion and the
velocity shoWed that the.damdge due to cavitation is an ex-
ponential of the velocity. Based on weigﬁk,ox-volume loss,

it was established that



N

n
K,v 1 . : (2.1)

weight or volume loss

n*

weight or volume loss Kz(V—Vq)n? (2.2)

where

K; and K; are constants.

-

It

A the yelocity of flow.

Vo the velocity at which measurable cavitation

erosion does not exist

n; and n: = the velécity exponents.

The fnvestigétions conducted by Shalnev [15] indi-
cated that the exponent vag}es between 4 and 8. However,.
Knapp [12,13] and Rerr'[ll] obtained the mean -value for the
velocity exponent as 6 which was in good. agreement between

the water tunnel tests and the field turbine ;ests.

. For two-dimensional circular cylinders at maximum
%rosioﬁ conditions, the exponent wa; found to be the least
and equal.fo 5.by Ilichev (10]. However, Rao et al [18]
stated that the exponent attained a‘ﬁaximum é;lue of 17.
The disagreement may be due to the Reyqolds number effeot

associated with two-dimensional cylindrical cavitating

sources.
»

The tests on erosion studies conducted on rotating
hydrofoils by Tiruvengadam [20] indicated that the size

of the source and the cavitation number had influence on
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-

. damage characteristics of erosion and the velocity exponent.
The velocity exponent computed from the results of these

tests were of the order of 6.

Table l'Showg the values of the velocity exponents
obtained by various investigatqrs. 'The.calculations‘were '
based on the selected damage criterion which represents

variations based on weight loss or volume loss or the number

of pits per second per squaré inch. " '

Test duration is an important parameter influencing
the velocity exponenﬁ. In fact, studies conducted by Hammit
‘et al [8] established that~the'increase in test duration
resulted in an'%ncreased value of the exponent.. On tﬂe other

hand, Woods' [25] experimental data indicated that the

velocity exponent decreased with an increase in test duration.

- The contradiction might be due to the unsteady rate of

erosion. ’

L - L

-

Cavitation number, o, is defined as

- P ' -
v , (2.3)
pv?>

L

"where

pressure 'in the undisturbed approaching

vl
Il

£low

P, = vapour pressure

©
]

mass density

-
L o 7 s
‘ﬁ_a—-——r



_—

’

W = mean velocity of the undisturbed

approaching flow.

The length of thencavity 2, is the length from the _

edge of the source to the point where the cavity collapses.

r
Considerable amount. of work have been done to

determine the relationship between the cavitation number and
the cavihy length for two-dimensional sources. The experi-
ments.farried out by Varga and Sebestyn [24] in a closed
circuit hydrodynimic tunnel revealed a hyperbelic variation
Between cavity length and cavitation number.' The cavity
‘length increased as the cavitation number decreased. It was
elso noticed thet there was a critical cavity length at
which rate of erosion was maximum. For the case .of 01rcular
prisms the cavity 1ength was observed to be dependent upon

)

Reynolds number [24]‘

Recent investigations [14] on the effect of source
size and velocity on-structural damage due to cavitation
erosion, rev®al that a critical source size exists for a

given cavitation number at a fixed velocity.

1
-

In Chapter'iv, the effect of source size on cavita-
tion erosion, effect of cavitation number on erosion, the
velocity exponent'and the data obtained by Stroboscopitc

observations on cavity length are discussed.

«



.2.3 SCOPE OF THE PRESENT INVESTIGATION

The present investigation aims at determining the

following:
CAIEPYS e A
Srie . (1) The velocity exponent for maximum cavitation
damage.
(f) The effect of cavitation number on the erosion

at fixed velocities and varying sdurce sizes.

b
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CHAPTER III

EXPERIMENTAL SET-UP AND PROCEDURE .

3.1 ROTATING DISK FACILITY

The present investigation was carried out using a
rotating disk facility shown in Figure 1. The apparatus
consists of a circular disk 2 feet in diameter, attached to
a horizontal shaft, coupled to an 100 Hp, 1,800 RPM motor.
The disk was housed in a chamber. Thé temperature of water
in the chamber was maintained constant_by continuous supply
of fresh tap water. Settling vanes mounted on either side

' !
of the disk enhanced the induced circulation of water.

"

. An ?qﬁiléﬂeial'tgigngulér source made of brass
shown in fig.2 is ddopted.  Triangular shape of the source
is preferred to avofd Beynolds numnber as brima}y parameter
while interpreind the results. The source width varied from
0.5 to 2.0 in. | The ma*imﬁm size is limited to 2 in.in order

to avoid excessive pressure’ gradient across its face.

Soft aluminium test specimens of grade 1100-F are
fixkd flush on the disk down-stream in the early wake formed
due fto cavitating source. The size of the specimen was

5.25|x 2.5 in (Figure 2).

Thexspecimen and source were mounted on the disk at

a Known radius thus enabling the peripheral velocity of the
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wheel to. Dbe obtained. The angular velocity of the disk is’

measured by a tachometer. A

3.2 EXPERIMENTAL PROCEDURE

-

Tests were conducted at different cavitation numbers
by‘choosing the chamber pressure and ﬁhe velocity. Although
one would like to cover a wide range of cavitation numbers
in order to study their effect on the makimum damage (at
fixed velogities), certain exp%ximental'limitatiogszwere en-
countered. For instance; the soﬁrce size had to be increas-
ed with increasing cavitation numbers (see analysis of the
results, page 14) at fixed velocities. When the width of
the source was more than 2 inches, the damage proper tended
to occur outside the test specimen. Consequenﬁly, the maxi-
mum size of the source Qas limited to 2 inches and hence the
ﬁpper.cavitation number was limited to 0.317. At very low
ambient pressures, air entered the test chamber and hence the

lower limit of cavitation number was set at 0.143 to eliminate

errors due to the entry of air into the chamber.

For each test, new specimens were mounted with
selected source si;es at fixed cavitation numbers. After
each test, th specimens were 5leaned, dried in a déssicator
and weighed on a preciéion electronic balance to an accuracy
of 0.l mg. The cavity length was obtained with the help of a

stroboscope used for visual observation.
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The duration correspénding to the threshold value
of damage was 9minutes. The duration of the test was se-
lected to be much longer than the durgtion corresponding to
the thresholg value'(figure 3). Also, preliminary tests conf 
ducted to study the effect of test duration on damage showed‘
that‘a thréugh hole was formed in the region, if the test
duration were longer than' 40 minutes in a few cases. As:

such a test duration of 30 minutes was chosen.

3.3 SURFACE PROFILE CHARACTERISTICS
OF TEST SPECIMEN

The surface profile characteristics of the soft
aluminium specimen before the test wéé obtained with the help
of a profile recording device which has the‘commerciél name
.“Telysurf". This instrumept‘caﬂ discriminate undulatioﬁs

up to 0.0004%. Plate 1 shows the Telesurf and its assembly.

When the surﬁace irregularities are large, the
Telesurf cannot be used. Hence, the surface profile of the
specimené in some cases (after the tests) were obtained with
the help of a Micro-positioner (Plate 2). This device
could register undulations up to 0.001" (See also Appendix

f

III).
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3.4 /EXPERIMENTAL ERRORS

- The various error ranges encountered in the observa-
tions are given in Appendix IV. The error involved in calculat-
ing the non-dimensional variable, ¢, is computed from the

consideration of errors involved ;p individual variables.

£
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- CHAPTER IV

ANALYSIS OF RESULTS

4.1 EFFECT OF SOURCE SIZE ON
CAVITATION EROSION

In this section the variation of weight loss due to
cavi;ation erosion on aluminium test specimen caused by tri-
angular cavitating sourées is discusged. The eroéion is
essentially in the early wake of cavitating‘body. The studies

are carried out at fixed cavitation numbers (o).

Figures 4 to 7 show the variation of weight loss
with respect to the size of the source at constant.cavitation
numbers. Four narrow ranges of cavitation numbers and four
different ve;ﬁcities were selected for each test series. in
which the weight loss Qas determined. The plots also show
that the ratio of weight loss to maximum weight loss for a-
fixed range of cavitation number increases with an increase
in source size, reaching é maximuni (critical source size)

and beyond this the weight loss decreases with further in-

crease in source size. - ‘

Under controlled conditions (fixed velocities aﬁd
cavitation nuhpers, a.decrease in source size increéases the
frequency of pressure pulsations. Thus the damage is increas-
ed up to a cértain source size. When the source size is ex-
tremely small, its effect is local and not much damage could

be expected.
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4.2 EFFECT OF VELOCITY

As one would expect, the maximum weight loss increasgs
with increase in.veiocity. An increase in velocity registeré
an increase in the frequency of vortex shedding which, in
turn, increases the pressure pulsation frequency in‘the soufce
wake; As stated ea;lier, these pressure pulsations promote
the damaée pdteptial_aé a given stress level. This inference

agrees well with existing test results {3a,18], (and Table 1).

For maximum damage, an increase in the wvelocity appears

to result in a reduced source size (Figs. 4 to 7).

4.3 EFFECT OF CAVITATION NUMBER ON
EROSION AT FIXED VELOCITIES

Figure 8, obtained with the help of Figs. 4 to 7,
shows”£he relation between the maximum erosion and the cavita-
tion number at different velocities which form the group para-
meter; It is clear from Figure 8 that the maximum caéitation
erosioﬁ occurs in the critical cavitatidn number rahgefwhich

is close to 0.257. This number is nearly the same for all

the velocities covered.

1

When the cavitation number is decreased. from its
maximum value, the erosion increases, reaches a maximum value
and then decreases. It has been observed that the cavitation

bubbles move approximately at the same speed as the liquid'[Q]._
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Consider the situation in which the cavitation number
is decreased by keeping the vélocity_constant and reducing the '
pressure. Since the length of the ¢avity increases with de-
crease in cavitation number, the time for bubble growth in-
creases and hence the.dominant‘bubble size will be relatively
larger at lower- cavitation numbers. Further, these larger
cavitation bubbles can penetrate the high- pressure region and
their damage potential is higher. However; the reduction of
the pressure to reduce the cavitation number will also reducé
the‘collapse'pressﬁre of bubbles. In fact, very little
damége occurs when the cavit;tion'region entirely envelopes
the test specimen. Consequently, the overall damage potential
of the bubbles will increase fo a maximum and then decrease
due to the effect of the two opposing variables, namely the

size of bubbles and the ambient pressure at which they collapse.

' The range of cavitation numbers in which maximum

damage occurs is the same.

//.
-

In the present study maximum damage was observed to
occur within a narrow band of cavitation numbers (0.252 < g <
0.257). The dependence of erosion on cavitation number - is very

similar for all the velocities.
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4.4 VELOCITY EXPONENT

Figure 9 shows a logarithmic plot between the velo-

city and weight loss at maximum erosion conditions for

different ranges of cavitation numbers. For a given cavita-

tion number range, the weight loss appears to be related by

an equation of the following form:

AV o v ' (4.1)
where ’
AW = thelweight loss
V = the veldcity,
and
.n1'= the exponent of velécity .

The value of n1 is 'essentially a constant for all
the cavitation raﬁges selected. It is only at very low
velocities that this relationship appear to break down. A

few relevant remarks are made below.

/ Although the only velocity used for computation in
Equation (2 3), is the c1rcumferent1al velocity V¢, the true
relative velocity should also include the vector addition of
radial and axial velocities to V&. Hence, at lower velocities
these components must significantly influence the damage of

the specimen. Further, the flow characteristics near the

centre of the rotating-disk are affected by the presence of

n .



18

elements such as fasteners used to f£fix the disk to the rotat-

ing shaft.

In the linear portion of the graph, its slope for

P

all renges of cavitation number is found to be nearly 5.95.

This is in good agreement wWith the published data' [3a,16].

4.5 CAVITATIONMNUMBER AND CAVITY LENGTH =~ . .

Figure 14 shows the vaiiatioh'of the dbn—dimenSional
cavity length (A) with the cav1tat10n number (o) It Can:
- be observed that an increase in the cav1tatlon number
decreases the cavxty length for a given sourpe size. A
brief discussion on the characteristics of this graph is

given in Appendix "II.

4.6 DAMAGE CHARACTERISTICS OF THE
' TEST SPECIMEN . o .

Flgures ll and 12 show typical surface proflles of .
the damaged spec1mens (RUN 262 and 128 Table$ 4 .and 5
The line OACB i% obtained by 301n1ng‘the'centre of the
source (Q) “to the! maxlmum depth of penetratlon (C) . AB is

-

the interval selected to draw the: proflles (see also

Appendix III). ‘ - . ' ..
Tables II to V give the variations of the maximum
- depth.of‘penetration, Mdp, with respect to demage. Itw'

iS'bhserved'that with an ingrease in damage, the Mdp.



.

will also be increased. Thé source also influences the

Mdp in just the same way as it influences the erosion.

. The variation of Mdp with cavitation number at peak
erosion ‘conditions is shown in Fig. 1 . For the. set of
. velocities selected, the maximum depth of penetration occurs

within a narrow band of cavitation numbers (0.252 < ¢ < 0.257).
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CHAPTER V
CONCLUSIJNS
5.1 CONCLUSYONS )
A
(1) The present studies confirm the earlier prediction

[3ajthat the maximum cavitation damage occurs at a critical
source size. In the present tests, a range of cévitation
numbers were covered to study this behaviour. The data in-
dicaﬁeé that ﬁaximum damage is associated with a critical
source size when the cavitation number and éhe velocity are

s

-held constant.

(2) The weight loss is a function of cavitation number
at fixed velocities. The variation of weight loss with
cavitation number is similar for all the sélected vglocities.
At the velocities chosen, the maximum erosion appears to

occur in a narrow band of cavitation numbers.

(3). At the maximum erosion conditions, the‘velocity
exponent defined by n; in Equation (2.1) is found to be close
to 5.95. Any increase in velécity will result in increased

weight loss at maximum erosion conditions.

{(4) The critical size of the source foi éabh fixed

velocity increases with an increase in cavitation mpmber.

{
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(5) The behaviour of the maximum depth of penetration
with a cavitation number is similar to that of weight loss

for fixed velocities. '

5.2 SCOPE FOR FURTHER WORK

As a further extension of the present work one
could study the effects of noise intensities on-cavitation
erosion. The effect of test duration on tﬁe Velocity ex-
pohent can alsb be studied. Further, one can conduct a
detailed investigation of the surface characteristics of the
damaged specimen and try to relate it to the fluid dynamic

parameters.
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SPECIMEN COMPUTATIONS

Al.l1 ‘COMPUTATION OF CAVITATION NUMBER -

A

Computation refers to RUN 263 of Table III.
Radius (x) = 0.783 ft

Angular velocity (n) = 1,800 RPM

= Circumferential velocity (v} = 3%%2&

- 2x 1 x 0.783 x 1,800

A = 147.7 ft/sec.

f

Pabsolute - Pgauge * Patmospheric

= 15.09 + 14,7 = 29.79 psi
At 86°F,
PV = 0.6216 psi )
p = 1.932 slugs/ft’
v = 147.7 ft/sec T
o = [(P-P,)/(} o V*}] x 144

x 144 = 0.199

[(29.79-0.6216) /(% x 1.932 x 147.7%)]
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H

Al.2 COMPUTATION OF VELOCITY EXPONENT

Weight loss,
chV’nJ‘
or '

l¢919W «'n; logi,V

At maximum erosion conditions, from Figure 9, the

slope of the line logioW. versus log; vV gives

/

n;, = 5.95

B
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APPENDIX II

CAVITY LENGTH CHARACTERISTICS /

Considerable studies have been made to relate the
length of the cavity with cavitation numbers [19,23].

Varga [23] has shown a relation of the form

n ' ‘ .
A [T] = const (a2.1)

holdélgood for flow éast a cavitating cylindrical source,’
set in a venturi flow apparatus."In the above equation o
is the cavitation number based on contracted jet velocity

and XA is the normalised cavity length.

Syamala Rac and Chandrashekara [19] have confirmed
the existence of a relation éimilar to that.of'Equation
A2.1 . It may be added that Birkoff [3b] has indicatéd
that one could use the contracted jet velocity uj as the
normalising velbcity scale when blockage effects are present.
Blockage denotes the interference caused by the side walls

of the water tunnel on the flow past an oversized model.

Figure 13 shows the variation of A with ¢ [19,23].

For the case of flow past triangular prisms, the
variation of the normalised cavity length with cavitation
number, from the present tests, is shown in %ig. 14, It
is seen that the flow past a triangular prism mounted on a

. - . % )
rotating disk is highly sheared and it is difficult to make



54

-

/
comparison of the present data (Fig. 14) with the results of

earlier investigators (Fig. “13)}. "\

The variation of normalised cavity lenéth with cavi-
tation number appears to be independent of the Source size
for‘the data obtaingg.‘ In othgr words, one could convenient:
ly adapt the norﬁgl;sed cavity length as a parameter in the

place of the cavitation number while studying the cavitation

erosion characteristics.
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SURFACE CHARACTERISTiCS OF THE TEST
SPECIMEN

. vt
T SRR TR R L R TT L  L DRLY LLTL L T

L)



55

™

"

.
.
T
- b .
. ‘o
. »
.
s
= LY -
L
ra
«
. _ 1
A
¢ E4
. .
" .
X

N



56




57

L3

(Otd v 378v1Z292 NNy) N3WIO3dS 1531 40 vIyy d30VIWvaQ

r

€°31Vd




T e e e

58

(€b- d'2378VL I NNYINIWIDILS 1S3 L 40 YINVY

d39vihva

P*3LVd

4



o CENTREjQF SOURCE

AB 8 CD — DIRECTION
. OF TRAVERSE.
A.B,C8D —ARBITRARY

POINTS

y xro’ﬂ:mm

N
T

o
1
}

v Y XI10 %no o
\ .
{

0] 03 0.6 09
X(in) -

FIG- Al, TYPICAL SURFACE PROFILE OF THE

SPECIMEN BEFORE THE TEST

59



APPENDIX IV

EXPERIMENTAL ERRORS
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