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An* experimental progian%m:has‘been»caé;iéd out t;}study

" the drag, ;ortex shgﬁdinq, erosion and noise cha}écteristics'
of cdavitating £low past ciréulér and triangulé;'sougc;;. "

Ihe'latﬁér shapés are choseplto liminate Reyholds number

ffects in'inte;prgtipé tﬁ; reéyif .,/%irectoéurfaig pres<
ure measurements are /made to estimate the drag force. The

' yortex shedding freéuency of the_caGitatigé’bodies‘wédﬁre- ’

‘¢orded- with the help of a pressure transducer. The dgaé co-

.

fficient and.Strouhal number are found to increase due to

4

all interference for moderately large cavitation ‘numbers.

ry °

e gap velocity u, and the contracted jet velocity uy are
héWn to be the proper velocity scales to form the drag co-

fficient, the Strouhal number and the cavitation number in

¢ order to account ﬁor\biockaéé effects for que;afe%y large
blockage conditions. ‘ . h

. Part of the study wag aimed at evaluating the effects
of fiow velocity on'eros@én and noise dnpe. to cavitation.
‘.To this end, tests weré conducted ﬁsing a yotating disk and
.a venthri'test rig in which soft gluminium test spéqiméns

ﬁere mounted in the wake of‘é cavitating source. For a gi-
of'the'éavita;ion source was

ven velocity, a critjical size
S ~_ " Ve
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noticed'for which the erosion ‘in the specimen was a maximum.

o R For a fixed source,

-
. -

.
'

the peak values of erosion

a

&and noise .

" oceur in ‘a .narrow band of cavitation Aumbers for the range of
. T [}

"'tgst-yelocities uéed, An excellent correlation appears to be!

14 3 ¢

range of velocities tested.

[

velocity expofients fo;}ﬁhe weighi loss due to erosioﬂ-aﬂd the

o

" 5.45,

. ting source was shown to reduce both' the erosidn and‘noise

T '
dqg. o0 cavitation.
. 4

4

e

[y

/intensity oﬁ.hcise were found to have an approximate valqe of

Further, a spiitter plate set in the rear of a cavita-

4 '

. present between erosion ‘and noise due to cavitation in the

At peak erosion cpnditions, the

S

TN AT

e

S T e T TR TSR Ty T TaT T, DR TR T T AT AR TR TEEE AW e TR TR e

Pty

.



ety

o

‘ACKNOWLEDGMENYS
Lo
/

»

‘n The author wishes to express his gratitude to

- ; B 4 . ‘\ .

Professor A.S. Rgmamurthy for suggesting the problem
. ) : ¢

and for his guidance in the course of the investiga-
. K ¥ 1

tion. ’ '

A
\
\

It gives great pleasure for the author to 'exte

his appreciation to Mr. Harald Vxn Cramon, Manager,

. . . . . . R 4
Ltd., Beauharnois, Québec, for his encouragement .in ' .

: |
carrying out the project'to completion.
1

. ¥ omw

~ for typing the thesis.

Council of Canada Grant No. 040;204

The umuj;xms_énpportad_unden the National/?k§earéh "

‘ Engineering and Construction Dept ; Unipn Carbide Canada

/

L

>
/ .
- \ .

. Grateful acknowledgment is made-to Messrg L. - '

LR Y

P

of the machine shop fgr their assistance in fabricating

the experimental set up.

Thaﬁks are due to Mrs L. Du é)an

a

- ‘\ .
Stankevicius, D. Roy, T. Dugdale ang the staff members

\

\
\

d Miss D. Beaudoin -

T, \
' . \f‘ , \ g
N\

(X3



SR S
.
\\
1 . \
L.
A
\\
3 \

. 1
'
\
- |
? X
' l
|
|
|
|
», i
i \
2
:
i
3
,
»
'3
g

, Acknowledgments..........

_Nomenclature......J..J.,.:..&. o

-

Abstract -.Joo“o’.lla‘-:‘h(..n’

esdesmeossosecervsssenn s
. - L SN
/ )

: / 3 . — 1
Lls‘t Qf’FlgureS»-. oooooo 9 s avae [ ERE R IR A A LR
. ‘v

List of Tables.......... ceemeeanenn eeveatoahitanes

CAVITATING §OURCES. b

,‘ 2,1.1 VORTEX SHEDDING%
: CAVITATING SOURCES.
- 2.1.2 DRAG COEFFICIENT FOR CAVITATING -
> SO[IRCESAt.-ao-o.-l-

2.1.3 BLQCKAGE EFFECTS..¢cceoeaees

2.2 VELOCITY DEPENDENCE OF EROSION AND,NOISE...
2.2.1 CAVITATION EROSION.. R A '
2.2.2 CAVITATION NOISE:...../.....

2.3 SCOPE OF THE PRESENT INVESTIGATION........
v

3.1.1 BLOCKAGE EFFECTS ON DRAG AND VORTEX
SHEDDING CHARACTERIoTICS

------------

3 L) lu 2 . EROSION ANP NOISE TESTS \u .- n ----- «eaa

t R iv

e @ 00 0 0 00 42 f 0 e

15
15

15
16

e e =




o ‘ s
t \ u .
o
5 . . ' ° v
\\ . { ‘ ) ' . .
A 3.1.3, STUDY OF WARE INTERFERENCE ELEMENT '
\ .TO REDUCE CAVITATION EROSION AND
“\ "NbIFE.0.0.........0’...5........'M.
ﬁ‘. R \3-2 ROTATING DﬁK'MPARATUS-.----.....:-(tf:/.-o.o
P N ~ .
b.; EXPERIMENT UNCERTAINTIES..ieoceoruecnnee

& B
L} \ ‘ 4
. 4

4. ANALYSIS OF RESULTS.............................

(, 4.1 HYDRODYNAMIC CHARACTERISTICS OF ° -
CAVITATION'%OOIQ].IDDQOOOOOODOOOO.’..l......, 1

401 1 DRAGXCOEE‘FICIENT..y.D.....uo.‘....... ’21

» 4.1, l 1 "Cylindrical Sources........ 21

L3

4.1.2 VORTEX SHEDDING CHARACTERISTICS..... 27

v

4.2.1.1. Cylindrical Sowurces....y... '27

/

N ’ ! 4.2.1.2 PriSIhatiC Sources‘-uvuugqo-' 2‘9

-
4.1.3 BLOCKAGE CORRECTION FOR CAVITATION
NUMBER"....II........‘..’..... ‘-J '31

’ 4.1.4- BLOCKAGE CORRECTION FOR CHOKIN

CAVITATION NUMBERS......, 00000\ 31
4.2 EROSION AND NOISE CHARACTERISTICS OF
/ CAVITATION. ..ooventinnnnnmminnn s einesenns 32

f \

| 4.2 EROSION DUE TO CAVITATION......y.... 32

v '/ . ) . 4 2.1.1 General RemarKkS....eeceoeee. .32
- 4.2.1.2 Effect of Source Size and -

Velocity on Borsion........ §3

. ' 4.2.1.3 Effect of Cavitation number
/ . , and velocity on Cavitation
a ‘ Erosion......eeeueevnaneas. 33

4.2.2 "NOISE DYE T0 CAVITATION. «.vvvuvennes 37
: CLT oy .

4.1.]\2 P;:isniatic SOUrCeS.ceurnns 24"




PR SN ' .
4.2.2.1 General RemarK$......:..... 37

S " 4.2.2.2 Effect of Cavitation Number .
' and Velocity on Cavitation *
Noi'se."'.".'.....Q.-.'..—..... 38

4.2.3 CAVITATION EROSION AND NOISE ,
CORRELA’DION.....-..o.o’.-....‘o..‘s\. 3,9

4.2.4 ' VELOCITY EXPONENT.......ecveeseaaes. - 40

/

4.2.5 'EFFECT OF WAKE INTEREERENCE®ELEMENT
ON CAVITATION EROSION AND NOISE.... 41

- -

SUIMMARY AND CONCLUSIONS.?..vvvevtunsnneeernnn.. 43

o

5.1 COF’CIJUSIONS.'o--oocna:c-.(.",o--o.o..-o~-.u- .43

~

5.2 FURTHER REMARKS....veevveveevcncosocnnanas 45

REFERENCEs.m...L..l,...},..?f' ...... eiee il 46

~
[ ] ‘
.

APPENDIX IwrCOMPUTER PROGRAMME OUTPUT AND SPECIMEN

)

COMPUTATIO}]S.Q'...I.O‘....ll.‘.-Q.‘.'..l... 103

APPENDIX II EXPERIMENTAL UNCERTAINTIES....cceeaceoss 112

N
- < - \
- ¢
o s
N\ r
v =
’
a - -
) '
iy
. - 1
_ “~
" (o}
Y
& o )
B -
4 . \
\ T
’ \
-
v
» hY
~
. &
v
Vi ’i
+
. . Vodvie
3 .
\. - -
.}

B
wXi D]

~ Page

ol



FOEETF AT & Y T W T

N

T At Ppa T T T meT E
~
«
[~}

10
“.11

i

12

15
16

18

20

Al
.. o s,

. LIST OF -FIGURES

' .oy ’

M .

Venturi APParatusS......,cieqececonccesionns,

Cavitating.BodieS.....ccceceeas

» & ou 000 0 08

Cavitation Test Sebtion....,........

Instrumentation.....ccceeeeceaccsocccsvoees

_é& s

Test Section for Erosion and-Noise Studies.

. Effect of Test Duration on. Erosion, Venturi
Apparatus.‘....ﬁﬂll,..l"l.l...'.”..l..’...._’

A
AN

. R‘otating Disk Eacility'........O.'....‘....'. > e °

Eﬁfect of Test Duration on Damage, Rotating
Digk Appara,t{us..'x...............-.~-.'..-.-.-

. Drag Coefficient, Nbdbavitating Cylinder...

D;ag Coefficient, Cavitatinq:Cylinder..,...
_Pressure Distribution for‘Cylinder..%....;.
' Pressure Disgtribution for'Cylinderur.....;.,

Drag Coefficient Cavitating Cylinder.......

Drag Coeffigient;‘Nongavitating Prism 6 = 0
Drag Coefficient, Cavitating Prism o = 0°.

Drag Coefficient,

Drag Coefficient,

-

Drag Coefficient,

Cavitating Prism ‘o = 60°.
Cavitating Prism 6 = 0°..

Pressuré Distribution, Cavit;hing Prism

e = Oo...Q.,..I.‘OL...-....QI'OQ.O."D.O.‘O".O

Pressure Distribution, Cavitating Prism

e =Ooo.-cu.-ooo---.-'.oo-ooo..-oovo.o’...o-oo

-
-

. Pressuxe, Distribution, Cavitating Prism

e =00...--......-...-...-.-....-.-.-.-o...

4

Pressuge Distribution, Cavitating Prism
6 = 60 -

.
@ 6 % ® 6 600 5 O G USSP O SO SOOC LS eSS es e

»

vii

Noncavifating Prism 6= 60°

PAGE
55
56

57
§7
58

‘59
60
61 -
62
62
- 63
64
65
66
66
67
67
68

69

70



25
26
27
28

29
. 30
31
32
33
34
35

. 36
.37
38’
39
> 40
42

‘43

..

Pressure Distribution, Cavitating Prism

9—60 ® 960 2 e etV QA R *SIEe B IRLOE © 0P PL O O BNSE QN

Pressuge Distribution; Cavitatlng Prism
e = 60 ....... ® 6 & & ¢ 09 e e s q. ........... ¢ ® o &

Strouhal NumBer, Noncavitating Cylinder....

" Strouhal Number, Cavitating Cylinder..,....

Pressure Records, Cylinder b/B = ,165......

Typlcal’ Power .DenSLty Spectra,/ Cylmder,
b/B = 165

Strouhal Number, Cavitating Cylinder.......
" Strouhal Number,ti:foncavitating Prism 0 = 0®
Strouhal Number, Cavitating Prism 6 = 0°... "~

Strouhal Number, Noncavitating Prism o6 =, 60°

Strouhal Number, Cafrltating Prlsm o = 60°.

?ressure‘Records, Prism 6.= 600, b/B = .326"

Typical Power Density Spectra, Prism © = 600

b/Bm.326.0....0...d.l".....‘......-O.I‘.

' Variation of C, and S; with o, for Prism

D. 3 J
e ‘=0 .o.:,.....‘:-loo.-o “'l..’l."')..l......“.

V.a‘r.iation of Ch and S, with v; for Prism
o : 1 :
6 = 60

f9NN

Choking- Cavitation uun\bers for Circularp
Cylmders ..... ceereemenssee s assee s esnne ceses

”~

Choking Cavitation Numbers for Prism 6 = 0°
Chbking davitaiiion Numbers for Prism © =60°

Effect of Source Size and Velocity on
Damage, Cyllnders.. e nciresccsseamssen csras

Effect of Source Size and Velbcity on
Damage, Prisms...,.._....................‘.

Erosion for Different.Velocities and '
Cavitation Numbers. . «cvceccrees o oos e oeaas
~ .(' ‘
- viii

Y

e s . © PAGE

LY

73

T4
75

75

76
77
78

4

82

83

84

85
86
87

88

- 89

950

D
-



-

- ’ ’ - ' , ) v [] &
¥ ‘ Ed
A « s \
] ¢ o : ' ’
p . C = ’ )
FIGURE ‘ % . L - 'PAGE
N N N vl /
i 44. - Noise.Spectra for Different Cavitation~™ ‘
. ’ ¢ - » wmt‘bers &t ac Stant VEIOCJ.ty, ceo mees o ® e a . ‘91’
. 45 Noise Spectra for Dif ferent Velocities ) .
Lo at’ a donstant Cavitation Number. . . . JREREE 92
. 46 _‘Noise for Different Velociti®s and
. N Cavitation Numbers......ccooveeieecnsonnns 93
47 . Erosion and noise Correlat]i.c{n. ceeetsreeaas - 94
‘ ~ 48 Velocity Exponent fér E oss.on and noise. .o g5
: 49 .Damaged Area of Test S ecimen .(No splitter '
- Plate)..'..-..'..I.I.........‘..'.Q.l.‘..l - 96
. 50 . Damaged 'Area cf 'rest Specumen (With
J M . ' Bplitter Plate) - ® & & 0" & o 080 'ﬂ > & o . . ® & 80 & 9 8 » 96 -
\ : 51 - Effect of Wake Interference Element on
- \ ’ . ) Btosion and Nolse. . I ® ® & & 00 O B OSSO S O 9 et e e ."") 97
-« a R U . &
/ - . .
&, f ’ : RN ’
a? ’ e ﬁ (> f - y~ LN
— g [l ~ \ f .
¢ - .’9 1 -
‘ ‘-\ ° - - ’
i » "a N { 4 o )
/ ., - '
- . - - Ao f' \ .
3 ® &
-~ * \ ’ L
ar ' ' .
’J ~
_ T : ) ] ,



N Ve = ~»
) . o . ? N
"y “ . : "@:‘M h o
LIST ‘OF TABLES :
P ‘ ‘ : . -, e
. . 1‘ . ) - . a.t
Summary of Experimentlal Studies - Velocity

Exponent for Cavitation Erosion............ 98 °
3 i . - / ' -

o, for thé Cavitating Bodies.............. 10}

ch
* “ ' o

Test Results of Wake Interference Element <L
to reduce Cavitation Erosion' and Noise...!. 102 '
, , A, ) -
Drag Coefficient anaﬁQtrouhal'Number ta ) - o
for Cav%ta ion Source, circular cylinder, ' ‘ IR
‘Blockagé‘0.‘16‘5...'...l4'50..0.‘.b.lttﬂ ** & 5 5 106 l.

+ ' ° " ¢ : /
‘Drag Coefchient and Strouhal Number Data
‘for,CavitaQion Source, Circular Cylinggr, .
Blockage 0'..327..‘..\..l.'..DI‘...‘.’....;.I .‘.107 : ' “'

Drag Coeffigient and Strouhal Number Data - .t
for Cavitation Source," Prisms 60° Orienta- .
R R B S L - T
’ . I N “ . ‘

Drag Coefficient and Strouhal Number Data Lo -
. for Cavitation Source, Prisms 0° Orienta- '
tion..Zieeedieeeeiieieteiiieiaeieeiinane 109

-

;\ I‘? . ’ \ .ot
‘v S . . .
- ~ 9
I . « " ’ -
M -, X -~ - ‘
- 5 .
v Q -
. 3
s
. : H

/

. . °
~ L
. 4
.
§
) 7
. ) ! [ \
o - . '
. 1
. .
\sr L]
N I » -
. ’ - 4 -
N v a °
LI
B - ' )
Py ™ e
e w . - . e
- Ne ‘ [
\ .
» - ‘v @ . - -
-
. < o > s -
* ‘1 (‘V:
- » « M + \ ‘
. o
* L]
- » ! - o
* b S ‘
) ’ /
. -
-
, . ° ) -
. . I 4 . ~ “”\
+ [ -
v .- t L
i . , » ¢
-
. oy
0 . «




e e aa ptemEme . S

K; ,Kz,K3
‘e

L

m ,ny,nz

-

£ -

NOMEN(Z"LA'I"URE

) ¢
source size (for cylinders:
width) : T

width of tést section
‘L) -
Elockage (constraint) -

sound velocity‘(cm/sec)
L4

’

-

emp#rical constant’

contraction coefficient

*

¥ | N ' !1
drag coefficient normalized

drag coeffiéient at ¢ -0

draq, coefficient normalized

\

drag coefficient normalized

drag coefficient normalized

pressqre coefficient based upon u

7

'

B

diameter; prism%r) .

7. Y a

o~ ! /

>

by u‘ ? ) e

by u;

1
-
7. -

-

by“ L

by v (ref. 41).

o ) ’ {

pressure coefficient of forebody and
pressure coefficient of afterbody

erosion criterion (weight loss, volume loss,

number of pits/sec/bq inch).

frequency )

noise intensity (p2/o0c?) W

an empirical’ constant (= us/u)

9

constants ‘ -
kcaviﬁy length

i cﬁhrécteristic length
velocity exponents
pressur; in thd&undistufbed

, Xi

. . . ,‘

¢

'appréacbing flow



‘\
minimum pressure on the tunnel wall

> : . )
cavity pressure . \X\
ran . S

\
reference pressure (0.0002d8yn/cm?)

‘vapour pressure
r.m.s. sound pressure (dyn/cm?)

[

Reynolds number ({ub/v)

Strouhal number normalized by u (= fb/u)
Strouhal nugber normalized by u; (= £b/u;)
Strouhal number normalized by uj (= £b/uj)

sound pressure level (dB) = 20 log, g (P/Pref)

test duration
~mean velocity of the undisturbed approaching flow -

-incubation- velocity

mean gap velocity (fig. 3)
contracted jet velocity .(fig. 3)
velocity along the separation streamline (fig. 3)
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splitter plate (wake interference element) length
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-

angular measurement degrees
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n&n-dlmen51onal cavity length
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) \

denslty of fluid .
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@
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CHAPTER -1 :

« . -

INTRODUCTION
In liquid flow systems, when the pressure reaches a
value close to the vapour pressure of the liquid, vapeur
. Or vapour andﬂgas‘filled bubbles are formed. ‘The process

A

of formatiqn,'growth and subsequent collapse of these bub-

bles in regions of higher preéshré_is generally termed as

cavitation. Some of the important factors that govern the

formation of bubbles are indicated below: ' , o

-

. 1. Tensile Sé}ength of liauid
_2 . N;1clei‘ Co’pteng _
3. Tuxbulence and boundary léye;
4. Physical properties of:the liqﬁid ‘
5. Shage and texture of the surface from which the

. bubbles can be initiated

draulic machines, hydrodynamic lubrication, humap physio-

logy, space vehicles and nuclear reactors. Initial inte-

rine engineering problems in connection with the ship pro?

<
i

!
N\

v

w

L=~ S
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[ 3

‘ pellerr operating\iz high speeds. ©Occurrence of cavitation
. . . r'

' vitation phenomenon using special equipment. The follow1ng

’ .

in hydraulic t¥rbihes and pumps ﬁsual%y affects the péi-‘

formance of the magchine adveésely from thé/boint of view i -;f
. ¢ . Ay . . *
of ticiency and power. This can be, traced to the alte-

e . .
rat¥on of th flow passage size and the dlrectlon of gui- a ~

dance.’ Further, the life spans ¢f the machine parts are N

reduced Que to cavitation erosion.' The power'and effi-~

@

ciency cha;acterisﬁgcs.of cavitating machines are general- -
1& nét wellgdefin;d Except in the field of ultrasonic
cleanlng, destruction of bacterla, depolymerlsation and |
emulslflcatlon\technlques, éav1tatlon is a hydrodynamlc

phenomenon whose effects are predemlnantly undesirable and -
. . \ v -
often destructive. ' . {

1
|

[y
A

It is usually difficult or impossible to make direct = | -
o ‘ :

observations of cavitation when it occurs in protQtypé hy-
draullc machines. This ?eceSSLtates the study of the caJ’ﬁ

three types of equipment (35) are'generally used to study

the various effects of cavitation:

2
° . ~ i

l.. Flow Apparatus:

)

Here,icavitation is produced in constricted pas-
sages such as venturi meters,”hozzles, or on

v objects moved at high speeds through the liqgid'

- v

such as a rotating disk or a towing tank.



e

2., Vibratory MetHKdds: : ) o, o ,5 -
¢ - » " &
- ' e e . : v vy
Cavitation is generated by vibratory means with s -
4 LIS
- !
. ergsion test specimens attachred to the %;gqetos-

- triction oscillators on the piézoelectrié trans- .

I T 3 -

-

ducer drives. - ’ ) ‘ .

N -
o . \ - - .- I3}

3. Acoustic-field GenerEffffi: o Ce ] .
Theé apparatus consists of a c&Lindrical glass

" beaker containing the test Aiquid »fitted with

a Barium Titanate ring just below the free sur-

-~ N -

, face of the liquid. Wwhen an alternating elec-
tric fielg’of‘sufficient intensity is applied -~ ~

across the conductive coating on its inner and
4
outer surfq¢gs, a standing wave pattern is set

up in such a way that a large pressure amplitude

iS'built:up.gt the centre of the bottom of the '

. 1

-beaker. Erosion test Specimeﬁs'are mounted at
- L y .

. the. bottom of the beaker. .
’ \ .

‘)rr In all these devices,cavitation is prodﬁced under . e
con£%o}led conditions in specified locations where obser-

. vations can be readily ﬁade. The present experimental in-
vestigations are‘performed using devices’ under t&e first

fcqtegory in order to study the erosion, noise and hydrody-

namic characteristics for flow éasﬁ cavitating bluff: bodies.

-
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" R CHAPTER 2 .
"% I REVIEW OF EXISTING LITERATU&Ef .
e £3 .
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2.1 'HYDRODYNAMIC CHARACTERISTICS OF FLOW PAST CAVITATING

' sources O ‘ ' ‘ ' ‘_*
‘Considerable data havee been puiali%heéﬂn £§e hy'dro-

dyngmic ch7racteriét1cs of flow past cavitating sources
(25, 35, 78‘ 84, 86, 93) mounted in water tunnels. The
ratio of u&”é model area to the test section area ig gen-
' erally denoted as blockage and it determines the J:.nflueric'e
of the ;ide. walls on the flow characteristics. & number
of studies ‘have been made to Adetermine the effect of block-—
age on bluff 'body wekes (49, 63 ,wib, 'Z,'ﬂ’ undeo: non-cavita-
ting conditions. Recently,; a few studies-have_ been made
to detemine the effects of blockage in cevitating £lows
\(14', 57, 88, 91, 92). However, in the tests reported,
\two—dimensional' cylindricel sources wereﬁoften used (57, *
70) and the test condit:.ons spanned the critical Reynolds
"number of the cyln.ndrlcal ‘sburce. Consequently, the test

results were hn.ghly Reynolds number dependent..

«
-

2.1:1 VORTEX SHEDDING CHARACTERISTICS FOR CAVITATING

SOURCES o '
Shalnev (56) used high speed movi'ss to study the wake
"flow and cqvitation characteristics for flow past a cylin-
drical source in a two-dimeﬁtional water tunnel. He states,
&

. . .
. i -
~ # .
N

v,
.
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that the formation and ,breaking away of ‘the cavity obeyé
{

the Strouhal's law in the initial stqge of cav1ty develop—

ment. At comparable Reynolds numbers, the magnitude of’the
J

Strouhal number and also the drachoefflclent were found to

[
1.

3 . . - -
be close to the established non-cavitating va;uest In the

~developed stages,bf cavitation, the Strouhal number wes
observed to reach aovalue of _zero. Young and Foll (93)
neasured the vortex shedding freduency and the spacing of

¥ vorticies in the.wake ofocav1tat1ng symnetric wedges uslng

stroboscopic light techniques and high speeé govies. The
vortex shedding frequency was expressed:as au;unctdon of
the normalizedgcavitation’ﬁumber.?/oi for fegr different
wedges . The Strouhal number based on the-bortex shedding"
ffreéuency was essentially constant from the inception state
down to as low as half the iﬂ;ipient cavifation number ;-
with:a further decrease of the cavitation number, a maximum

was observedﬂeubseduent to which no regular vortex shedding

was noted: The geometry of the vortex street was also de-

termined by Young and Holl (93) to understand the near wake

.stﬁpctpre_of'the‘source. Verga“and Sebestyen (84) corre-
1ated the Strouhal number with the cavitation number for
circular cylinders mounted in a water tunnel. ’For'super—

* critical- Reynolds numbers, the following relation was found

LAY

to be true: ' - -

§ =Cy /s (1)

&

iy

where C] is a constant and ‘o is the cavitation number.

L
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Accofﬂ%ng to Varga and Sebestyen; the Strouhal numbéi\varied
N .

progressively from about 0 32 to 0.24 when the cav1tation

%

.. number was varied from 2. 5 to 1 5 for circular cyllnders.

I N

N
PN

Hammitt & Kemppainen (25) studied the vortex shedding

characteristics of a\bavitating cylindrical pin held in a

venturl d;ffuser with the help of hlgh-speed photography./'
Rao et al.v(68) have also cgnducted testsfio determine thé |
vortex shedding frequency for cavitating two-dimentional
circular cylinders (25 000 < R < 800, 000) using hlgh—gpeed \

photography. Their results confirm the observations of

*Varga (84) about the progressive reduction of the Strouhal =+

" number with thé réduction of the cavitation number during

-r\

the early stages of cavitation. Hoyszgr, the data of Rao ,
ef.al, (Qa) also indicate that fhe Strouhal number for cy-
lyndrical cavitaéing sources increases abruptly as choking
conditidns (o + ogop) are reached. On the other\hénd} for °

flow past cavitating wedges, Young and Holl (93) state that

L

-

éhe vortex shedding frequency (and hence fhe Strouhal number

8). decreases with decreasing c number and assert

“that "the Wéfi flow becomes steady and the shedding frequency

vanishes as“the asymptotic zero cavitation\number is ap-
proachea". IélmaQ be appropriate to add that the fesults
of*Yoﬁng and Holl do in EACt provide a more‘representative
dependence of Strouhallnﬁmbgr on cavitation number since
their results are not very much influenced by "the éfﬂectg

of the Reynolds number.



’

A—d‘; thau for partially cavitating conditi&hs, one can associate
a predomlnant frequency to the-vortlcés shed\by the cavita-
ting source. -On the:other hand, as fully cavitating céndl-
tions are qpp;oacheé{ (o0 + ochn) the yortex shedding by the
cavitating ééurdé will be intermittent to begin with‘a;d

wi%} vanfgh when choking conditions prevail.

e

v -

° -~

2 l 2 DRAG COEFFICIENT FOR CAVITATING SOURCES

— T —

o~

A number of theorétical and experlmental results have

A

- been publishe& on the drag coefficient for cavitating
sources at very low values of ¢ (o0 - 0). A brief summary
, of thé drag coefficient values for different source- shapes,

complled from the various published theoretlcal and experi-

-mental data 4is avallable 1n reference (35). For small

-
e 4

cavitation numbers, Birkhoff (6) expressed the drag coeffi— .

cient as a fupctlon of ¢ as follows:

?

€p (6)=Cp (0) (1 + o) : (2)

3 . ’
. Equation 2 is found to be increasingly accurate as ¢ ap-

proaches zero. Varga (83).observes that the drag coef-
»
" ficient for cavitating circular cylinders imcreases as
[ - \_‘ N
the cavitation numbér is reduced, reaches a maximum and

i s . T e
+then decreases with:-further reduction of o. "~ Since the flow

-

' ’ N\
'4GP around the circular cylinder is highly Reynolds number de-

pendent, the dependence of drag coefficient on cavitation

1

number may bé obscured.

In a subsequent sectibn in chapter 4, it will be.shown
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2.£?3 BLOCKAGE, EFFECTS L Yoo -
2.1.3.1 Non—caﬁitating sources - v o .
§ e N | v

-y In wind tunnel and water tunnel tests, the side walls

— - ‘x‘)

| of the {test section can alter the hydrodynamic force co-

efficients and the vortex shedding frequency of the model
set in the test faé&lity. Sevgrél studies hav%_béen made
to determine the ‘effects of blockage on the drag gﬁefficient
,&9 63) and the Strouhal number (13, 49, 75, 76, 77) of
non—cav1tat1ng bluff bodies. It has also been shown that-
the separation velocity ug (fig. 3) is the characteristic. >
velocity scal? that- should be used to normalize the drag '
coeff1c1¢nt when the bloc ageigffects,are severe (49, 50, 63).
YAccordlng to Shaw (62, 6 ), the contracted jet ‘velocity uy

~

flg. 3)vis equal to the separat;on veloc1tx ug when the i

blockage is at least moderate. The value of uj is known

-

when the jet contraction coefficient Cc is known. The use
of uj for scaling the velocity in constrained flows is also

suggested by Birkhoff (6, 7). .. ¢ y
. L. i .“ ’ " /‘

[
7

2.1.3.2 -Cavitating Sources ‘ : X
Excellent reviews of the wall effects in cavitating

flows are given by Plesset and Shaffer (46), Cohen and

_Diprima (14) and Wu et al (91, 92). Very recently, ‘Popp

(48) has analyzed the wall effects problem in cavity flows

and her conclusions are in very good agreement w1th those of

-




Wu et al. (91, 92). Some of the existing test results (64,

<

_ .B6,:-92) confirm the theoretical predictions about the

,

- effect Jf‘side wall interference on the drag coefficients °
/ . !

of bluff bodies at low cavitation numbers.
Ko 23 C !

[

.

. ‘ f
."To account for the blockage effects in his-tests on -

hydrof01ls, MEIJer (41)*used the nlnlmum pressure Pb on the

~

j’tunnel wall and the corresponding veloc1ty V to form the
cavitatlon number ¢' and the drdg coefficient CD‘ Both the
. . : . ) . ¢ o B : ° :
theoretical predictions of Wu, Whitney and -Lin (91) and

the experimental results‘af Whitney (88) indicate that

»

Mei jer's procedure generally impawts an over—correctlon
while accountrpg for Qlockage. Whitney (87) suggested an

emplrlcal correction rule glven by equations 3 and/4 for
! ~ 7
cavitation number and drag coeff1c1ent He also showed

4

. that his correction rule was effective for tests on flow

-+

past wedges at low-cavitation numbers. ° -

1+ 0

L -
g o =

-

Cp (o . b/B) 2

Cp (0*{(!) ."t CD'(O', b/B)* 2%"‘1"";‘—*;

nowever, the effects of blockage on the drag of
bluff bodles under partially cav1ta¥1ng condltlons (mod-'
‘ﬁerately lar;e v) have not been explored fully. ShalneV'
' (36,,@7) had suggested the usé of. extrapolatlon technlques
to unlfy the drag coefficient data for. cav1tatx g cyllnders

n'usubject to blockages at hlgher cavitation numbers.-

I3
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there 1is measurable cavitation erosion: ’

10 .

2.2 VELOCITY DEPENDENCE OF EROSION AND NOISE

2.2.1 ' CAVITATION EROSION .

It has.been established by many’investigators that the
flow velocity has an ex/treinely\ strdng influence on cavita-
tion é‘rosion of test specimens. Labofatory ‘studies \indicate
thét damage due to ’_cavitatior; varies exponentially with
velociﬁy,. The two common types of velocit¥y eicponents dis*‘.-:

cussed in literature are . the following: S

N

Klunl = volume oxr weight loss R ‘ (5)

Ko (u - ugy) Ny = iroiume or weiéht loss (6)

Q q

¢

where yg is an arbitrarjr incubation velocity under which

o

Table 1 shows the various reported values for the veloc-

ity expf)nents n; and ny , together with téhe damage criteria
used by the various 'invést'izgators. For the velocity ‘expo—
nent, Knapp (33,,‘34) and Kerr (32)" obtained.é‘good“agreem.ent
befweenh the water t\:mnel and f‘ield turbine tésts. The aver-
age value of :Ehe expo_nent was c],{c;s? to 6. Other investi‘ga- /
tors (21; 25, 27, 29', 56, 74)-,repo“rted the exponent to i:e

in the araflge of 4 to 8. Th‘é\experimenta].\ data of Wood (90)
and.Kc;;irev (36) indicate that the velécity\ exponent de- o
éreases whén the,'t’est duration is increaséd. Howei}er, Varga

(80), Hammitt (22, 23, 24) and Shalnev (60) assert that the

*value of the egpgnent increases with test duration. Hammitt

]
& . ‘.:

»
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(23, 24) has also demonstrated that the exponenf is highly
dependent on the cayitation number. K Hobbs (28) has presented
a limited amount of data,to show that cavitation erosion on

a cylindrical soyrce is a function of blockage. |, dk °

‘\ . i

At peak erosion conditions, Ilichev (22) states that

" the value of the veloé%ty exponent nj for cavitation erosion

attains a minimum value of 5. On the other hand, Syam a N

Rao (67) claims hat the exponent n] attains a maximum

value of 17 at peak erosion conditions; Such disagreements
in the published &ata related to the velocity exponent may

be partly due to Reynolds number effects assoc1ated with

the use of cylindrical cav1tat1ng sources. Thlruvengadam
(74) has reported a value of 6 for thJ ve1001ty exponent

for cavitation,é;mage on rotating hydrofoils and has proposed
several scaling'laws for ‘cavitation erosion.j'ﬂis erosion

results also inditate that the size of‘}he cavitation source
!

~ 7

and the cavifatioh number may influénce the intensity of

erosion.

{ . ; NG o )

‘}Some of the recent tests (52) have indicated that the
maximum- cavitation erosion is associated gwith an optimum
. P

- . I
source size when the cavitation number and the velocity are

4 ’
-~ 0

fixed. These results are discussed in a subsequent section

in chapter 4. In{ﬁhese tests, the effects of Reynolds numberxr
[N .

on the flow characteristics were eliminated by choosing the

‘ .
equiangular shape for some of theAﬁadels tested. It should

—

‘ . b
be added that Reynplds number effects can be severe when the

-

-
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\‘ water turbines (10,

[od

separatlon p01nt of the cav1tat1ng source shape is not flxed, ’

as in the case of some of the earller studles (5, 20, 29, 33,

LS

56, 65, 67, 71, 74).

2.2.2 CAVITATION NOISE - ’ . >

A number, of investigators have indicated that the
N . [ ' :

changé in sound mwessure level of the ragiated sound could be

-~

used to determine the incéption of cavitation dﬁriné”tésts’in

water tunnels (16, 29, 59, 85), pumps le, 44, 85,’89) and

-

44)| The theoretlcal spectral den51ty

“of the nomse radiated by a sxngle spherlcal caQitatlon

bubble is given by Fitzpatrick (19). He has 1nd1bated that

the noise spectra cqorresponding to the early stages of cavi-
tation contain much of the energy ‘in the high fregquency

range. This may be partly attrlbuted to the existence of

relatively large number of smaller bubbles. Recently, Blake

(8) obtained'the cavitation bubble histories for flow plst
a hydfofoil using movie pictures gnd got a theoretical esti- °

mate of the noise spectra which agreed qualitatively with v

v

the spe;)ra associated with the direct sound pressure mea-

suremeng{s.

The- normalized mean square value of the sound pressure

is generally denoted as the intensity of noise I, which is

given by equation 7, \
p2
I—-—-—

pc? T . .

vJ




In most of the studies related to cavitation noise,

*

‘the noise level meter registers. the sound pressuré level SPL
. s . - f

(see notation) with reference to an arbitndmy reference

1
Y .

et . . ) ‘ ’
- pressure. Equhﬁlon 8 gives the cormonly used relationship -

t

between the intensity of noise I and the\velbcity exponent m:

! '

1 =x3 " - : (8)

.

°

" The dependeﬁce of noise level on the flow veiQCity for
éévitating fiows has been studied in the péét to a 1imitgd\
extent. In the analysis reported byLFitzPatriqk (1§), it
has been shown that the sound pressure level caused by the .
bubbles strééming past a c&lindér should 'increase exponen-
tiallf with the free stream velocity. Specifi&ally, the
equnent“was stated to be equal to 4."Blake (8) found

experimentally the value of this velocity exponent for

cavitation noise for flow past a hydroféil to. be in the

range of 3'tq 4. For cavitation tests begind a rear-facing

step, Lugh'(39) measured the sound pressure level and fil-
: ;
tered the signal in an octave band at 8 KHz. His results

indicate that the velocity exponent is close to 4., Ilichev's

v

water tunnel tests (29) on cavita;ing cylinders show that the

velocity exponent depends on the cavitation number and varies
. N\ :
from 5 to 8. For similar tests on cavi%etfng circular cyl-.

"inders and weddes, Varga (85) reported the velocity exponent

for cavitation noise to vary from'4.9 to 5.3 in the neigh-
. . : \ N
bourhoaﬁ of the cavitation number at which cavitation erosion

is maximum.. For flow pasf‘a cavitating hydrofoil, Barker (2)

*

A}
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has stated that the value of the exponent varied from 6 at
the low frequency end (f< 1KHz) to 10 at the high frequency
end of the spectra (10 KHz < £ < 100 KHz)

2.3 SCOPE OF THE PRESENT INVESTIGATION ~

The following aspects of tpe-problem.qf flow past a.

cavitating sdurcg are studied in the presenﬁ'invéstigation.
. N , . v
1. The effects of blockage on the,following hydro-

!

c

\dYnémic characteristics in the upper , range o6f
cavitation numbers (large o) : "

d) Drag Coefficient

'b) -Strouhal Number

. . A
2. The effects of the source size and velocity on

N . ¥
cavitation erosion. oo

® A \

3. The effects of cavitation number and velocity on

the following: .
. . ~
a) Cavithtion Erosion

- b) Cavitation Noise
| ' .

‘\ 4. The effects of wake interference elements on the

~

following characteristics: Y
a) Cavitation Erosion ] -

{
b) Cavitation Noise

r
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i CHAPTER 3
‘EXPERIMENTAL SET UP AND PROCEDURES

¢

A brief description of the equipment used in the pre-

sent study is outlined below. A venturi 'apparatus was used

to study tﬁe blockage effects for flow.past cavitating sour-+

ces. Both the erosion and noise studieé were,cond&cted in a

-

modified test section of the venturi apparatus. A ‘rotating .

i
disk apparatus was used to study the effects of source size

and velocity on cavitation erosion.

3.1 VENTURI FLOW APPARATUS . .

. The venturi flow apparatus (fig.l) is chararterised .

by a two dimensional test section in which the modgl,source

can be housed to study its cavitatioT;;;aracteristics.

-

3.1.1. BLOCKAGE EFFECTS ON DRAG AND VORTEX SHEDDING »

CHARACTERISTICS ‘ .

" The studies on drag coefficient and Strouhal number

Qere congucted in the two-dimensional test section| of the

- ¥
venturi apparatus. It was 154 mm wide and 6 mm‘dekp. Po-

"

lished brass cylinders and equilateral prisms formed the
- b - +

L4

[
[

-pressure transducers. The drag force vas obtained by direct

basic shapes for the cavitation source (fig. 2). [he mini-

mum size of the model was 16 mm. The models were mounted

-as struts across the test seéction (fig. 3). Peripheral
, J .

.

~ S o . A . .
pressure taps were housed /in the cavitating sources and

¢

these weré_connected in turn to a bank of manometers and

.

v

v

o
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rintegration of the steady pressure around the céwgtating

/‘// N
- source. ‘S£S§§/caré/§és taken to properly orienp.the sour-

ce. The requiremen§ of syrmetry of the pressure ﬁistri-ﬁ
-~ bution was used as q#cheék‘in this- context. The flow wasﬁ
<measufe§ with.the help of a calibrated venturi meter.

- The vortex shedding frequency Qas obtained with the
help of a preﬁgure transducer located in the edge of the
wake région of the source. vThe location of_fhe'fiansducer
fbf different shapes and Fizes of the médel was determined
by trial and error to register the primary‘vortex shedding -
frequeﬁéy. The asgociated inst;pmentation is show; in fi-
gure 4. The amplified signal was recorded on a strip chart
recorder and.the recorded data were oftén éhecked with tneé -
help ofﬂa frequency coupter.‘The transducer signals weré
also recorded on a taﬁe recorder. An analyser fitted with a-’
lévél'recordeq was used for §béctral gnalysis of tﬁe rec-
orded.data, espééia@ly when the fréquenqy of vortex‘shedding
was not discernible from direct racords of the strip chart. /

-

"For this purposé, large enough® time samples weré chosen.

If the ffequencykdf vortexlshedding st £, the Qampie‘length
in seconds was,generally’in‘excegs of 500/f. The upper .
range of the cavitation numbers covered in the test spanngd

both nondavitating and partially cavitating conditionms. i

3.1.2 EROSION AND:NOISE TRSTS

Erosion and noise tests were conducted .in the venturii
- ‘[‘ - 4
apparatus in a modified test section (fig. ‘5). The test

section was similar to thé test section described in section

-

r

of
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3.1.1, In order to achieye a wider range of 'velocities, a

where the erosion rate was not highly dependent on time

e

o : o : '

2
. .’ . -
¢

’
narrower cross section was adopted for ail the erosion
tests (61lmm X~5159mm). A polisHed equilatéfal prism of
sides 19.1 mm fixed with ifs apex facing downstream was
used as the cavitatidﬁ source: The test spec1mens were
made of 6.4 mm soft alumlnrum plates (1100-F). These spé~
cémens were cleaned, dried and welghed with the help of a
precision balance whose least count was 0.l mg and fixed
in the downstream .section of the cavitating prismatic_soﬁice.

Following the test for a set duration, the loss of weight of

. / ,
the specimen was determined. The pressure and velogity at

_ 'the test section were changed independehtly to obtain a wide

range of caq}%gtion numbefs.‘/f

Preliminary.testé were conducted to deférmine the
effect of test duration on the erosion rate (fig. 6). The
results were in generaléagreement with published data (503

47) . Generélly, one would prefer to keep the test duration

long enough to improve the accuracy of weight measurements.

However, for tests longer than 120 minutes, it was diffi- .

Y .
-~

cult to keep the water temperature constant and further,
a through hole was formed in the test'épecimen for some
tests. ' Hence, a test duration of 75 minutes was chosen for

 the subseqﬁent tests. This duration was also in a region
I .

(£ig. 6). T :

3

A precision sound level meter (Bruel and Kjaer) was

located at about 300mm from the face of the test sectioﬁ in

»

| st - ——— 5 5 4 v e . e o
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3.1.1, 1In orxder to achieye a wider range of‘velocities,a
narrower. cross section was adopted for ail the eroéion
tests (6lmm X 5.59mm). A polisHed equilateral prism of

sides 19.1 mm fixed with its apex facing downstream was

-

used as the cavitation source. The test spec1mens were

made of 6.4 mm soft alumlnrum plates (1100-F). These’ spé~
cgmens were cleaned, dried and welghed with the help of a
precision balance whose least count was 0.l mg and fixed

in the downstream .section of the cavitating prismatic_soﬁice.
Following the test for a set duration, the loss of weight of‘

. ’ ,
the specimen was determined. The pressure and velogity at

‘the test section were changed independehtly to obtain a wide

range of caqiﬁgtion numbeis../f

Preliminary.testé were conducted to deférmine the
effect of test duration on the erosion rate (fig. 6). The
results were in generaléagreement with published Jata (50)

47). Generélly, one would prefer to keep the test duration

A\

long enough to improve the accuracy of weight measurements.

o

However, for tests longer than 120 minutes, it was diffi- .

Y_ .
-~

cult to keep the water tgmperature constanf,and furtner,
a'thrauéh hole was formed in the test'épedimen for some
tests.  Hence, a test duration of 75 minutes was chosen ;dr
,tﬁé subseqﬁent tests. This duration was also in a region
| )

jwhere the eros}on rate was not highly’dependent'on time
 (£ig. 6). SR

A precision sound level meter (Bruel and Kjaer) was

located at about 300mm from the face of the test sectioﬂ in

»




3.1.1, In order to achieye a wider range of ‘velocities, a
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narrower. cross section was adopted for ail the eroéion
tests (6lmm X 5.59mm). A polisHed equilateral prism of

sides 19.1 mm fixed with its apex facing downstream was

’

used as the cavitation source. Theftest épecimens were
made of 6.4 mm soft alumlnlum plates (1100-F) . These'spé~
cémens were cleaned, dried and welghed with the help of a

precision balance whose least count was 0.1 mg and fixed

in the downstream .section of the cavitating prismatic source.

Pollowing the test for a set duration, the loss of weight of

. e ’
thé specimen was determined. The pressure and velogity at

the test section were changed independently to obtain a wide

l

where the erosicn rate was not highly dependent on time

range of caqiﬁgtion numbefs.‘/f

Preliminary_testé were conducted to deférmine the
effect of test duration on the erosion rate (fig. 6). The
results were in general?agreement with published : (40,

47). Generélly, one would prefer to keep the test duration

A\

long enough to improve the accuracy of welght measurements.

o

However, for tests longer than 120 minutes, 1t was dlffl— '

Y_ .
~

cult to keep the water temperature constant and furtbper,
a through hole was formed in the test'épecimen for some

tests.  Hence, a test duration of 75 minutes was chosen for

. the subseqdent tests. This duration was also in a region

 (£ig. 6). ST :

3

A precision sopnq levgl meter (Bruel and Kjaer) was

located at about 300mm from the face of the test section in

»




S i \ - -

LN

18 ; :

e

.the horizoptal‘plane containing the axis of the cavitation
source (fig..S). The -sound level meter had a built-in oc-
tave filter set with;eleven band pass filters in the range
of 31.5 Hz to 31.5 KHz. A complete spectrum of the sound-

pressure level was taken f#r each erosion test in order to

correlate the érosion data with the noise-datv’

a

3.1.3 STUDY OF WAKE INTERFERENCE ELEMENT TO REDUCE

CAVITATION EROSION AND NOISE. .

For wake interference tests, the test section Qes—
cribed in segiion 3.1.2 wés used. A brass circulaf cylin--
,dgr.formed the cavitating source. 1Its diameter was 19.1 mm,
Wéke interference elements of ;arying\lengths (35.05 aﬁa
bS.Smm) in tﬁe form of a splitter plate were,6 attached to
.the rear of the cavitation source.' The length £ of the:
cavity in the rear of the source was glways recorded during
;the'te%ts.' It is well known that the nonféimensional,
cavity length A (= 2/b) is closely related to the cavita-
tion” number o (59,82); As such, A was chosen as a pérame-
ter in place of ¢. The test specipen cgrsisted of 1100-F
aiuminium plates (6 mm thick)., The au;aéion of the tegt

determine the.we;ght loss due o';évitation erosion was -
chosen to be one hour for the wake nterference tests. -
Tests wereé repeated to check tns consistency .of resﬁltsl
The 1light flicker of a stroboscope was synchronizeg

with the vortex shedding freéquency f of the cavitating

test body. The trail of vapour bubble clusters were ren-

/
VY

u
—

\

™~
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A . a .
-dered clearly visible ‘by this method, especially when the
test body was not fitted with a splitter plate. When lon-:
ger splitter plates were attached to the source -to cause
wake interference, no visible trails of vapour-clgstersf
were present in the section downstream of the source. ‘A

noise meter was located close to the plexiglass covexr of

the test section (fig. 5) to record the noise data.

" 3.2 ROTATING DISK APPARATUS

The rotating disk apparééus (figz 7) consisted of
a circular disk attached to.a rotating horizontal' shaft.
The disk itself was housed in a chamber filled with water.
During the test run, a constant supply of fresh tap-water
was maintained in order to keep the water temperature near-
ly constant. Settling vanes mountéd in the chambef on
either side of the disk inhibited induced circulation of

water. Triangular prisms and.circular cylinders were

adopted as the basic forms for the source of cavitation "

(fig. 7). 'The former éhape is associateé with the flow
cﬁgracteristics that are independent of the Reynolds num-
ber. The sizes ofl the source were limited to 38.1 ﬁm so
that exceséive velkcity gradients were absent across the
face of the source, Downstream of the cavitation source
soft aiuminium (1100-F) test pieces (3 mm thick) were fixed
flush on the diék.

'~ For each t%ﬁ%,‘both the specimen and the cavitation

source were mounted at a predetermined radius. The peri-

pheral velocity of the source was readily ohtained by noting

T A Y
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t1;1e angular vq/iocity of-.the disk, Tests were conducted at
different controlled chamber pressures'to‘ optéin a corndtant
cayitation numbexr. The test specimens were cleaned, dried
1n a dessicator and weighed on a precision balance to an
accuracy of 0.1 mg in order \to obtain ‘tilre weighj: loss,aue
to cavit:':ttion erosioh. For purposes of wisual obser{ratior{,
a strobaoscope waS/ used. N
Tests were also conducted to determine. the effect of
test duration on cavitation damage (fig. 8). A through hole
was fofmed in-the spécimgn for test durations. longer than
40 minutes‘ in. some tests. ' At the same time one woulc‘/i"prefer
to stay away from thg £hreshold value of test duration (ap—

'proximately 9 minutes) . Consequentlcy, a test duration of

30 minutes wds chosen for the other tests in. this series.

3.3 EXPERIMENTAL UNCERTAINTIES

The error ranges of the-observed or computed data

presented in’ the followin§ sections are given in Appendix

II in a tabular form. The error range of the mleidua/l
-

variables are considered in order to compute the error

s

range of non—dimensxonal variables. -

s
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‘. -+~ ANALYSIS §F RESULTS
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4.1 \'HWRODYNAMIC CHARACTERISTI CS OF CAV ITATION

".In the ensuing dibcussions thé draé and vortex shed-

¢

dlng characterlstlcs o cav1tat1ng cyllndrlcal and prlsmah

t

t1c sources are consi red with an emph§51s on blockage /
- . , N ’

,correction.

!
. : ; o : \ .
-, , . I
- ~ 3 { ; ' - ! ) g
4.1.1 DRAG COEFFICIENT . ’ .1
Y . . . ;: "-\\_j )

?

4 1. l l Cylindrical Sources

Whlle studylng the effect of blockage on the drag . !
\coefflc;ent and vortex Sheddlng frequency of cavitating <?

'bodies, the 1nfluence of Reynolds;number onwghe test re- . _J
sults should be qeduced or eliminated. For most of the cF

s N . . . |

normal test facilities that are in use, the Reynolds num- -
A\

ber ranges of the tests span the critical Reynolds number c
of a cylindnical source. As stated earlier, in this range,

‘the Strouhal number- 8 and drag coeff1c1ent C, are very. : }

[tog

sen51t1ve to Reynolds number changes (4,12,42).

Figure 9 indicates that the drag coefficient cha- ' .

- 1 , i . ‘ b
. + . . . ' .

racteristics of cylindrical sources under noncavitating .~

‘ coﬁstraiﬁed flo& conditions (large o) do follow the treﬁd§ ' ‘
.Jreported earlier (49;75,76). The discrepancies between
‘lthe;presenf test data\(noncavitatlng) and those reported
i';aflsewl'nere“cgan be attributed'once'again to the fagt that .

5t

.C. is very sensitive to'Reynolds number effect in the

D - R , 4
neighboﬁrhoed'of‘the critical Reynolds number. ‘

"N




o

_shown in figure 10. The numerals in these graphs corres-

_;prebody pressure éoeffi&ient C

The drag coefficient for circular cylinders. in the

lower range of cavitation number which inclqﬂpd the minbé

mum value of ¢ attainable in the present test set-up is

pond to the préssure dlstrlbutlon graphs of f gures 12 and

13. The line demarking cavitation condition in figure 1Q~

refers to the presepce,of visual initiation of cavitation
- »

I4

as seen with the help'of a étroboscope. The value of the

I3

drag coefficient increases with the reduction of cavitation
v . “ \ .

number up .to a critical value and(thereefter tends to de-
) \

crease significantiy as thelcevit§ length approaches ite
ppper llmlt in the tests. '

As one reddces the cav1tatlen number of the flow,
the flow separation point starts_moylng upstream for the
test conqitione shown in figure 11 and gradually the area
enveloped by the cavlty spans a blgger segment of the af-
terbody and in tthhmmlt (case 3): the separation p01nts

reach thefcrown points of the cylinder. As a result of

this, the deceleration of the flow in the afterbody is 1i-

{

mited. éonseé? ntly, the pressure cqefficient of the af-
terbody sectionséﬁb is Lower for case 3 (partially cavi-
tating) ae compared to gﬁse 1 (noncavitating). Since the
pf is the seme %n.both ca-
ses, a slight increase in the drag coefficient is fegiste-

red for partially cavitating conditions. Further reduction ,

of the cavitation number by 1ncreased velocity or a general

)
decrease in the ambient pressure (case 3 to 6 fig. 10)

o




. L . , . /

. corresponds to situations wherein the flow’accelerations

' on the forebody require Qery low presLurqg at the separa-
tion innt. The pressure at the separation point has ‘a
lower bound which is close to thervapour pressure of water.
As the velocity is increased’ from case 3 to 6 (at a fixed

. r b
> ~ ambient pressure), the limitinmg forebody pressure and hence

the~sepa§ation point for case 6 occur at a location up-

", g stream of the separation point for pase\§;-The forebody

L]

Y pressure coefficient Cpf is hence reduced and the net re-

- sult is a reduced drag coefficient value for cases 4,5 and

6:, Silberman (64) and Varga (83) have pfeseﬁtedxexperimeni

tal d?ta which also indicate tlhrat a decrease in cavitation
number is accompanied-by a decrease ip the drag coefficient

. /\ofycircular cylinders when the cavitation numbers are very

«

. low. Since the effects of surface roughness and Reynolds

number can be significant for flow past cylindrical,sdhr-

ces, the comparison of the different :eSulés in figure 13

Y

must be'ﬁade only on a qualitative basis.

r Tt may be remarked that aﬁrupt chapées in the drag
coeffitients reported by ﬁai&a (83) were not registered
in the present tests (fig. 13) when~the‘cavitation number
was lower%d. ‘Rpshko's model (55) for cavitatinglcylinders
is°al§o included in figuré 13. According to.hym, thé vé—

o [
lue of CD,is egual to 0.5 for zero cavitation number {(un-

1

. ~ : bounded flow). Further, at low cavitatipn numbers (¢<0.5),

~
o] 2 \

., the drag poefficien£ is found to,éary linearly with‘ﬁhe

. c#vitation number: -Waid's test data (86) for Very low

@

¥
N . ‘ N ¥ . -
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a L L
blockage (b/B = 0.027), agrees very well with Roshkao's ('
model (55). Table 2 and- figures 38, 39 and 40 indicate

the choking cavitation numbers (d.p) associated with the
different shapes tested. For the smaller sizes of the

test bodies, available information from other studies is

7

]

shown. i

When the gap vedlocty u, (fig. 3) is

characteristic velocity, the resulting d;ég coefficient
3?1 is nearly cohstant or ﬁon;cavitating"flows (fig. 9).

E

f/syuaxsz, for the developed stages of cavitation, it seems
~ r~to depend-on blockage. i : ;

[ A N
- \_‘{1 .
* - , e

- 4,1.1.2 - Prismatic Sources

- <

-
. v The drag coeffic;gnts,for noncavitating prismatic

©

\lources determined in the present(investigation agree well

with those reported in the earlier studies (49,50,75) «

This is shown in figures 14 and 16 for both‘orieniations
: i .
of the'prism. The dependence of the dray coefficient on

cavitation number for those two bodies for different block- -

- o

ages is' shown 'in figures 15 and 17. The numerals on the’

curves.correspond to the pressgre‘distribution curves gi- ¢
~,/ ven in figures 19 to 24. When the cavitation number o is
h \ : lowered progressively to.reach fully cavitating Eoﬁditions,

the value of the suction pressure at the separatioh points

s

will be reduced. Further, tha larger suction pressure re-
5 .

gistered near the mid~sectioén of the afterbodies at higher

cavitation numbers will disappear (fig. 19). Hence the

will beﬂieduced as fully cavitating

8]

s drag coefficient CD

N o

\. 4 9 r
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‘3b9nditions are reached. Due to the limitations of the ‘ex- |

<

(perimental set-up, the back pressure was rela;ively high '

" and the smaller bodies (b/B = 0.196 and 0.103) could not .

@

be tested for~choking conditions (table 2). Figure 17
includes some of the existing experiﬁentél and theoretical
results for 30° and 90° wedges (35;86) for low blockages
and low cavitation numbers. ' _ - ‘S

For the prism set\ig 0° orientation, a similar com- //

parison of the present test data with earlier results

(35,86) is shown'in figure 18.  The mean curves shown are

. adopted from figure 15.

It should be noted that the drag coefficient for a ¢

o

blunt body such as a flat plate or a prism (6 = 0°) }ncrea—
ses with blockage when the cavitation numbher is sufficient-
1ly high and the flow is noncavitating. _As blockage increa~

ses, the flow gets accelerated near the front edges where
. A

flow separation‘occga; and as a conseguence of this, the

average value of the forebody pressu5§'coefficient gets lo-

wered. However, at higher blockage, the decrease in the

L

average value of afterbody \piessure coefficient more than
compensates for the loss of thrust on the forebody and this

in turn increases the drag coefficient. On the other hand, ~.

as choking copditions are approached (o + cgh)' the s?ction
pr;ssures on the surface of Fhe‘afterbody reach a.limiting

value close to thé vapour pfessure. Moreover, “"the lateral ‘.

constraints of the tJnnel wall must make the flow velocity

)

somewhat higher, .and hence the pressure lower, than their

. ¥
”.
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corresponding values for unbounded flows over the wetted
body surface away f£rom the stagnation point, provided the-

comparison is made for the same cavitation phmber“ (91).

o

|
Consequently, increased blockage yields a lower drag co-

efficient at choking conditions, since the average value

[

of the back pressure coefficient ‘does not change signifi-:
\

cantly and compensate for the decrease in the average va-
\ . . . .
lue of the forebody pressure coefficient. Away from cho-

~

king conditions, the pressure on the afterbody will not
have reached the limiting value (vapour pressure) and hence

the ﬁockage effects tend to follow the trend for noncavi-
¥ .

tating flows. - ’ —

|
-~ An attempt was made to use the gap velocity u; and

the contracted jet velocity uj to normalize the drag force

of the two prisms subjected to blockages. One can use uj

"in place of uy if the contraction coefficient C, is a weak

1

- function of blockage as in the case of the triangular prism.

‘fls) set at 600. The graphs in figurésnls and 17 show that

the values of CD. and CD1 denoting the pfism'drag coeffi—

' -cients based on u, and uy are indeed invariant over a large

' rangevof cavitation numbers. It may be notéd that the va—/////

~
e

lue of uﬁ is equal to the separation velocity ug (=/kﬁ/:

quuation 9 yields the value 3f k in terms of C, and b/B,

~

4

[-3 . .
. B Uy, Us - (9)

—

k===cc(B-bS ulde o

;;///
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For the prismatic sources set with their ‘apex facing down-
=
7 stream (0O orientation), the value of k and the contraction ..

coefficient Cc for a flat plate (62) were used to compute’

[

vy This was based on the assumption that the .afterbody of

the prism-has marginal eﬁfectiZjSthe jet contraction. '

% There is a minimum value of k for each body apape. N
N Hénce,at very low blockages, equation 9~wili unde;estimate

rer

the value of k\ For instance, the limitiﬁg value of k

(=1.46) for a flat plate (62) is reached when the block-
age is close to 0.12, Consequently, for blockages which

"are well below the limiting value (b/B << 0.122;5adoption

of hj based on equation 9 may not be effective as the velo-

city scale‘to account for blockage. Hence, no .attempt

was made to reduce the expefiﬁggfal results from other

‘ studies related to drag characteristics at extremely low

e
. /
o ///// blockages. Further, for flow past a source at low cavita-

l . . ~ -
/////// tion numbers,cD decreases with an increase in blockage ' . )
— “(87,88) and as such uj {= ku) cannot be used to yield a P !
) constant drag coefficient CD at very low cavitatﬁon num- Ve
. 3 . :
.

bers, since k is always greater than unity for all sources.
~ \\
. 4.1.2 VORTEX SHEDDING CHARACTERISTICS

. N ‘ . \
4.1.2.1 Cylindrical Sources . /

~

) Figure 25'shows the blockage effects on thée vortex
shedding frequency of circular cylinders at large cavita-,
~ tion! numbers (noncavitating). The S%rouhal numbers S and

S; are formed using the undisturbed velocity u and the gap

‘>
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velocity uj respectively ( £ig. 3) . The experimental results

denoting the SEfouhai nuﬂBEis for cavitating cylinders a;gﬁﬂ

.o
° ‘ . '

L ’ —— B H
plotted mgainst caviteiion number in figﬂge 26. Due to the

limitations of the test\ set-up, the smaller soﬁrce (b/B =

The

!
trend towards the choking condltlon ig 1nd1cated by the

' dotted lines in this flguxe. \ Since the Reynolds.number

of the flow was close to the cfitidal Reynolds pumber, the

4 l
no clear dependence of S and S7 on cavitation number éf
blockage can be established. When the cav1tat10ngnumber

A - N .

was gradually reduced to reach cgoking dQ<§itions% vortex

shedding occurred intermitténtly. A .few typical pressure .

pulsation records add power density spectra\for the cavi-
tating cy;lnder (b/B = 9.165) are shown in flgures;27 and
28; The test resuits 6f other investigators ard cgmpared
w1th the general trends displayed by. the ‘present data in -
figure 29. 1In some earlier investigations (Gé, 70) it was
shown that the Serouhai\numbéf for cavitating cylinders
'reaches a minimum end starts rising aéain as the cavita-
tion number is reduced. However, in the present tests, the
streuhal numbexr eontinuously decreased following a.small

. increase as choking conditions were approached. Sﬁeh a
dependence of Strouhal numbeé’on cavitation number‘has also

Been\reported in some of the studies related to cavitating

flow pasthﬁwq'dimensionel wedges (93) and cylinders (56,

o 2
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61, 81),

.. The mean curves denoting §; for the two cylinders
tested G@nd to mefge into a single curve for non;cavitgting
(fig. 25) flows. Except in the vicinity of choking condi-

:tions, this characteristic holds even for partially cavita-
ting conditions (fig. 26). - y

4.1.2.2 Priématic Sources:

o The effecé of blockage on the\ vortex shedding fre-
quency of cavitating prisms is clearly seen in figures 31 .
and 33. Here, the source-shape chosen eliminated Reynolds
number effects. A sequence of bressure records and corres-—
ponding power density spectra for the triang&iar prism set
at 60° orientation (b/B = 0.326) is shown in‘figures 34 and

35. These figures provide a clear contrast between the

\
type of signals registered for the prisms and the cylinders.

The dip in the vicinity of 63 cps and 200 cps in a%l the

spectral graphs (figs. 28 And 35) is due to the shift regis-

tg;ed by the level reéorder as the different band widths are

~scanned. As such, this dip should be iénored while inter-

. preting the spectf%. _
When the choking conditions(gre approached ffig; 34),

-

the pressure pulsations occur only intermittently.. The
-

trend indicates that the pressure pulsations and henée; the

'Qortex shadding will cease when choking occurs., The high

'spéed movie pictures show that little or no interaction

occurs between the separated sections of the flow when

r\“
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t cheking conditions are approached. This observation jig
¢ ° N

. found to be true for all theléhree sou}ée'shapes tested.
‘As one approaches  choking stage, it is difficult to analyze
the vortex- hedding phenomena 'using high speed movies and
i

this diffi¢ulty is expressed by other investigators too

(68, 70, 93). To get reliable data, especially for the cy—-
Ll “ ) o

lindrical sources, numerous strips of photographs are to be

taken, since the vortex shedding is irregular near choking

/

conditions. The need to keep a minimum film speed (Erames

per second) to ensure proper resolution, often restricts

I

the sample’ lengths that can be obtained. On the other hand,

the ‘continuous recording of the pressure signals enables

one to obtain a large enough sample without sacrificing re-
B P

solution. The spectral plots (fig. .35) of the pressure

signals are characterized by well defined peaks'for,thg

A}

prisms when the cavitation numbers are sufficiently high.

However, for conditions in thé& vicinity. of choklng flow, the

spectral plots Are characterized by wide b nd noise and

are lndlcatlve of the absence of vortex shedding. Young

and Holl (93) have also stated that vortex shedding ceases
for cavitating wedges when choking conditions prevail. The

absence of vortex shedding in the vicinity of choking has

14

alﬁo been reported for cavitating flow past cylinders (56)

and spheres (66).
. . . ‘
The values of sj and S, a nearly invariant for the
. !

oy

. [ ! Y
prisms set at 0° and 60° respectively for a wide rangngf

‘cavitation numbers (figs. 31 and 33). The agreement of the

!

o
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' 4.1.4 BLOCKAGE CORRECTION FOR CHOKING CAVITATION NUMBERS

’ 31 /

Strouhal number data (figs. 30 and 32) with earlier.resﬁiti\\\'

is quife;glose. In the fully cavitating region, the curves

denoting different blockages are expected to reach choking
. []

conditions (¢ + oo - S = 0) at different values of the cavi-

tation number (table 2).

4,.1.3 BLOCKAGE CORRECTION FOR CAVITATION NUMBER

As discussed already'in the previous sections%'it is

clear from figures 10, 15, 17, 26, 31 and 33 that the depen- !

+ dence of the modified parameters Cpq, CDj S§1 and S4 on
¥ 4 .

blockage is limited to very low cavitation numbers (o =+ ogh).

However, an attempt is made to remove this dependence by re-~

‘'placing o by the modified”cavitat§on numbers o} and cj as \

shown in figures 36 and 37. 8Since the present experimental

o

r%;ults for choking conditions are confined to the higher ‘

blockages, additional experimental data from another source ' \

is

(43) is also included in figures 36 and 37. It may be of
o ' "
interest to note [that the reduced forn of vortex shedding

data of Young (93) shown in figure 37 starts departing
from the general trend at lower cavitation numbers, since
the flow constraint was extremely weak'(b/B =.0.02) for

thése tests (see section 4.1.1.2, page 27). -

For fiqw past a cavitating source fixed in the test

sgétioﬂ of a water tunnel, the minimum value of the cavita-

L}

tion number attainable is'a function of the blockage and

'3

the source shape. As the cavitation number decreases, the
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cavity lengfhens ana eventually becomes extremely long at

a cavitation number greater than zero. Under these condi-

tioqs, the Funnel is said to be chokfd and it is not possi-

ble to further reduce the Ygiﬁé of ﬁhe cavitation number.

The effect of Ehokingfis important since it limits the abi-

lity of a water tunnel to operate at low cavitation num-

. bers. Theoretical (7; 14, 79) arnd experimental‘(ll,k}7,
43) evidence 'indicates that a larger blockage.is associ-

aéed with a higher value of the éhokinq cavitation number

Och- Figures 38, 39 apd 40 show the chéking caygtatian

numbers for circular cg}inders and prismatic shapes. Since

the present test results for choking conditions are limited .

. ¥ - 3
to larger blockages, data from other sources (7, 1ll, 37,
43) are also included. An attempt is made to examine the
effect of the use of uj and uy to reduce or eliminate the

blockage effects on oghp. The resulting modified choking

. . . . . ”
cavitation numbers Ochy and oChj are also indicated in fi-

/L

’ ]

gures 38, 39 and 70.‘ It is clear from thesé figures that

9chy and °chj are negrly independent of blockage except.

at low blockages

e ) '/,-,
4.2 EROSION AND NOISE CHARACTERISTICS OF CAVITATION

\

. K

4.2.1. EROSION DUE TO CAVITATION

«

j
4.2.1:1 General Remarks

The high transient prejsure and sho7k waves asso-

clated with cavitation ero the material in the proximity

%

A
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of a €01lap51ng bubble. Earlier studies related |to clvi-
tation er031on in a variety of metal specimen \lnﬁlcate
that structural damage can occur due to high {intensity
pressures causedﬁby blowst (33, 73). Direct evidence has\
been p ovidéd Ly a few investigatgra)to show h;t large
mechagical stresses develop dtothe region of bubble 51~

lapse (5, 18). -Single biow"cratering is not uncommon due

© . to cavitation collapse (22, 33). Howevex,'a low phenom-

4

enon capablé of generating a pulsating pressur field

can .accentuate the damage potential'of the cavitation sys-

. . . 4
tem. 'This is especially true when one recognizes that

structural damage has been/attrlbuted to fatlguq failure

(20, 71) at stress 1nten31t1es which are’ 1nadequLte to

. cause damage by single blows (35).

At flxed cav1tatlon numbers and test specimen mate-
rlal characterlstlcs, one should expect both the 1ze of

the cavitation source and the frequency,of pressure pulsa-

. ] .
tions to significantly influence- the intensity of |erosion

and noise due to cavitation. The results of the study
undertaken to determine the effects of source size and
velocity on the cavitation erosion.chaﬁacteristic are

~outliﬁed below-.

4.2.1.2 Effect of Source Size;gﬁa Velocity on Erosion
: !

The erosion studies conducted in the rotating

~

. . ) 4 -
disk apparatus provided the variation of weight loss due -

1

to cavitation for spécimenq mounted in the rear of the

cavitation sources. The cavitatiog.data was obtained at

A

r

4
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fixed cavity 1en§th. The latter denotes fixed cavitation

numbers (33). [ ) 4 . s

Figure 41 shows the cavitation damage test data for

three sets of yelocitiesnin which 4 circular cylinder wés

used as the cavitating source. Since the test range

spans, the crltlcal Reynolds nunber for all the present

&
c

tests ?he frequency of vortex sheddlng and the pressure
pulsations in the source wake depend highly on

29} Reynolds
/
number. In the vicinity of the critical Reynolds number, .

&

\
the change in the Reynolgﬁ number 1sm;ccompan1ed by sig-
nlflcant shlfts in the location of the separatlon p01nt.

This in turn will alter the frequency of vortex shedding </
. s .

v and hence, the frequency of pressure pulsdtions.

1

This

~characteristic of the flow has been confirmed for hoth

cavitating and non-cavitating cylindrical sources' (30,
. ‘ ] LY - ’ '

51, 53). Consequently, for the tests related to the ef-

- v . . . . .
fect of Source size and velocity on cavitation.erosion,*

v

-1t is desirable to choose a source shape for which the

Y

Reyﬁblds number is not a primary factor determlplng the

- behaviour of the flow. . . o,

’ The.loss of weight data for the triangﬁlar source

is shown in figure 42. The:pgismatic sources have fixed
flow separation points and the flow characteristics are’

+ not hependent»on Reynolds number. - When the cavitation

number and the source velocity, are fixed, /Gecrease in

i
the S

tuati

ource size 1ncrgases the frequenpy of pressure,fluc—

ons.

~

’

This is reflected in the increased damage




(weight:loss) up tona certain"limitihg sodrce sizei(fig.42)n

vt ’ \Clearly, when the source size is made extremely small, its

.y effect is 1ocal'and not, ser ious damage should te expectedn

_In other words, for a glven set of controlled condltlons

. , (flxed velocity and cavitatlon number), there is a comblned

‘ ’ q effect of source saze(‘scale) AQd frequency of pressure

T ' , 'Q", ‘pulsations whlch render the weight loss (cav1tatlon damageﬁfﬂ’

. e - to be a maximum.> Thls trend was confirmed for three sets \
T A . of velocities. - ¢ . ‘ -

The flow field associated with a rotating disk fa-

-

.o ’clllty at the- location of the cavitating -source is rather

** complex in view of the fact that the flow is highly sheared
- This nece551tated m@re controlled tests_;n a zwo damen-

T - sional water tunnel to study the effect of cav1tatlon num-
' ber/and the velocity exponent for eroeio; and noise. Con-
: . o ‘ sequently, some tests were g@lso conducted in a yenturi‘é

test section using a prismatic cavitation source. The

'results of these tests are discussed in the folloﬁing L

X Y.

I section.
’ »o } v,

°

I a. 2 1.3 Effect of Cav1tat10n(Number and Velocity on .

i R s < Cav1tatron er091on//T . . . “

. . Since Reynolds number effects were ellmlnated wlth

<the“use of the prlsmatlc cav1t\t}ng source in the present
S tests, the varlatlons 1n both the cav1tatlon erosion and
' . . . 1; . \

) cavitation noise recorded can be dlrectly traced to the

Lo L variations in the flow velocity and the cavitation numberﬂ\
SRR . / » .
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Flgure 43 shows the erosion of' the tesﬁ specimen as a

functlon of the cav1tatlon number. The flew veloc1ty has
bgen°used as the group parameter. Due to:equipment limi-
tations, the erosion data for the highest-welocity could

not be obtained for higher cavitation numbers. Neverthe-

¢

, less, the cavitation number for maximum erosion can be

\
identified for a1} the cases reported. Figure 43 shows

that cavitation erosion depends strongly on the cavitation

number at a givgn velocity. As the cavitation number is

decreased, the erosion increases, reaches a maximum and

then decreases with decreasing cavitation number. This
7 ) T .
characteristic of the erosion curves (fig. 43) can be

" attributed to the following facts.

’ ‘ 1
It has been observed that the cavitation bubbles

- ‘ .
'\move approximately at the same speed as ‘the liquid (31).:

)

The length of cavity increases when the cavitation number

‘

is reduced beyond-the point of incéption. As the cavita- -

.tion number is reduced by decreasing the ambient pressure

P at a fixed velocity, the dominant bubble size bécomes

lafger,'sincq the time available for bubble growih is
longer. Thé larger bubbles penetrate the high pressure
reéions and their damage potentials are.higﬁer. On the
other hand, reduct;io'n of P also results in a reduced :;ol&
lapse pressure (72). This amounts to a rééuced damdagsﬁ\
potential at 1owér cavitation numbers. In fact, very
1ittlé damage is sustained when 'the cavitation region

L ] .
entirely envelops the test specimen (22). Consequently,

0
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the overall damage potentiéI of the bubbles will increase
! !
to a maximum and then decrease due to the effect of the

two opposing vafiables, namely the size ©of the bubbles

and the ambien€lpressure at which they collapse.

The dependence of erosion on the cavitation number

is similar for the five ve%?cities tested in the present

study. The,gévitation numbers at which the peak erosion

b

occur, stay within a narrow bamd (2.7 < o < 7.9} and

this is qualitatively in agreement with the earlier pub-

lished data (9, 22, 29, 69, 74, 85). However, the cﬁoice
of circular cylinder as a cavitation source often may lead

to ill-defined relationships between cavitation erosion

and cavitation number (9, 52, 69).

! “

4.2.2 NOISE DUE TO,CAYITATION L

~

4.2.2.1 General Remarks
b I .

/
. It is well known that hydrodypamic cavitation is

aiways associated with a loud hissing sound as a result

- of tﬁe growth and collapse of the vaﬁpur cavities. ~The

magnitude of erosion due to cavitation_a&nd the sound pres-.

sure level are determined by the distfibution of cavita-~

tion bqybles with respect to theiry/ number, size, spacial -
location/and‘implosion rate. Hence, it is reasonable to
expect a’élose relationship betﬁpen the extent of cavita-
tion erosion and the intensity of cavitation noise. It is

v

. j _
beneficial to study. the effects of flow veldcity and cavi-

- tation number on cavitation noise besides cavitation ero-

—

- . »
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sion., Hence, a few tests were conducted to determine the
effect of velocity and cavitation numberr on cavitation'
noise for a fixed cavitating prismatic souﬁce set in the

test section pf the venturi apparatus.
I3 -

4.2.2.2 Effect of Cavitatieq Number and Velocity on

<

Cavitation Noise

~
B

Sound pressure levels were obtained for different’ b
cavitation numbers at fixed flow velocities. Figure 44

shows a typical spectral distribution of sound pressure

\

s M . . 4 3 . Ld 3 ‘
levels at a fixed velocity for various cavitation numbers.

An estimate of the backgrouhd'noise wag obtained by regis-

tering the sound pressure levels for test conditions at _

s

which there was no visible cavitation. The background /

noise levels were relatively very weak at higher frequen-

’

cies. Figure 45 shows the spectra of the sound préssure
levels for different flow velopities at a fixed cavitation.
‘nunber. At fixed cavitation numbers, the sound Rressure
ievels in the high.frequency range (f > 2000 cps) appear
to .increase with\veIoéity. The drastic reduction inethé
sound pressure 1é 1s atw31,500 cycles per second is at-

“ tributed té)the #requéncy response (20-20,000 cps) chart
acteriétics of the microphone.

For the test series aimed at correlating erosion

and the associatéd noise, the sound preséufe levels were

| AN
registered after%setting the center frequency of the oc-
tave filter at SJOOO cycles per second in oxder to limit

7
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e ' the interference of low frequency background noise.
) Figure 46 shows the measured sound p}essure levels
. of cav1tat10n noise (f = 8000 cps) for the same test con—
ditions as for the erosion tests ( fig. 43) Beyond the -
inception point, the sound-.pressure levels increase with <

the reduction of cavitation number, reach a peak value and

decrease with further reduction of the cavitation number.

At the inception of cavitation, the sound pressure level i

1

increases due to the formation and collapse of vapour o

| buhﬁées. This is espec1ally true in the high frequency

&

‘ range of the spectra; since the smaller bebles are asso-

ciated with higher frequencies. As the cavitation number

is reduced further, the number of bxfbbles an%s their col-
, lapse pressures increase and this in turn increases the

* radiated sound pressu#e. 'The formation of longer cavities

at lower cav1tatlon numbers promote the growth of larger

bubbles at the expense of smaller ones. As the bubbles
grow bigger, they absorb more and radiate less noise in

the high frequency range. Hence, the rise of the sound A

pressﬁre levels at -the high frequency band is limited, as
one approaches the lower range of cavitation numbers.
This also accounts for the reduction of the high frequen—

cy noise as choking conditlons are approached.

- 4.2.3 CAVITATION EROSION AND NOISE LATION
The peak erosion and peak nois@ occur in the same

] narrow band of cavitation numbers for the present test | ‘ﬂ.

. . N
5 / @ s
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series (figs. 43 and 46), Although~the~n01se peaks are

less well defined than the er051on peaks, an attempt was

- made to correlate the peak erosion with the peak noige

(f\ig.I 47). The verticel bands in figure 47 show the

ranges of cavitation numbers with which the peak noiée‘

(fié:i}6+/éan be associated. ' Clearly, there is a very
clos® correlation between peak erosion aqd peak'noise,
which is in agreement with the resul'ts of earlier thvest-

igations (16, 29, 45, 51, 85). ! . A
) ~ "f.

4.% 4 VELOCITY EXPONENT

With the help of the results shown in figures 43
@nd 46, the velocity exponents ng and m correspondlng to
to peak erosion conditions were obtained foffthe"weight
loss W and the noise intensity 1 respectlvely._'Flgure 48
shows the dependence of both the peek noise and the peak
erosion as functions of the flow‘velocity. It is clear
that the velocity exponents ﬁi and m are almost identical
and possess e‘%alue of 5.45 in the'velécity range tested. .

In the present test seriee, it mesﬁnbe noted that

the exponenL’s %J_ and m corresponding to peak erosion con-

dltlons were obtained when the source.size and blockage

. were flxed. Further tests are requlred to study the

i

,Jeffects of plockage and source 51ze on the velocity. expo-

nents since peak erosion also depends on the source size

-

(52) and blockage (28). ,
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iAs part of the general study related to the’hydro—
dynéhic characteristics of flow past cavitating sources,
it was felt desirable to explore a method by which cavita-
tion erosion and noise can be reduced basqg on a principle

of drag reduction. The following section is related to

©

this aspect of the general problem. -
/ <

4.2.5 EFFECT o? WAKE INTERFERENCE ELEMENT ON CAVITATION
\
l
EROSION AND NOISE

The results of the experiments are related to
a spécific problem 6f cavitating flow past a‘£w0'dimen-
sional cylindrical body to which a wake'interference ele-
ment in the form a splitter plate is attached at the rear.
It is weli known (1, 3, 54) that considetaﬁle reduction
of the fluid_dynamic dr;g of a bluff body occurs when a
splitter plate is attached to the rear of the body. This
change is a result of the lack of pressure communication
on either side of the line of symmetry in the near wake.
The éplitter plate peﬁmits a reattachment of thé/flé;\ux_l
which‘separateégfrom the main body and prohibits the in-
teraction of the shear layers.

Figures 49 and 50 indicate the effectiveness of

the splitter plate in reducing cavitation damage. In the

.case of bodies fitted with an appropriate splitter plate

AN

N _ .
oﬁly a supexficial damage occurs. This damage is restric-

\\ .
ted to ‘the removal of the surface shine. The attack on
. N\ ‘

the test specimen is considerable for the same duration -
- N )
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when there is no splitter plate. -\;
igure pla shows the graph of weight‘;oe; W due

to cavitativn damage as a function of eavify length a2 with

the 3p11tter plate length x/b as the family parametern

The reductlon of welght loss is particularly significant

for the test body with a splltter plate length of x/b

equal to 5 or more, for all cav1ty lengths. \\\\\;
The near synchron&zatidn of vo;tex shedding and the ™

discrete pulse frequency of the stroboscopic light confirms
;he'existence of a predominant frequency fftin the fre-
qﬁency spectra of the near wake flow of the cavitating
body reéorted by other inyestigators (81, 93). As stated
earlier, the visible wake‘trail of vapour bubbles was.not
present for the case where lekg\r splltter plates were
attached to the test body. This may in part be due to the
higher base pressures associated with cylinders carrying
splitter plates. .
Figgre 51b shows the'results of noise analysis in
a wide band width (2000 to 20000 cps). The lower limit
of this band width was chosen to eliminate the influence ‘
of beckground machingry n019e whxch was significant up to
2000 cps. The frequency response of the nicrophone imposed
a restriction on the upper limit of the band width ;f anal-
/ysis. 'The close correlation betweeg tne reduction, of cavi-
tation noise and cavitation erosion in figure 51 also up-

holds, the ‘resultd$ discussed in section 4.2.3. Table 3

summerizes the results of these tests.
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‘over a broad range of cavitatién numbers (except in the N

43

L

CHAPTER 5 )
SUMMARY AND CONCLUSIONS

~
n -
o

5.1 CONCLUSIONS

1. The drag coefficients of partially cavitating bodies
such as circular cylindei"s and triangular prisms increase
due to wall interference effects when the cavitation num=-

. ' \
bers are relatively large. The trend of the present drag!

data indicates that "iﬁ\e wall interference éffects are small

hear zero cavitation number. For constrained flow past tri-

- {

angular prisms set at 60° and 0° orientations, the gap ve-

locity p; and ‘the jet 'contracti).on velocity uj are the pro-
per velocity scales that yield nea;:ly lconstant drag coeffi-
cients over a wide xl'ange of cavitation numbers.
) For constrained flow past prisms (6 = 60° and 00), the
Strouhal number of “the 'flow is nearly constant until cheking
cnonditiqns are reached. The Strouhal number increases slight-
ly v}itﬁecrehsin’zg cavitation number as choking conditions
are approachéd and later reaches the zero value. The shedr
ding of vomstices stops when choking conditigns prevail. Thé
vélogity sqales u; and u.j provide a nearly constant Si':rouhal
number for constrained flow past prisms (6 = 60° and Oo),
neighbourhood of choking conditions). The corresponding
tests for studying the characteristics of constrained flow
past cylindrical sources are inconclusive as the Strouhal
number o\f the flow is thighly'dependent on the cyLindér Rey-
- .o ”
nplds number.

A3

[ 4
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The velocity scales u; and uj can be utilized to form -
the modified cavitation numbers to unify the drag and vor-
tex shedding data for conetfained flows for moderately lar-
ge blockages for all cavitati;n numbers. For moderately
large blockagee, podified choking cayitation gumbers (achb
and o, ) which are nearly constant can be obtained if u,

emd uj are used as the velocity scales.
#

2, Althougﬁ‘the flow associated with the rotatinghdisk

is very. complex in view of the fact that the flow is hlgh—
1y sheared, erOSLOn test results 1nd1cate ghat the cav1ta-
tion erosion caused by prismatic cavitation .sources in the
alumlnlum speelmens can be-explained in terms of the size

(scale) and the fluid dynamic variableg(velocity)f Speci-

fically, for fixed cavitation humbers‘and velocities, there

is a critical source size for maximum erosion of the test

specimen when -the flow charecteristics are independent of
Reynolds number. The variation_of weight loss with the
size of the cavitating source is very regulaf for the pris-
matic source and it contrasts with the incoﬁclusive'results

obtained for the cylindrical source.

3. . For a fixed veloc1ty, both the weight loss due to ca-

vitatlon erosion and the correspondlng sound pressure le~
§

'vels measured in the high frequency range depend on'the e W

cavitation number. The variations of erosion and sound

3

., pressure level with cavitation number are very similar for

all the velocities tested. At fixed velocities, the peak

.

T
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erosion and the peak noise appear within a narrow band of
cavitation numbers. There is an excellent correlation bet-

ween the cavitatiorr number at which the peak erosion occurs

L 4

and the cavitation number at which the peak noise occurs. -
+ . J‘ s .
Increased weight loss and noise are observed at increa-— /
N 3
sed, velocity for both the cylindrical and the prismatic

~

sources. The velocity exponents n; and m are found to be

close to 5.45 at peak erasion conditions.

4. Cylindrical structural components can be fitted with ~
,simple wake interference elements such as a splitter plate |

‘1. ) K
to reduce cavitation erosion and noise.

!

5.2 FURTHER REMARKS\ ~
" The results of t\he present study prov1de useful

l : |

'1nformatlon to the 1nvestlgators who are obllged to use k |

large models of structural elements of hydraulic mach:Lnery

-

%

in water tunnel studies.
As a further extension of the present investigation,
one could explore the effects of dissolved gas and free

nuclei on cavitation erosion, cavitation noise and choking A

cavitation number.
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TABLE 2: oy, FOR THE CAVIEFATING BODISS
—ch s

BLOCKAGE MINIMUM .
BODY SHAPES RATIO o Scn  REFERENCE
b/B FOR PRESENT .
TESTS -
= 0.165 . 1.38 0.91 n-
Paid
B 2,02 P t
\ - resen
L { | o.327 2.02 2.0* 7
‘ , 1.7 11
q
' 0.8
) 0.103 2.82 ' ko - 43 _ -
1.07 : ‘
AR B 14 (
—_— b B 0.196 2.94 to 43
1.63
{ < ,
-’ ' . 2.15 Pressat
4 0.326 2,15 2,09* 7.
. . !
. 1.02%* 7
0,103 2,94 1.06 14,79
' : . 2015 43
! _ 195 7
— B 0.196 3.12 1.87 14,79 .
— | 2 to 2.2 43
3,‘51 Present
0.326 3.3 3.37% .
' 3.69% 7

*Using thenaasured drag and equation (4) of
**Using drag from fig 4 and ejuation {4) ol

Note: See also section 4.1.4 and figures 38, 39,

a

-

(7) part X
and 40 .

»
m 17) Part I 1py.p n1atel




“ )
- e T4 . . -
== - .
‘ ‘ Y102 .
. : 4 - - - [
“n / . - , '(‘ f . .
. .
> - . ) L i e
- - rd
3 ' 1)
- . - v ) - .
A N
& e . o
v N ! W
. -
. . | : - '
. < ‘
* &' - 1
, TABLE" 3 . '
F BN -
TEST RESULTS OF WAKE INTER?ERENCE ELEMENTS - - ‘
< - T0 REDUCE CAVITATION EROSION AND NOISE B T -
70 RE
v P . -
l\ o . l . 4
& o - .
- 1 x/b = 0.5 x/5 = 1,835 “%/b = 5.0 - -
" ’ ’ ! * K . .
a W NOISE W . | NOXISE w ¢ NoIgR ' ‘
Milligms| aB Milligms| aB Milligns das . ® , t‘
< ¢ .
K 2.08 | 177.4 . 102 56.6 { 101.7 o 92 ) )
. . ' vy - T
- . . ) .0 ¢ ,
2.67 62.4 | 101 33.0 | 100" 92
~ ' ’
N -
3.5 0 95 ¢ 93 0 90
Material: . - Aluminix 1100.7. \
Test Duration: 1 hour *
Velocity: 31.79 mps ¢
Reynolds Number: 22 = 5,30 x 10° '
Blockage: % = 0.312 '
’ ~ A = Non-dimensional cavity-length = %
© x = Splitter plate leagth . ”

ol

b = Diameter of cylinder
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COMPUTATION: OF VELOCITY EXPONENTS Lo -

- ' 110 ' ’

SPECIMEN COMPUTATIONS

]
/

L4

. a)

‘or . .

Exrosion
Weight loss p N

W a uly ’ . ‘ Cl)

Jlog, W a nllog,llou \ X ’ (é)

At peak erosion conditions, from figure 48, the®

%

slope of tf.he line log, W versus log, ;u'gives, n1==/5.45.

b)

Noise / ‘

Noise intensity,

: p2 .
I = — . . (3) -,
pc?2 , ’
I ' AN
At peak erosion conditions, J
I o u® , (4)
‘oxr < S ’ ,
log,,I o m logiou e - (5)

1 )
For constant p and c,- '
2 log,,p o m log, ,u (6)

Measured sound pressure level (SPL) 0

SPL (dB) = 20 1log,, 1—,—2_—’ T (7)
re '

Hence, for a constant reference pressure, from equa-

tions (6) and (7),

it

2t bt 2k




" .. - - SPL (dB). & mlog, ,u T8

. ' 10 &
) . From figure 48, the slope of the line log,, u :
i ‘ versus SPL (dB) gives m=5.45. . . .
g ‘ e -
¢ “ 0~” . o .
; - 3‘ . ? _ \ ‘ «
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’ APPENDIX II*
i o

EXPERIMENTAL UNCERTAINTIES

N
—
.
.
.
N
-
.




, FIGURE TITLE
1 Venturi Apparatus
N, |
2 ' . cavitating Bodies

% o 3 Cavitation Test Sec-
- ’ tion
) 4 Instrumentation
5 Test Section for Ero-
& _ ' sion ‘and noise studies.
6 ‘Effect of Test Dura-
N g ‘tion on Erosion, Ven-
_ . turi Apparatus.
) i ‘
7 _ Rotating Disk Faci-
| 7 lity.
\,‘\*
: Q‘8 Effect of Test Dura-
tion on Damage, Ro-:
N tating Disk'ppparatus.
k
9 Drag Coefficient, Non-

cavitating cylinder.-

L]

EXPERIMENTAL UNCERTAINTIES .

REMARKS—ERROR RANGE.

“

r

e, -0001
b/B = .165 £ Tgoo -

.327 + .0005

.0003

103 ¢ -0001

.196 *+ .0005

.326 + .000§
R(Typical): + 2.5%,0 +.5°

Linear measurement % .02 mm
Angular measurement t .50

e

As in fig. 3

. a oy
. Time: * 1 second *
Weight Loss: *+ .05 mg

Jinear measurement + .02 mm
Angular measurement t .05 mg
o+ .08 ’

R(Typical): * 2.5%

Time: * 1 second -
Weight loss: * .05 mg
u + .05 mps w
o % .OSW ‘ ’

Present:  R: as in f<g. 2
.Present:l

“Present:‘ C
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11

12

13

14

15,

16

.17

Y

TITLE o

Drag ‘Coeffic ient, Ca- C

REMARKS:~ERROR RANGE. '

D + .06 ¢
vitating Cyllnde\r. ) Cbl + .04.
g . 05 “ . . * . ‘
.
Pressure Distribution R: as in fig. 2 |
for Cylinder. - N} + .05
; ° Cc_ -+ .0
. ~ p . a T I
‘ ‘ - ® ) |
Pressure Distribution As in £ig. 11 . |
for Cylinder C. : .
) L o ' ‘
“Drag Coefficient, Ca- Presént: R: as in fig. 2 - _
vitating Cylinder. c + .05 .F o
. ' -CD + .06 . ‘
- ’
- ° |
Drag Coefficient, Non- Presents CD + .06 . ]
cavitating Prism ¢ =0 ' : . .
- Cp, ¢ .04 . l
» 1 . \
C~ + .02, . ¢ i
Ve D_ ’ .
Drag Coefficient,’ Cav:.— . GD' + .06 1
v1tat1:ng Prism 9 = 0° e '
. p, * .04
1 |
- C,° % .02
‘ A\ ” A Dj . -
) ‘.,‘ v , g i 005
ﬁrag coefficient, Non- Presént: CD + .06 : o . :
qav1tat1ng Prism e + .03 .
9 = 60 Dl * e*
Drag Coefficient,: Ca- ‘Present : CD + .06 , ' .
vitating Prism . kX
e = 600 °p, * -04 N 3
N - v ' [+ + . 05 . ‘
e ~ ot | “ .
’ |
Drag Coeff1c1ent, Ca—- o Ch ¢ .06 . -
vitating Prlsm o + .05 |

e = 0° '




A

.8 =00

. 9, +=600

" 114

> TITLE: .,

Pressure Digtribuytion
Cav1tat;pg Prism

Préssure Digtribution

Cavitating Prism

6 = Qo

" Pressure Distribution

Cavitating Prism

= 00O . ]
=0 A

e
» / '

a

Bressure D15tr1bu€13h~—/£s in

Cav1tat1ng Prism

; '
3 . //

Pressure Distribution
Cavitating Prism.
8 = 60°

Prfssure Dlstrlb&§10n°
Cavitating Prism
e=-600 -

Strouhal Number, Non-
cavitating Cylinder.

// .

Strouhal Number, Cavi-

-

" tating €ylinder-.

o . ) )
, 1

Pressure Records, C§—
linder b/B = -165

Typical Power Density
Spectra- Cylinder,' -
b/B = .165 e

&

As in

REMARKS-ERROR RANGE

¢

C
P

.05
003

I+ 1+

\

As in fig. 19

e
\./{

As in fig.

£fig. 19
As in figqg.
19

fig.

Present: S

-

i
g

Time +

|

19

+
4

*
t

*

t

19 |

.0025
.0023

as‘in fig.12

, .
.0025
.0023

as in fig. 2
.05 .

.05
.25%

dB: sought only relatlve

value.

4- ,05
£ equency - 25%




30

31

33

34

35

36

32,

\

\«
N

TITLE

Strouhal Nuﬁber,(Ca-‘
»#itating Cylinder.

Strouhal’ Number, Non=
cavitating Prism ~«
e = 00

-~

-

Strouhal Number, cavi-
tating Prism’
86 =0

o

Strouhal Numbef, Non-
cavifating Prism
e = 60° /

3

Strouhal Number, Cavi-
tating Prism
6 = 60° :

: .
Pressur& Records, Prism

‘e = 60°, b/B ='.326

Typical Power Density
Spectra Prism
" @ = 60°, b/B = .326

\

\ o P

Vvariation of)g . & S.
D.
. J ?

* with oj,for Prism

e = 0°

Variation of CDl & S

with o; for Prism
B = 600

R‘E‘:MARKS—BLFIOR RANCE. &
ot .05

. R: as~in. fig. 2
S ¢+ .0025

‘81
S.

J

.0025
.0023

.00}7

W+

' .0025

.0017"
.05

o
0n
e

o

8§ & ,0025
S t .0025
g t .05

. ¢ t .05
time: 0.25%

¢ % .05

frequency * .25%

.dB: sought only relative
. value i

CDj + .0?
S. Y} .0017
. + .01l6
‘ . Cp, * 704
T 8y t .0023 -
o1 £ -.03 -




40

42

43

! "TITLE

€hoking Cavitation Num~-
bers for cylinders.

°
2l

Ch;k;ng Cavitation Num-
bers: for Prisms 6 = 0°

L 4
4

éhoking Cavitation Num-
bers for Prisms 6 = 609

f

Effect ' of Source Size
and velocity, on-<Damage,
cyl%nders. ‘

Effect of Source Size
and Velocity on Damage,
Prisms.

S

Erosion for Different
velocities and cavita-
tion numbers.

>
~

Noise Spectra for Dif-
ferent cavitation Num-
bers at a constant velo-

'city. -

Noise Spectra ‘for Dif-
feérent velocities at a
constant cavitation
number .

. A
' i{EM;}Rxs-ERROR RANGE .

Sch + .05
ochlt .03
och + .05 /
ochl * .03
L + .016

\\\_ J ,
9eh x .05

chy + .03
/ b + .02 mm "

u + .05 mps
W + .05 mg
t + 1 second
o + .05

~ as in fig. 41
»

- —

<« time % 1 second

b/B + .0005
- ¥ ,05 mps
N w t ‘005 mg
6 £ .05 »

s ,* .05

u + .05 mps

Sfl_- (dB) % .05

g + .05
SPL{dB)t 0.5
veloc%@yi.os mps

/




N 4“-‘4‘
e > m— RN A
,

} T 49

! *

' 50
. 51
L ] s

TITLE

Noise (SPL) for Different g %

velocities at constant
cavitation numbers

13

rosion and Noise Gor-
‘relation. ’

IS
N

Velocity expinent f£or
erosion an oise.

Damaged Area of Test
specimen (No splitter.
Plate)--f\~

Damaged Area ¢f Test
specimen (With splitter
plate)

Effect of Wake Inter-
‘ference Element on
-Brosion and Noise.

-~

Note: Power Density Spectra information is used as a |
check on the.direct setrip chart measurements.

REMARKS-ERROR- RANGE..

.05
SPL (dB) + 0.5-
velocity 't .05 mps
b/B * .0005

o + .05
SPL(dB) % Q.5
velocity + .05 mps i
'b/g + .,0005
. \

- )

Weight 1éss w't .05 mg
Velocity * .05 mps -
SPL.(dB) + 0.5
SPL (dB) * 0.%
W ’ t .05 mg
x/b @ ©.004. (max)
A 4 .056 (max)
. -
//
- .
o
— "
|
; N |

U,




