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■iÜBSTiUGT

Scale e f f e c t s  on c a v i ta t io n  can b road ly  be d efin ed  as  th e  dev ia

t io n s  from th e  c l a s s i c a l  law of s im i la r i ty  of c a v i ta t io n .  The c l a s s i c a l  

s im i la r i ty  law talces in to  c o n s id e ra tio n  only p re ssu re  and i n e r t i a  fo rc e s  

of th e  flow , w hile  c a v i ta t io n  i s  a complex phenomenon in v o lv in g  hydro- 

dynamic a sp ec ts  of f lu id  flow , m olecular fo rc e s  and thermodynamic 

p ro p e r tie s  of th e  f lu id *  The sc a le  e f f e c ts  on c a v i ta t io n  a re  th e re fo re  

c l a s s i f i e d  under th re e  head in g s;-

(a) S cale  e f f e c ts  on th e  minimum p ressu re  t i ia t  occurs in  th e  flow ;

(b) S cale  e f f e c ts  on th e  in c e p tio n  of c a v i ta t io n ;

(o) S cale  e f f e c ts  on th e  growth of c a v i ta t io n  bubbles.

In  h is  work th e  au th o r has c o l le c te d  a l l  th e  a v a ila b le  in fo rm ation

to  d a te  on sc a le  e f f e c ts  on c a v i ta t io n  under th e  above-mentioned 

c l a s s i f i c a t i o n s .

I t  ap p ears , b es id es  many o th e r f a c to r s ,  th a t  th e  c a v i ta t io n  para

m eter i s  a fu n c tio n  of Reynolds, Froude and P ra n d tl  numbers* In  o rder 

to  ana ly se  the  e f f e c t  of P ra n d tl number on c a v i ta t io n ,  a c a v i ta t io n  r i g  

w ithou t a re so rb e r  was designed and erected* C a v ita tio n  experim ents 

were done on a  valve which was p r im a rily  designed to  d is s ip a te  the  

p re ssu re  genera ted  by th e  c e n tr i fu g a l  pump of th e  c i r c u i t*  Aqueous 

s o lu t io n s  of p lu ra c o l V-1Û of d i f f e r e n t  co n c e n tra tio n  were used as the 

working media* V arious p ro p e r tie s  o f p lu ra c o l V-10 so lu tio n s  such as



l i i
v is c o s i ty ,  s p e c if ic  h e a t, c o n d u c tiv ity  were o b ta in ed  ex p erim en ta lly . 

There i s  some experim enta l evidence to  conclude q u a l i ta t iv e ly  th a t  the  

tendency of th e  f lu id  to  c a v i ta te  decreases w ith  in c re a s in g  P ra n d tl 

number.
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"p V, f i ,  "P2 Vapour p re ssu re  of f lu id .

Pr ' P ra n d tl number = )

R Reynolds number or rad iu s  of bubble.

S S u c tio n  s p e c if ic  speed.

T A bsolute tem perature*

V V elo c ity  of flow ing f lu id ,

vg S p e c ific  volume of s a tu ra te d  vapour,

v l  S p e c if ic  volume of l iq u id ,

d v/eber number.

Z A xial le n g th  o f c o n ic a l s e c tio n  o f th e  v a lv e ,

z H eight of e le v a tio n  w ith  re s p e c t  to  a f ix ed  datum,

c< A ir c o n te n t o f w ater (expressed  as m l / i ,  reduced to*
0^0 and 760 mm. p re s su re ) .

«̂ 3 A ir co n te n t o f f u l l y  s a tu ra te d  w ater a t  atm ospheric
c o n d itio n s .

<S Local boundary la y e r  th ic k n e ss .

9 Sem i-angle of cone.

^  L a ten t h ea t of v a p o r is a tio n ,

M A bsolute v is c o s i ty  of a f lu id .

Kinematic v i e c i s i t y  of a f lu id ,

P  l̂aSB d e n s ity  of a f lu id .

Cl C a v ita tio n  number of tu rb in e .

S urface te n s io n  of l iq u id .

p  A fu n c tio n  of design  and o p era tin g  p o in t o f a pump.

S u ffix es  and o th e r  symbols a re  exp la ined  as they  occur in  th e  te x t,
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CHAFTER 1 

CAVITATION IN ŒI^RAL

1 .1  In tro d u c tio n .

In  th e  l a s t  tw enty y e a rs , no o th e r a sp e c t of h y d rau lic  m achinery 

desig n  and o p e ra tio n  has rece iv ed  as much a t te n t io n  as c a v i ta t io n .  

C a v ita tio n  i s  a com plicated phenomenon in v o lv in g  hydrodynamic and th e r 

modynamic a s p e c ts , and even today  i t  escapes thorough understand ing . In  

o rd er to  cope w ith  th e  problem of c a v i ta t io n  in  h y d rau lic  m achines, ex

p erim en ta l and th e o r e t ic a l  s tu d ie s  a re  c a r r ie d  out u n iv e rs a lly  on hydro-

dynamic machines such as pumps and on appara tu s w ithou t moving p a r ts  such
1 2  3as v en tu ri-sh ap ed  bodies in  w ater tu n n e ls   ̂  ̂ ® The amount of knowledge 

a v a ila b le  on c a v i ta t io n  today i s  immense,

1 .2  The Phenomenon of C a v ita tio n .

C a v ita tio n , in  g e n e ra l, i s  a dynamic phenomenon c o n tro lle d  by 

hydrodynamics of flow  and th e  thermodynamic p ro p e r tie s  of th e  f lu id .  

C a v ita tio n  i s  b ro ad ly  defin ed  as th e  lo c a l  v a p o r iz a tio n  of l iq u id  due 

to  lo c a l  p re ssu re  re d u c tio n s . In  g en e ra l a  l iq u id  i s  sa id  to  c a v i ta te  

when vapour or g a s - f i l l e d  bubbles a re  formed w hile  under m otion. The 

bubbles th u s  formed move from low p ressu re  to  h igh  p re ssu re  zones of 

h y d rau lic  m achinery and im plode, g en era tin g  h igh  p re ssu re  waves. These 

h igh  p re ssu re  waves impinge v io le n t ly  on th e  w a lls  o r vanes of th e



2

h y d rau lic  m achinery, th e reb y  producing n o ise , v ib ra t io n , e ro sio n  and 

d e te r io r a t io n  in  h y d rau lic  perform ance.

1 .3  Aim of th e  p re sen t work.

Model te s t in g  i s  becoming in c re a s in g ly  im portan t as th e  s iz e s  of 

th e  p ro to ty p e  machines a re  growing b ig g er. ' F u r th e r , s in ce  w ater i s  

a v a ila b le  in  abundance and a t  low c o s t ,  th e  h y d rau lic  models a re  being 

te s te d  w ith  w ater and th e  r e s u l t s  a re  being e x tra p o la te d  or deducted fo r  

f lu id s  o th e r  than  w ate r. Hence, th e  aim of th e  p re se n t work i s  to  

review  th e  l i t e r a t u r e  a v a ila b le  today on s c a le  e f f e c ts  on c a v i ta t io n  and 

to  conduct some experim ents w ith  w ater and s o lu t io n s  of w ater w ith  a 

v is c o s i ty  a d d itiv e  in  o rder to  observe th e  sca le  e f f e c ts  produced by th e  

thermodynamic p ro p e r tie s  o f f lu id .

The o r ig in a l  id ea  was to  conduct th e se  experim ents on a medium 

sized  c e n tr i fu g a l  pump and hence a sm all 4 in .  c a v i ta t io n - r ig  was s e t .  

up, w ith  a n o n -c a v ita tin g  valve to d is s ip a te  th e  head developed by 

the  pump. But u n fo rtu n a te ly , th e  n o n -c a v ita tin g  valve  s ta r te d  

c a v i ta t in g  befo re  th e  pump d id  and th e re fo re  th e  so -c a lle d  non- 

c a v i ta t in g  valve was used as th e  dev ice fo r  producing c a v i ta t io n .



OHAPTER 2

PRESENT DAY THEORY OF CAVITATION INGEFTION

2 o l Tension in  L iq u id s ,

I t  has been proved th e o r e t ic a l ly  and ex p e rim en ta lly  th a t  "pure 

l iq u id s "  can s u s ta in  te n s io n  f o r  a sh o r t tim e . But th e  e s tim a te s  of 

t e n s i l e  s tr e n g th  of l iq u id s ,  based on th e  assum ption o f sim ultaneous 

se p a ra tio n  o f a l l  atomic bonds, give very  h igh  v a lu es  which do no t a t
i c

a l l  correspond w ith  experim ental r e s u l t s  '  * The experim ental d a ta  

have been reciew ed by Temperley and Chembers"^* They p o in t ou t c le a r ly  

th e  d isc re p a n c ie s  between th e  r e s u l t s  of d i f f e r e n t  w orkers. F u rth e r  

they  add th a t  th e re  a re  good reasons to  n e g le c t th e  extremes values 

and u sing  t h e i r  experim ental v a lu e s , th ey  conclude th a t  th e  te n s i l e  

s tr e n g th  of w ater in  presence of g la ss  i s  eq u iv a le n t to  about 30 to  50 

atm ospheres; f o r  w ater in  p resence of s t e e l  i t  i s  about 2 atm ospheres 

minimum and 23 atm ospheres maximum. R.M. Davies e t  a l^ ,  by using  

"d o u b le -p is to n "  method and "p ressu re  bar" method a r r iv e  a t  an average 

value of about 10 atm ospheres fo r  w ater,

2 .2  "N uclei" o r "w eak-spots" in  l iq u id

However, when a l iq u id  i s  sub jec ted  to  te n s io n , i t  i s  in  a meta

s ta b le  c o n d itio n  and bubbles a re  observed to  grow from extrem ely sm all 

n u c le i ,  subm icroscopic in  s iz e .  I t  i s  now g e n e ra lly  w e ll-  e s ta b lish e d
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th eo ry  th a t  th e  in c e p tio n  of c a v i ta t io n  in  l iq u id s  i s  tr ig g e re d  by th e

n u c le i co n ta in in g  vapour, undisso lved  gas or bo th . These n u c le i a re

p re se n t e i th e r  w ith in  th e  l iq u id  or on suspended p a r t ic u la te  m a tte r or

in  c re v ic e s  on bounding w a lls . E xistence of such n u c le i has been
7 8dem onstrated ex p erim en ta lly   ̂ • F u rth e r, t e n s i l e  s tre n g th s  of l iq u id s

c a lc u la te d  from n u c lé a tio n  th eo ry  ag ree  s a t i s f a c t o r i l y  w ith  the maximum
9

experim en ta l values • Using the  f a c t  th a t  a i r  c a v i t i e s  p re se n t in  

w ater absorb sound energy, M, Strasberg^*^ has made some measurements 

u sing  an u ltra s o n ic  device and suggests th e  fo llo w in g :
3

i s  the  sm a lle s t number of d e le c ta b le  bubbles per cm of w ater w ith
1 3r a d i i  rang ing  from -g to  ™ where i s  th e  ra d iu s  o f reso n an t bubble.

&Frequency (k c /sec ) (cm)

150 2.2 X 10“^

250 1.3 X 10-5

550 6 X lO"'^
1100 3 X 1Q~^

1 bubble/ 200 cm^ 
1 bubb le/ 30 cm^ 
1 bubb le/ 2 cra^
8 bubbles/cm

2 .3  S ta b i l i ty  and Growth of Nuclei

2 .3 .1  Even though i t  i s  w ell e s ta b lish e d  th a t  th e  n u c le i p re se n t in  

l iq u id s  a re  re sp o n s ib le  fo r  th e  in c ep tio n  of c a v i ta t io n ,  th e re  i s  s t i l l  

some d i f f i c u l t y  in  e s ta b lis l i in g  t h e i r  presence and s t a b i l i t y .

I f  th e re  i s  p re ssu re  balance between th e  p ressu re  w ith in  th e

bubble and th e  p re ssu re  'p o u ts id e  i t ,  then

/ 2 
i ?  '= ^ 5 +  ( 2 . 3 .1 )



where R i s  th e  ra d iu s  of th e  bubble and <5-̂  i s  th e  su rface  te n s io n . The 

p re ssu re  p '  in s id e  the  bubble i s  th e  sum of vapour p ressu re  of th e  , 

l iq u id  and p a r t i a l  p re ssu re  p  of en tra in ed  gas. From th e  above 

equation  one can d e riv e  th e  minimum value of = -^min. occu rring

a t  a rad iu s

= T Î $ % )  ' ^2.3.2)

One can f u r th e r  observe th a t  th e  c r i t i c a l  p re ssu re  to  t r ig g e r  c a v i ta t io n

i s  below vapour p re ssu re  and i f  th e  p ressu re  p  i s  s l i g h t ly  decreased ,

the  bubble being  u n s tab le  would grow w ithout bounds0 When th e  bubble

i s  s ta b le ,  i t  w i l l  d is so lv e  by d if fu s io n  of a i r  in to  th e  surrounding 
11l iq u id  o The e f f e c t  of su rface  te n s io n  should be n u l l i f i e d  in  some

• 7way in  o rd er th a t  th e se  n u c le i can e x i s t .  E isenberg  suggests th a t  

th e se  n u c le i a re  s ta b i l iz e d  on m icroscopic d u s t p a r t i c le s  p re se n t in  

l iq u id s  or on th e  c re v ic e s  p re se n t on bounding w allso Another hypo

th e s is  i s  th a t  an organic sk in  formed by th e  contam inants in  l iq u id  

s t a b i l i s e s  th e  bubble. F u rth e r  experim ents in  t h i s  f i e l d  a re  h ig h ly  

d e s ira b le .

2 .3 ,2  T h e o re tic a l and experim en ta l a n a ly s is  of grovrth of a  nucleus i s  

very  com plicated . R ayleigh (1917) examined th e o r e t i c a l ly  th e  behaviour 

of an incom pressib le  f lu id  in  which he im agined a  s p h e r ic a l  void  to  be 

suddenly formed. In  h is  a n a ly s is  however, he n eg lec ted  th e  su rface

te n s io n  e f f e c t s  and th e  p re ssu re  of l iq u id  vapour in  th e  bubble, More
12 13 1/re c e n t ly  N o ltin g k  and Neppiras , F le s s e t  e t  a l   ̂ have analysed  the
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growth of n u c le i ta k in g  in to  c o n s id e ra tio n  v iscous e f f e c t s ,  su rface

te n s io n  and therm al e ffe c ts*  A bubble may grow to  v is ib le  s iz e  in  two

ways (a) by th e  r e l a t iv e ly  slow d if fu s io n  of d isso lv ed  a i r  out of the

l iq u id  in to  th e  nucleus or (b) by i t s  sudden exp losive  expansion in to

a la rg e  c a v i ty .  The form er p ro cess  i s  g e n e ra lly  c a l le d  "gaseous

c a v ita t io n "  w hile th e  l a t t e r  i s  known as "vaporous c a v i ta t io n " .  In

f a c t  th e  bubble may grow by gaseous d if fu s io n  and ev ap o ra tio n  of the

l iq u id .  I t  i s  p o ss ib le  th a t  a nucleus o r ig in a l ly  too  sm all to  undergo

vaporous c a v i ta t io n  a t  th e  e x is t in g  p re ssu re  could  grow by gas d if fu s io n
10u n t i l  i t  became la rg e  enough to  t r ig g e r  vaporous- c a v i ta t io n .  S tra sb e rg

has t r e a te d  th e  growth o f a bubble by gaseous d if fu s io n  and vaporous

c a v i ta t io n  se p a ra te ly  and h is  r e s u l t s  a re  shown in  F ig .2 .3 .2 .1 .  I t
12may be concluded from th e  work of N otlingk and N eppiras th a t  incep

t io n  of growth of n u c le i depends only  s l i g h t ly  on th e  d u ra tio n  of

p re ssu re  w h ile  th e  maximum s iz e  to  which n u c le i w i l l  grow depends upon
13d u ra tio n  of p re ssu re  a p p l ic a tio n . P ie s s e t  t r e a t s  th e  growth of a 

nucleus as th e  growth of a vapour bubble in  superheated  l iq u id .  The 

f a c to r s  which a f f e c t  th e  r a te  of bubble growth are  th e  su rface  te n s io n , 

th e  l iq u id  i n e r t i a  and the  p re ssu re  d if fe re n c e  between the  p ressu re  

w ith in  the  bubble and th e  am bient p re ssu re . He concludes th a t  th e

i n i t i a l  growth o f th e  bubble w il l  be slow b u t i s  a c c e le ra te d  w ith  

in c re a se  in  s iz e  because of th e  red u c tio n  in  su rfa ce  te n s io n . When th e  

r a te  of bubble growth becomes ap p rec iab le  th e  tem pératu re and hence the  

p re ssu re  w ith in  th e  bubble drops and the  r a t e  o f growth i s  decreased .

The re d u c tio n  of th e  tem peratu re w ith in  th e  bubble i s  a  consequence of
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the  l a t e n t  h ea t requirem ent o f th e  evapora tion  which ta k es  p lace  a t

13th e  v a p o u r-liq u id  in te r f a c e  as the  bubble grows* P ie s s e t  and Zwick

have c a lc u la te d  th e  growth of vapour bubbles by talcing in to  account

approxim ately  th e  h ea t t r a n s f e r  in  a  sm all "boundary lay er"  a t  th e

bubble W all. T h e ir  th eo ry  compares very  fav o u rab ly  w ith  experim ents
15done by D ergarabedian • F ig s , 2*3.2*2 and' 2*3*2.3 show some of t h e i r  

r e s u l t s . .  One can observe th a t  the  e f f e c t  of lo c a l  co o lin g  around the  

bubble in  r e ta rd in g  growth i s  marked.

2o4 C a v ita tio n  Number

I t  i s  g e n e ra lly  assumed th a t  c a v i ta t io n  s t a r t s  i n  f lu id  when the  

minimum p re ssu re  a t  any p o in t reaches th e  vapour p re ssu re  of .the * 

l iq u id  correspond ing  to  th e  am bient tem pera tu re . In  a flow ing l iq u id  

th e  param eter which d e sc rib es  th e  p ressu re  c o n d itio n s  f o r  s im i la r i ty  

f o r  c a v i ta t in g  flow  i s  c a l le d  c a v i ta t io n  number o r c a v i ta t io n  param eter. 

I f  4o denotes th e  s t a t i c  p ressu re  and Vo th e  uniform  flow  v e lo c ity  of 

th e  l iq u id  a t  a g re a t d is tan ce  from th e  c a v i ta t in g  body, then  the  

g en e ra l c h a ra c te r  of th e  flow  in  so  f a r  as c a v i ta t io n  i s  concerned i s  

expressed  by th e  c a v i ta t io n  param eter

K = - ( 2  A 1)

w hex-e/^ is th e  mass d e n s ity  of th e  flow ing f lu id .  But u su a lly , in  

o rder to  avoid th e  f r i c t i o n  lo s se s  th a t  occur in  flow ing l iq u id ,  p  and 

Vo are  rep laced  by th e  p re ssu re  which i s  th e  minimum p ressu re

m easurable along th e  c a v i ta t in g  body or s t r u c tu re  and th e  corresponding 

v e lo c i ty  a t  t h a t  p o in t .1: / Hence equation  (2 .4 -1 )  becomes
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where i s  th e  minimum observed p re ssu re  and V i s  th e  v e lo c i ty  of

th e  f l u i d  a t  th e  p o in t where minimum p ressu re  i s  measured»

In  th e  p re se n t work; th e  au th o r has used only  th e  eq u a tio n  (2*4.«2)< 

The p re ssu re  d i s t r ib u t io n  a long  th e  v alve  was ob ta ined  and th e  minimum 

p re ssu re  ^  measured;- th e  corresponding  v e lo c i ty  V was used to  c a lc u la te  

th e  c a v i ta t io n  param eter K»
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ghàptü;r 3

SGALS EFFECTS OH CAVITATION

3 ,1  The G la s c ic a l C a v ita tio n  Number

As mentioned in  th e  previous c h a p te r , th e  most elem entary  r e la t io n 

sh ip  between th e  v e lo c i t i e s ,  p re ssu re s  and f lu id  p ro p e r t ie s  p e r ta in in g  

to  c a v i ta t io n  i s  th e  equation  (2 .4 -2 )  which s ta te s  th a t  th e  c a v i ta t io n  

number

‘S'

V where i s  th e  minimum measured p ressu re  in  th e  flow in  the  c a v i ta t i i
W i l S 3 ? b  .A .L P  V J .A 'C ï  l U J L X i J U i i l  W U  V C L  j ^ J L  W  W J .  W  ^  -U W # in i J - i i ,  ^  C L  V JU  V C 4

s t ru c tu re  or p a s t th e  o b je c t, V i s  th e  v e lo c ity  a t  th e  corresponding  

p o in t,  i s  th e  vapour p re ssu re  of th e  l iq u id  a t  th e  am bient tem pera

tu re  and P  i s  th e  mass d e n s i ty  of th e  f lu id .

The above eq u a tio n  can  be m odified to  s u i t  hydrodynamic m achines, 

Thoma*s law of s im i la r i ty  fo r  c a v i ta t io n  i s  g iven by

— = co n s tan t (3 .1 .2 )

where H i s  th e  t o t a l  head ac ro ss  th e  machine and Hsv i s  i t s  t o t a l  su c tio n  

head above vapour p re ssu re . Thus th e  c l a s s i c a l  th eo ry  expressed  by 

equations (3 .1 .1 )  and (3 .1 .2 )  s t a te s  t l i a t  th e  form and e x te n t of 

c a v i ta t io n  voids w i l l  be s im ila r  i f  and on ly  i f  th e  c a v i ta t io n  p ara 

m eter K or Thoma' s number have th e  same v a lu es fo r th e  two flows 

compared or th e  two hydrodynamic machines compared. G enerally  speaking,
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00 f a r  t h i s  c l a s s i c a l  c a v i ta t io n  param eter has served  very  w ell bu t 

s t i l l  we are  unable to  p re d ic t  a c c u ra te ly  th e  c a v i ta t io n  c h a r a c te r i s t ic s  

of th e  p ro to ty p e  from model t e s t s .  Research workers and d e s ig n e rs  in  

t h i s  f i e l d  have observed in  th e  p a s t some s ig n i f ic a n t  d ep a rtu re s  from 

th e  c l a s s i c a l  law of s im i la r i ty  fo r  c a v i ta t io n .  S ince c a v i ta t io n  i s  

a com plicated  phenomenon, in v o lv in g  the  hydrodynamic a sp ec ts  of th e  

flow and th e  f l u id  p ro p e r tie s  such as number o f n u c le i p re se n t, t h e i r  

s iz e  and d is t r ib u t io n ,  vapour p re ssu re , l a t e n t  h e a t, te rm p era tu re , 

v is c o s i ty ,  su rfa c e  te n s io n , therm al c o n d u c tiv ity  and s p e c if ic  h ea t of 

th e  f lu id ,  one can c l e a r ly  observe th e  inadequacy of th e  c l a s s i c a l  

s im i la r i ty  law of c a v i ta t io n  which tak es  in to  c o n s id e ra tio n  only  p re ssu re s  

and v e lo c i t i e s .  N ev erth e less , th e  c a v i ta t io n  param eter K lias been 

v ery  u s e fu l t i l l  today  and a t  p re sen t many re se a rc h  workers in  v ario u s 

re se a rc h  la b o ra to r ie s  throughout th e  world a re  t r y in g  to  f in d  out " th e  

sc a le  e f f e c t s  on c a v i ta t io n " .

Scale e f f e c t s  on c a v i ta t io n  a re  b road ly  d efin ed  as the d ep a rtu re s  

from th e  c l a s s i c a l  s im i la r i ty  r e la t io n  expressed  by equation  (3 .1 .1 )  

when th e  model s ia e ,  flow  v e lo c ity  and f lu id  p ro p e r t ie s  a re  changed»

In  s p i te  of th e  growing knowledge and understand ing  of th e  physics of 

th e  iirocess of c a v i ta t io n ,  th e  trea tm en t i s  s t i l l  f a r  from q u a n t i ta t iv e .  

When we e x tra p o la te  model t e s t  r e s u l t s  to  p ro to ty p e  c o n d itio n s , such as 

r iv e r s  or th e  oceans or f lu id s  o th er than  w ater, so l i t t l e  i s  known 

about th e  s ia e  and number of n u c le i a v a ila b le  which a re  extrem ely 

re sp o n s ib le  fo r  c a v i ta t io n .  F u rth e r , we know ithat the  thermodynamic 

p ro p e r t ie s  of th e  f lu id  such as  l a t e n t  h e a t, s p e c if ic  h e a t, therm al
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c o n d u c tiv ity  a re  a lso  im portan t f a c to rs  governing th e  process of c a v i

t a t io n ,  y e t we a re  unable to  express t h e i r  e f f e c t s  q u a n t i ta t iv e ly .

Although today  we have e la b o ra te  th eo ry  and th e  d i f f e r e n t i a l  equations 

fo r  th e  bubble growth, i t  appears th a t  no u se fu l s c a lin g  laws can be 

derived» A review  of th e  l i t e r a t u r e  a v a ila b le  to  d a te  on sc a le  e f f e c t s  

in  c a v i ta t io n  i s  g iven below*

3o2 S cale E ffe c ts  on C a v ita tio n ,

3.2*1 D epartures or d ev ia tio n s  from th e  c l a s s i c a l  law of s im i la r i ty  as 

expressed  by eq u a tio n  (3*1,1) a re  defined  as S cale E ffe c ts  on C a v ita tio n  

and SO i t  i s  worthwhile to  analyse th e  fundam ental assum ptions on which 

the  above law of s im i la r i ty  i s  based* These are^^ as fo llo w s :-

(a) A ll o th e r  fo rc e s  except i n e r t i a  fo rc e s  a re  n eg lec ted  or assumed

n e g lig ib le *  The p ressu re  d if fe re n c e s  in  th e  flow  of f lu id  are  p ro p o r-
2t io n a l  to  i n e r t i a  fo rc e s  i . e .  p ro p o rtio n a l to  />v * B esides, .th e  

e f f e c t  of su rfa ce  i r r e g u la r i t i e s  a re  n eg lec ted  or th e  geom etric s im ila r i ty  

i s  a u to m a tic a lly  assumed to  in c lu d e  su rface  i r r e g u l a r i t i e s  of th e  c a v i

t a t in g  s t ru c tu re s  or models*

(b) In  s p i te  of th e  f a c t  t h a t  many re se a rc h  w orkers have observed

te n s io n  in  l iq u id  b efo re  c a v i ta t io n  s ta r te d ,  i t  i s  assumed th a t  th e  p re s 

sure  a t  which th e  c a v i ta t io n  begins i s  th e  vapour p ressu re  of th e  l iq u id  

corresponding  to  th e  ambient tem perature*

(c) C a v ita tio n  i s  assumed b a s ic a l ly  to  be v a p o r isa tio n  of th e  l iq u id

and hence c a v i ta t io n  ta k e s  p lace  in s ta n ta n e o u s ly  as soon as the p ressu re  

drops down to  th e  vapour pressure*  A ll " th e  tim e e f fe c ts "  o r " th e  delay '
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i s  n eg lec ted .

(ci) A lthough i t  i s  w e ll known today th a t  th e  n u c le i p re se n t in  a l iq u id  

a re  re sp o n s ib le  fo r  th e  in c ep tio n  of c a v i ta t io n ,  and t h e i r  s ia e  and d is 

t r ib u t io n  v ary  from one f lu id  to  the o th e r, th e  c l a s s i c a l  law of s im ila r ity  

assumes th e  e f f e c t  of n u c le i in  a l l  l iq u id s  i s  th e  same»

The above mentioned assum ptions, s t r i c t l y  speaicing, are  no t r e a l ly  

v a l id , since  th e  f i r s t  assum ption com pletely  n e g le c ts  the  f r i c t io n ,

‘g ra v ity  and v iscous fo rc e s  which e x is t  in  flow  of r e a l  f lu id s .  In  o th e r 

words i t  i s  based on flow  of " id e a l  f lu id " .  The rem aining assum ptions 

are  connected w ith  th e  mechanism of c a v i ta t io n  in c e p tio n  which even 

today i s  no t thoroughly  understood,

3 ,2 ,2  G eneral C la s s i f ic a t io n  of Scale E f f e c ts .

S cale  e f f e c ts  on c a v i ta t io n  can b road ly  be c l a s s i f i e d  in to  tliree  

c a te g o r ie s , as follow ss

(1) Scale e f f e c t  on the  flow : These a re  th e  hydrodynamic f a c to rs

which a re  re sp o n s ib le  f o r  th e  minimum p re ssu re s  th a t  occur in  th e  flow  

of f lu id ,

( 2 ) Scale e f f e c t  on in c e p tio n  of c a v i ta t io n ;  These a re  th e  e f f e c ts

produced by m icroscopic n u c le i p re se n t in  th e  f l u id  which are  re sp o n sib le  

f o r  th e  in c e p tio n  of c a v i ta t io n ,

( 3 ) S cale  e f f e c t  on th e  growth of c a v i ta t io n  bubbles: These a re

th e  thermodynamic f a c to r s  which a re  re sp o n s ib le  f o r  the r a te  o f growth 

of c a v i ta t io n  bubbles and th e  maximum s ia e  t o  which th ey  can grow.

In  th e  fo llow ing  pages, th e  au thor d isc u sse s  th e  above c l a s s i f i c a t i
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in  d e t a i l  w ith  th e  r e s u l t s  p u b lish ed  by the  o th e r  workers in  th i s  f i e l d .

3o3 Scale E ffe c ts  on th e  F l ow:

C onsidering  th e  flow of f lu id  in  which c a v i ta t io n  i s  about to  

s t a r t  o r j u s t  a t  th e  p o in t of in c e p tio n  of c a v i ta t io n ,  one can assume th a t  

th e .p re s s u re  d is t r ib u t io n  along the s t ru c tu re  or model i s  th e  same as 

th a t  which e x is ts  in  a  n o n -c a v ita tin g  flow . From hydrodynamic p r in c ip le s  

th e  fo llow ing  laws of s im i la r i ty  governing th e  minimum p re ssu re  can be 

derivedo

3,3*1 In  o rder to  m ain ta in  th e  same r a t io  of i n e r t i a  to  v iscous fo rc e s , 

th e  Reynolds number must be kept co n s ta n t, i* e .

R = — -----------  = C onstant (3o3ol)

where V i s  th e  v e lo c ity  of th e  flow , D i s  c h a r a c te r i s t ic  dimension and 

Y i s  th e  k inem atic v is c o s i ty  of th e  f lu id .  .Kermeen e t  a l^ ^  and H o l l^  

in  t h e i r  papers d iscu ss  in  d e t a i l  th e  e f f e c t  of Reynolds number. Kermeen 

e t  a l  come to  th e  conclusion  from t h e i r  experim ental r e s u l t s  th a t  the 

in c ip ie n t  c a v i ta t io n  number v a r ie s  w ith  f r e e  stream  v e lo c ity  and model 

s c a le .  For smooth, s tream lin ed  bodies the in c ip ie n t  c a v i ta t io n  number 

in c re a se s  w ith  model s iz e  and f re e  stream  v e lo c i ty .  F u rth e r  th ey  add 

th a t  the  in c ip ie n t  c a v i ta t io n  number approaches the  magnitude o f minimum 

p re ssu re  c o e f f ic ie n t  on th e  body tested *  The F ig ,3*3.1*1 shows the 

v a r ia t io n  of in c ip ie n t  c a v i ta t io n  number w ith  Reynolds number fo r  th re e  

sym m etrical Joukov/ski H ydrofo ils te s te d  by them. F ig * 3 .3*1*2 shows the
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v a r ia t io n  of c a v i ta t io n  number w ith  Reynolds number fo r  v arious sh a rp - 

edged d isk s  te s te d .  They conclude th a t  f o r  t h e i r  d isk  experim ents, th e  

in c ip ie n t  c a v i ta t io n  number d id  no t approach any l im it in g  value as th e  

Reynolds number was in c reased  and the  in c ip ie n t  c a v i ta t io n  number was 

always g re a te r  th an  th e  magnitude of minimum p ressu re  c o e f f ic ie n t  on 

th e  body. I t  i s  re le v a n t to  mention here th a t  th e  term  ’-“in c ip ie n t  

c a v i ta t io n  number", as used by Kermeen e t  a l ,  i s  d e fin ed  as th e  s ta te  

of l iq u id  flow  a t  which c a v i ta t io n  ju s t  d isap p ea rs  or a t  which sm all . 

wisps of c a v i ta t io n  are  seen on ly  in te rm i t te n t ly  as th e  s t a t i c  p ressu re  

of th e  system i s  slow ly in c reased  a t  co n s tan t f re e -s tre a m  v e lo c ity .

H ell and W is lic e n u s^  come to  th e  con c lu sio n  in  t h e i r  paper 

th a t  th e re  e x is ts  a most d i s t i n c t  d if fe re n c e  between c a v i ta t io n  a ttach ed  

to  th e  su rface  of a body and c a v i ta t io n  away from th e  w all and /or 

t r a v e l l in g  w ith  th e  flow . Surface a ttach ed  c a v i ta t io n  shows an in c rease  

in  c a v i ta t io n  number w ith  in c re a s in g  Reynolds number w hile t r a v e l l in g  

c a v i ta t io n  or c a v i ta t io n  away from a s o lid  w all shows an in c rease  in  

c a v i ta t io n  number w ith  in c re a s in g  s iz e  and e i th e r  slow er in c re a se  or 

no change or a  decrease  \d .th  in c re a s in g  v e lo c ity  or Reynolds number.

T his p a r t i c u la r  c h a ra c te r  of n o t-a tta c h e d  or t r a v e l l in g  c a v i ta t io n ,  R o ll 

and W islicenus conclude, may be explained  by th e  e f f e c t  of a lim ite d  

number of n u c le i p lu s  the  e f f e c t  of a c h a r a c te r i s t ic  v e lo c ity  of 

c a v i ta t io n ,  Vo, which in c re a se s  slow er th an  th e  f r e e  stream  v e lo c ity  V, 

5'igft3.3*l*3 shows th e  decrease  in  c a v i ta t io n  number fo r  a c a v i ta t io n  

p rocess away from the  wall*
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3 .3c2 In  o rd er to  m ain ta in  the  same r a t i o  of I n e r t i a  to  g r a v i ta t io n a l  

fo rc e s , th e  Fronde number must be kept co n s tan t

F =   —  = C onstant (3 .3 ,2 )

T i l l  today  th e re  a re  no a v a ila b le  experim ental r e s u l t s  showing the
18e f f e c t  of Froude*s number, However, Gerber in  h is  paper d iscu sses  

th e  r e la t iv e  im portance of m ain ta in ing  the  same Fronde*s number between 

th e  model and th e  p ro to ty p e  t e s t s ,  e s p e c ia lly  p e r ta in in g  to  c a v ita t io n , 

F ig o 3 " 3 ,2 ,l .  i s  tak en  from Gerber*s paper and i t  shows a pronounced 

e f f e c t  of t e s t  head H on e f f ic ie n c y . In  t h i s  f ig u re ,  the  c a v i ta t io n  

param eter K i s  defined  as fo llo w s j-

IL -  Hd -  Hs'
% = — ------ 1---------------------------------  (3 .3 .2 a )

where Hg i s  th e  atm ospheric p re ssu re , Hd i s  th e  vapour p ressu re  of w ater 

a t  th e  corresponding  tem pera tu re , Hs i s  th e  s t a t i c  su c tio n  head f o r  the  

machine and H i s  th e  t o t a l  or n e t head across th e  machine. In  the  

p a r t ic u la r  case shown in  the  f ig u re  ( 3 .3 .2 .1 ) ,  i t  seems th a t  the  f u l l  

sc a le  tu rb in e  was in s t a l l e d  using  th e  c a v i ta t io n  t e s t s  r e s u l t s  under 

H = 22.5 m e tres , But th e  f u l l  s c a le  tu rb in e  of more than  1000 h .p . 

gave u n s a t is f a c to ry  r e s u l t s  under f u l l  load* The only  ex p lan a tio n  was 

th e  occurrence of c a v i ta t io n .  The model t e s t  was th en  rep ea ted  w ith  

a head of 10 m etres which showed c le a r ly  th a t  th e  f a l l  in  e f f ic ie n c y  

due to  c a v i ta t io n  was f e a s ib le ,
21P ie r re  P anel and Jacques Duport have p resen ted  a valuab le  d i s 

cu ss io n  of v a rio u s  co n s id e ra tio n s  apply ing  to  model t e s t in g  of la rg e  

hydrodynamic m achinery, p e r ta in in g  to  c a v i ta t io n .  Regarding tu rb in e
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model t e s t in g  fo r  c a v i ta t io n ,  th ey  d e r iv e  th e  fo llo w in g  equation  

r e la t in g  c a v i ta t io n  number <5  ̂ w ith  p ressu re  heads of th e  m achine;-

( ------ . ) _ 6 a  _ z ( ° /hV  Iün(2) (3 .3 .2 .1 :

where h i s  the  ab so lu te  p re ssu re  head a t  th e  p o in t under c o n s id e ra tio n ;

h i s  th e  c r i t i c a l  p re ssu re  head a t  which c a v i ta t io n  s t a r t s ;
’  h -  h -  h
= ----------- g------------   i s  th e  p la n t c a v i ta t io n  number, where h^

i s  th e  atm ospheric p re ssu re  head, h su c tio n  head, li i s  th e  t o t a l  head 

ac ro ss  th e  machine 2 = i s  the  r e l a t iv e  e le v a tio n  of th e  p o in t

under c o n s id e ra tio n  w ith  re s p e c t to  th e  runner d iam eter D and i s  

a f a c to r  which depends upon th e  o p era tin g  co n d itio n s  of th e  tu rb in e  

and upon th e  lo c a tio n  of th e  p o in t under co n s id era tio n *  They f u r th e r  

conclude th a t  th e  f a c to r  can be expressed  a s  th e  d if fe re n c e

between th e  o rd in a te s  of th e  s t r a ig h t  l in e  A  (F ig*3 .3o2 .2 ) w ith  

eq u a tio n  y = — z ( ^ h) which depends only on and and the

o rd in a te s  of th e  curve y =: Km (Z) which depends only  on th e  desig n

of th e  tu rb in e  and co n d itio n s  under which i t  o p e ra te s . From 

Figo (3 * 3 ,2 .2 ) , i t  can be seen  th e  l im it in g  value of i s  th e  value 

a t  which y = c5“  ̂ -  Zi{9^h)  i s  tan g en t to  th e  curve Km (Z ). From

t h i s ,  th ey  conclude th a t ,  f o r  tu rb in e s  having, th e  same desig n  and 

o p era tin g  c o n d itio n s , th e  c r i t i c a l  value of c a v i ta t io n  number w il l

be th e  same only  i f  tho  v a lu es  of(^Kû)aro equal and hence i t  i s  neces

sa ry  to  conform to  the  Froude s im ilitu d e  c o n d itio n s . However, th e re  

e x i s t  many p r a c t i c a l  d isadvan tages of app ly ing  th e  Froude s im ilitu d e  

c r i t e r i o n  to  s c a le  model t e s t s  of hy d rau lic  tu rb in e s  such as tho very
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low t e s t  heads re q u ir in g  high vacuuiîi a t  th e  i n l e t  s id e  r e s u l t in g  in  

d if fu s io n  o f a i r  from th e  w ater throughout the  model which in te r f e r e s  

w ith  both  perform ance and c a v i ta t io n  phenomena. N ev erth e less , s e v e ra l 

European m anufacturers have r e c e n t l y  b u i l t  new la b o ra to r ie s  where i t  

i s  p o ss ib le  to  run  model t e s t s  in  accordance w ith  F roude’ s s im i la r i ty .

3 . 3.3  In  o rder to  m ain ta in  s im ila r  e f f e c ts  o f c o m p re s s ib il i ty , liach 

number should be kep t c o n s ta n t, i . e ,

M = *a ~ C onstant (3 .3 .3 )

where i s  th e  v e lo c ity  o f p ropagation  of p re ssu re  wave w ith in  th e  

flow ing f l u i d 0 To some e x te n t, th e  l iq u id s  can be t r e a te d  as n e a rly  

incom pressib le  and hence th e  e f f e c t  o f Mach number can be n eg lec ted ,

When we co n s id e r th e  in c ep tio n  or th e  i n i t i a l  appearance of c a v i ta t io n  

bubb les, th e  r a t i o  o f vapour to  l iq u id  i s  n e g l ig ib le .  But in  th e  

case of *’s u p e r-c a v ita t in g  flow ” , we are  d e a lin g  w ith  a m ixture of 

l iq u id  and vapour and th i s  m ixture can have a v ery  low acco u stic  v e lo c ity . 

Hence th e  Kach number i s  im portan t,

3 . 3 .4  In  o rder to  m ain ta in  th e  same kind o f p re ssu re  d i s t r ib u t io n  in  

the  model and p ro to ty p e , we have to  m ain ta in  s t r i c t  geom etrica l sim i

l a r i t y .  ■ Geometric s im i la r i ty  of th e  c a v i ta t in g  boundaries here 

in c lu d es  a l l  su rface  roughness or f in i s h  and o th e r  i r r e g u l a r i t i e s .

T his i s  ex trem ely  d i f f i c u l t  co n d itio n  to  s a t i s f y .

The p re ssu re  d i s t r ib u t io n ,  e s p e c ia l ly  th e  minimum p ressu re  on
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the  body, i s  g r e a t ly  a f fe c te d  by su rface  f in i s h  or i r r e g u l a r i t i e s .

S urface i r r e g u la r i t y ,  which i s  afways p re se n t, can s ig n i f ic a n t ly  lower 

th e  minimum p ressu re  from th a t  which would be p re d ic a te d  fo r  a smooth 

su rface  on a submerged body. Hence th e  c a v i ta t io n  number fo r  a 

rough su rfa ce  i s  always g re a te r  th an  fo r  a smooth su rfa c e  f o r  th e  same 

geom etric body.
19 00S h a l 'n e r ' and H oll^ have conducted experim ents to  in v e s t ig a te  

th e  e f f e c t  of su rfa ce  i r r e g u l a r i t i e s  on th e  in c e p tio n  of c a v i ta t io n .

These in v e s t ig a t io n s  show th a t  very  sm all su rface  i r r e g u l a r i t i e s  can 

produce s ig n i f ic a n t  lo c a l  p re ssu re  red u c tio n s , H oll concludes th a t  

th e  onse t of c a v i ta t io n  fo r  a su rface  i r r e g u la r i t y  in  a  tu rb u le n t 

boundary la y e r  depends on th e  fo llo w in g  param eters (a )  R e la tiv e  h e ig h t 

of roughness h/^ where h i s  th e  h e ig h t of roughness, S the lo c a l  

boundary la y e r  th ic k n ess  (b) The boundary la y e r  shape param eter H 

(c ) The roughness Reynolds number Although th e se  th ree  param eters

a f f e c t  th e  in c e p tio n  of c a v i ta t io n ,  i t  appears from h is  r e s u l t s  th a t  

the  r e la t iv e  h e ig h t o f roughness b/S i s  th e  most im portan t f a c to r  

governing the  in c e p tio n  of c a v i ta t io n  on a rough s u r fa c e . The f ig .  

(3 * 3 .4 .l )  shows th e  e f f e c t  of su rfa ce  i r r e g u l a r i t i e s  on c a v i ta t io n  

inception*

3-3*5 Boundary la y e r  and tu rbu lence  to  some e x te n t a f f e c t  th e  in c ep tio n
17of c a v i ta t io n ,  Kermeen e t  a l  have’ in v e s tig a te d  th e  e f f e c t  o f 

boundary la y e r  on c a v i ta t io n  in c ep tio n  fo r  smooth stream  lin e d  bodies and 

fo r  b lu f f  b o d ie s . T h e ir  work has thrown co n s id e rab le  l i g h t  on the
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mechanism of c a v i ta t io n  in c e p tio n . From t h e i r  photographic in v e s t i 

g a tio n s , i t  Can be concluded t h a t  m icroscopic bubbles grow in  th e  

boundary la y e r  and t r a v e l  w ith  le s s  th an  f r e e  stream  v e lo c i ty .  This 

in c e p tio n  of c a v i ta t io n  i s  c a l le d  "m icroscopic c a v i ta t io n " ,  "As th e se  

bubbles reach  th e  tu rb u le n t boundary la y e r  zone th e y  suddenly grow in to  

bubbles which a re  v i s ib le  to  th e  unaided eye and th i s  phase o f th e  

c a v i ta t io n  i s  c a l le d  "macroscopic c a v ita t io n "  Thus, i t  i s  now w ell 

e s ta b lis h e d  th a t  in  lam inar boundary la y e rs  c a v i ta t io n  w i l l  occur f i r s t  

a t  th e  boundary on which th e  n u c le i a re  e s ta b lis h e d  in  c re v ic e s . In

experim ents w ith  tu rb u le n t boundary la y e rs  in  a re c ta n g u la r  nozzle D aily  
22and Jolmson found t l ia t  th e  observed onset of c a v i ta t io n  corresponded 

to  a p re ssu re  drop , due to  tu rb u len c e , of th e  o rd e r o f 0 .10  to  0 ,57 f t .  

of w ater. Of a l l  th e  c a v i t i e s  observed only  abou t l i >  were found in  

th e  1Û/I of th e  boundary la y e r  n e a re s t  th e  w a ll, w hile  th e  m a jo rity  of 

bubbles were lo c a te d  in  th e  c e n t r a l  p o r tio n  o f th e  boundary la y e r . 

F u rth e r  th e  boundary p re ssu re  was found to  be g re a te r  tlian  th e  vapour 

p re ssu re  even when r e l a t i v e l y  severe c a v i ta t io n  was o cc u rrin g . The 

p ressu re  a t  which the  la rg e r  n u c le i (0 ,02  in ch  d iam ete r) became u n stab le  

was about 0 ,5  f t  of w ater above th e  vapour p re ssu re . D aily  and 

Johnson conclude th a t  th e  n u c le i o r ig in a te d  i n i t i a l l y  a t  boundary c racks 

and c re v ic e s . Such bubbles emerging in  th e  p re ssu re  of th e  h igh  

v e lo c i ty  g ra d ie n t near the  w all would' experience  hydrodynamic l i f t .  As 

th e se  bubbles grow f u r th e r ,  th e  d rag  fo rc es  would a c c e le ra te  them to  

th e  f lu id  v e lo c i ty .  V o r t ic a l  edd ies are  p re se n t in  th e  tu rb u le n t 

boundary la y e r  and th e  m a jo rity  of f r e e  n u c le i would be tra n sp o r te d
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toward th e  c e n tre  of th e  la rg e  v o r t i c a l  edd ies formed. T his q u a l i 

t a t i v e  p ic tu re  of th e  boundary la y e r  to  some e x te n t ex p la in s  why the  

m a jo rity  of c a v i ta t io n  bubbles were observed in  th e  c e n t r a l  p o r tio n  

of th e  boundary la y e r . From th e  p ressu re  drop due to  boundary shape 

^Winin, th e  lo c a l  tu rb u len ce  p re ssu re  drop *ipt and th e  c r i t i c a l  p re ssu re  

f o r  th e  n u c le i to  become u n stab le  and grow. D aily  and Johnson d e riv e  

th e  fo llo w in g  equa tion

o -  f  V _ f  o -4^Wjiiin ^ 4^ t   'P (3 .3 .5*1
iP V o ^  f PVo^ i-PVo^ i-PYo^

or a, = C + K, -   — X ( 3 . 3 . 5 . 2

where i s  th e  in c ip ie n t  c a v i ta t io n  index, i s  th e  boundary p re ssu re  

drop c o e f f ic ie n t  and i s  th e  p ressu re  drop c o e f f ic ie n t  due to  the  

lo c a l  tu rb u len c e . S ince th e  in te n s i ty  of tu rb u len c e  in  th e  boundary 

la y e r  i s  dependent on Reynolds number, some change in  th e  index can 

be expected w ith  change in  Reynolds number. L i t t l e  d a ta  a re  a v a ila b le  

on th e  m agnitude of th e  tu rb u le n t  p re ssu re  f lu c tu a t io n s  and no th ing  

much can be concluded on th e  e f f e c ts  of tu rb u len ce  on th e  in c e p tio n  of 

c a v i ta t io n .

3 .4  S cale  E ffe c ts  on in c e p tio n  of C a v ita tio n

3 . 4 .1  S a v ita t io n  h y s te re s is  and C a v ita tio n  d e lay -tim e

C a v ita t io n  param eter li i s  g en e ra lly  used to  d e s c r ib e  the  n a tu re  

of c a v i ta t in g  flow . U sually , th e  c a v i ta t io n  experim ents a re  done by
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vary ing  the  ab so lu te  p re ssu re  of th e  system w hile  th e  f re e  stream  

v e lo c ity  i s  held  c o n s ta n t. While doing so , th re e  k inds of flow  regime 

a re  observed,

(a) At la rg e  v a lu es of K, n o n -c a v ita tin g  flow  i s  observed around

the model o r s t r u c tu re  being  te s te d .

(b) As th e  value of K i s  decreased , a t  a c e r t a in  value of i t ,  a

nuiuber o f m acroscopic bubbles a re  observed in  th e  flow . This p a r t ic u la r

phase of c a v i ta t io n  i s  b ro ad ly  c l a s s i f i e d  as th e  in c e p tio n  of c a v i ta t io n ,

(c ) When th e  value of K i s  f u r th e r  decreased  th e  number and s iz e  of 

c a v i ta t io n  bubbles in c re a se  u n t i l  f i n a l l y  one la rg e  c a v ity  appears and 

com plete ly  enc lo ses a p o r tio n  o f th e  model or s t r u c tu re  under study .

This kind o f flow i s  c a l le d  the  " c a v ity  flow ". The study  of " c a v ity
9 3

flow" i s  w e ll developed today  and th i s  comes under "Helmholtz motions"'" « 

The s t a t e  a t  which m acroscopic c a v i ta t io n  bubbles appear in  

a flow may be c a l le d  " lim ite d  c a v i ta t io n " .  L im ited c a v i ta t io n  can 

be produced in  a flow  e i th e r  by d ec reas in g  th e  a b so lu te  p ressu re  of 

th e  system g rad u a lly  t i l l  macroscopic c a v i ta t io n  s t a r t s  or by f i r s t  

e s ta b l is h in g  a c a v ity  flow  and then  in c re a s in g  th e  p re ssu re  u n t i l  c a v i

t a t io n  d isa p p e a rs . The form er p rocess i s  c a l le d  " in c ip ie n t  c a v ita t io n "  

w hile th e  l a t t e r  i s  Imown as "d esin en t c a v i ta t io n " .  I t  i s  found t h a t  

th e  p re ssu re  a t  which in c ip ie n t  c a v i ta t io n  occurs i s  le s s  th a n  or 

equal to  th e  p r e s s u r e a t  which c a v i ta t io n  d isa p p e a rs . This pheno

menon i s  r e f e r r e d  to  as " c a v i ta t io n  h y s te re s is " .  However, the  d es in en t 

c a v i ta t io n  p re ssu re  i s  found t o  be th e  upper l im i t  of th e  in c ip ie n t  

c a v i ta t io n  p re s s u re . Thus in  g en era l,
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^  IP  d

(3 .4 .1 .1 )
and % 4

B esides th e  c a v i ta t io n  h y s te re s is ,  an o th er s tran g e  phenomenon

i s  a ls o  observed w hile  conducting  c a v i ta t io n  experim ents. Sometimes,

even when th e  p re ssu re  of th e  f r e e  stream  i s  kep t a t  th e  in c e p tio n

p re ssu re  th e  l iq u id  s u s ta in s  f o r  s e v e ra l seconds th i s  jDressure and

th en  i t  suddenly explodes in to  c a v i ta t io n  flow . This tirne-delay  i s

c a l le d  th e  o a v i ta t io n -d e la y  tim e,
2/

H oll and T re a s te r  have r e c e n t ly  conducted some in v e s t ig a t io n s  

in to  c a v i ta t io n  h y s te re s is .  From th e i r  r e s u l t s  only  te n ta t iv e  and 

q u a l i ta t iv e  con c lu sio n s can be d e riv e d . C a v ita tio n  h y s te re s is  i s  a 

random phenomenon. The c a v i ta t io n  d e lay  tim e ten d s to  d ecrease  w ith  

in c re a s in g  v e lo c i ty ,  s iz e  and d isso lv ed  a i r  c o n te n t. F u rth e r  c a v i ta 

t io n  d e lay  tim e i s  a lso  in flu en ced  by th e  su rface  c h a r a c te r i s t ic s  of 

th e  model and th e  p re ssu re  h is to ry  of th e  f lu id ,

3,4*2 e f f e c ts  of d isso lv ed  a i r  con ten t

I t  i s  now w ell e s ta b lis h e d  th a t  n u c le i p re se n t in  th e  l iq u id

or trap p ed  on th e  c re v ic e s  on th e  su rface  of th e  body are  re sp o n sib le

fo r  th e  in c e p tio n  of c a v i ta t io n .  But to  d a te  only very  l i t t l e  i s

known about th e  r e la t io n s h ip  between tho amount of gas d isso lv ed  in  a

l iq u id  and e n tra in e d  gas c o n te n t. F u r th e r , th e  s iz e  and d is t r ib u t io n

of th e se  n u c le i in  v ario u s l iq u id s  a re  not known today*
95

Grump'" has in v e s tig a te d  th e  e f f e c ts  which a i r  co n ten t in  w ater 

have on th e  in c e p tio n  of c a v i ta t io n .  He observed a  s ig n i f ic a n t
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dependence of in c e p tio n  of c a v i ta t io n  on t o t a l  a i r  c o n ten t. F u rth e r ,

he observed th a t  in  f u l l y  a e ra te d  w ater, c a v i ta t io n  f i r s t  appeared a t

th e  boundary in  th e  form of sm all vapour c a v ity . In  d e -ae ra ted  f re s h

w ater th e  c a v i ta t io n  f i r s t  appeared in  th e  form of in d iv id u a l bubbles

which d id  no t n e c e s s a r i ly  form a t  th e  boundary. W illiams and McNulty''

have a ls o  observed th a t  th e  in c e p tio n  of c a v i ta t io n  in  flow ing w ater i s
32a f fe c te d  by th e  amount of a i r  p re se n t in  th e  w ate r. Kanellopoulos 

has conducted some c a v i ta t io n  experim ents on a sm all c e n tr i fu g a l  pump 

and has found, in  s p i t e  of th e  co n s id e rab le  s c a t t e r  in  th e  r e s u l t s ,  a 

pronounced e f f e c t  of t o t a l  gas co n ten t on th e  in c e p tio n  of c a v i ta t io n ,  

S trasberg^^  w ith  h is  experim ents on u l t r a s o n ic a l ly  induced c a v i ta t io n ,  

has d eriv ed  a fu n c tio n a l r e la t io n

7» g = ( 3 .4 .2 . l )

where i s  th e  c r i t i c a l  p re ssu re , G is  th e  eq u ilib riu m  or s a tu ra t io n

p re ssu re  of th e  a i r  d isso lv ed  in  th e  w ater, ^  i s  th e  maximum e x te rn a lm
w ater p re ssu re  to  which th e  c a v ity  lias been su b je c te d  and a^ and 

a re  num erical c o n s ta n ts , whose values are  unlcnown to  d a te  except th a t  

1 ^  a^ )> 1. T i l l  th e ’r e la t io n s h ip  between th e  amount o f

d isso lv ed  and e n tra in e d  gas co n ten t of a l iq u id  is  e s ta b lis h e d  i t  i s  

ex trem ely  d i f f i c u l t  to  p re d ic t  th e  e f f e c t  of gas co n ten t on th e  in c ep tio n  

of c a v i ta t io n  q u a n t i ta t iv e ly ,

3 .4 .3  Surface te n s io n , n u c le i s iz e  and d is t r ib u t io n  e f f e c ts

C a v ita tio n  n u c le i a re  assumed to  be pockets o f undisso lved  gas
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trap p ed  in  th e  c re v ic e s  on th e  su rface  of th e  model or s t r u c tu re  or on 

hydrophobic s o l id s .  S ince th e  w a lls  of th e  c re v ic e s  a re  unwetted the  

gas iDressure i s  le s s  than  th e  w ater p re ssu re  due to  th e  e f f e c t  of su r

face  te n s io n . So, fo r  c a v i ta t io n  ta k in g  p lace  on th e  su rface  of the 

h y d rau lic  s t ru c tu re s  or model, th e  fo llo w in g  c o n d itio n  fo r  law of sim i

l a r i t y  can be ob tained

P  0Neber Number = N = ---------------= C onstant (3«4*3 ,l)
f - s

where P  i s  th e  mass d e n s ity  of th e  f lu id ,  V i s  th e  v e lo c ity  of flow ,

D is  th e  c h a r a c te r i s t i c  dim ension of th e  model, ^  i s  th e  su rface  te n s io n  

of th e  f lu id  a t  th e  ambient tem pera tu re .

However, c o n s id e rin g  th e  number of n u c le i p re se n t in  th e  flow ing 

f lu id ,  we can a ls o  d e riv e  ano ther co n d itio n  fo r  s im i la r i ty  of c a v i ta t io n  

n u c le i i . e . ,

2
Neber Number of N uclei = <7 = — — = C onstant (3 ,4 * 3 ,2 )

where d i s  th e  d iam eter of th e  n u c le i .

The number of n u c le i p re se n t in  u n it  volume of th e  f lu id  may be 

im portan t only  when th e  c a v i ta t io n  i s  ta k in g  p lace  away from s o lid  

b ou n d aries. B esides, th e  number of n u c le i i s  s ig n i f ic a n t  only when 

i t  i s  s u f f i c i e n t ly  sm all fo r  every  nucleus to  a c t  as th e  c e n tre  of 

c a v i ta t io n  in c e p tio n . Since th e  number, the  s iz e  and th e  d i s t r ib u t io n  

of th e se  n u c le i are  s t i l l  unlmown even fo r  o rd in ary  l iq u id s  such as 

ta p  w ate r, r iv e r  w aters and ocean w ate rs , th e  above c o n d itio n  i s
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extrem ely  d i f f i c u l t  to  f u l f i l .  a lthough  th e re  i s  some experim ental 

evidence today showing the  o f f s e t  of Weber Number, one cannot be con

c lu s iv e  due to  the  f a c t  th e se  experim ental r e s u l t s  have been ob ta ined  

by keeping the su rface  te n s io n  c o n s ta n t ( i . e .  w ater a t  th e  same tem pera

tu re )  and v a ry in g  th e  v e lo c i ty  of th e  flow . However, i t  i s  im portan t 

to  reco g n ise  the  ex is ten ce  of h’eber number of n u c le i as ano ther p o ss ib le  

f a c to r  on th e  s c a le  e f f e c t s  of c a v i ta t io n .

while d isc u ss in g  th e  e f f e c t  of tu rb u le n t p re ssu re  f lu c tu a t io n  on 

the  in c e p tio n  of c a v i ta t io n ( r e f e r  3 .3 .5 )  we ob ta in ed  th e  equation

K1 = Cp + lit -  _
& P  V o 2

In  th e  above eq u a tio n , th e  term  ---------- „ depends on su rface
P

te n s io n  and th e  s iz e  of n u c le i p re se n t. I f  th e  o r ig in  of th e se  n u c le i

i s  th e  su rfa ce  of th e  model, the  s iz e  of th e  n u c le i would m ainly depend

upon th e  su rfa ce  te n s io n , f lu id  d e n s ity , v e lo c ity ,  model s iz e  and the
22c h a r a c te r i s t ic  of th e  su rfa c e  and th e  boundary la y e r .  D aily  suggests 

th a t  th e  s iz e  of th e  n u c le i c re a te d  a t  th e  su rface  of the model to  

some e x te n t depends on th e  c h a r a c te r i s t ic s  of th e  boundary la y e r , 

whose th ic k n e s s , in  g en e ra l, i s  in v e rse ly  p ro p o r tio n a l to  Vo^ where n 

i s  le s s  th a n  u n ity . Hence can be w r i t te n  p ro p o rtio n a l to  Vo^

or

T T ’~  = ~r ^ ~ i  =  1----  ( m ) l )  (3 .4 .3 .3 )
4- p  Vo i  P  Vo^ Vo

From t h i s ,  we can  see  t h a t  th e  e f f e c t  of th e  param eter depending on
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su rface  te n s io n  and n u c le i s iz e  can be reduced by o p era tin g  a t  high 

v e lo c i t i e s .  D aily  adds f u r th e r  t h a t  th e  e f f e c t  of th e  param eter

----------   Qĵ  c a v i ta t io n  in c ep tio n  can be reduced by in tro d u c in g  in to  th e
■y f  Vo'"

t e s t  w ater la rg e  n u c le i and o p era tin g  a t  v e lo c i t ie s  g re a te r  th an  30 f t/S e c ,

3.5 S cale  I f f e c t s  on th e  Growth of C a v ita tio n  Bubbles

When a vapour bubble grows in s id e  a l iq u id  -  here th e  growth of 

bubble by th e  d if fu s io n  of gas i s  n eg lec ted  -  ev ap o ra tio n  of th e  l iq u id
19

tak es  p la ce  a t  th e  su rfa ce  of th e  bubble. P le s s e t  and 2wick have 

in v e s tig a te d  t h i s  phenomenon th e o r e t ic a l ly  and th e y  have found th a t  

because of th e  l a t e n t  h ea t requirem ent f o r  ev ap o ra tio n , a change in  

bubble s iz e  must be accompanied by a h ea t t r a n s f e r  ac ro ss  th e  bubble 

wallo Due t o  h e a t t r a n s f e r ,  th e  l iq u id  su rrounding  the  bubble i s  

su b jec ted  to  co o lin g . S ince th e  vapour p re ssu re  a t  th e  bubble w all i s  

dependent upon th e  tem pera tu re  th e re ,  a decrease  in  th e  vapour p re ssu re  

in s id e  th e  bubble i s  brought about by the  r e s u l t a n t  co o lin g  of tho  

surrounding  l iq u id  duo to  h ea t t r a n s f e r  and th i s  causes a decrease  in  

th e  r a te  of bubble growth. F ig . (3* 5-1) talcen from P le s s e t  and Zwiok's 

paper, shows th e o r e t ic a l  ra d iu s  and bubble w all tem peratu re  curves fo r  

th e  growth of a pure vapour bubble in  w ater a t  1 atmosphere e x te rn a l 

p re s su re , superheated  to  103^0 . R e fe rrin g  to  F i g . (2 .3 .2 -2 )  one can 

note th e  marked e f f e c t  upon the  r a t e  of growth of a vapour bubble due 

to  co o lin g  of th e  surround ing  l iq u id  which p rov ides th e  h ea t necessary  

fo r  evaporatioiio
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333 ,5 .1 .  S ta h l and S tepanoff f i r s t  t r i e d  to  d e r iv e  a  sim ple approxima

t io n  by which t h i s  co o lin g  e f f e c t  could  be tak en  in to  c o n s id e ra tio n  

w hile  p re d ic t in g  th e  s u c tio n  head requirem ents f o r  su p p ress in g  c a v i ta t io n
o /

in  c e n t r i f u g a l  pumps•o p e ra tin g  in  d i f f e r e n t  f lu id s*  Jacobs con tinued  

t h i s  work f u r th e r  and d e riv ed  th e  fo llow ing  eq u a tio n s fo r  c e n tr i f u g a l

pumps*

(NPSH)^ = 4.

(NPSH)^ = (NPSH).

^  v l  
vg

X v l  
Vg

X  v l  
Vg

1 Æ )
v l  J 1

0
1— C /dT(— )v l  'd p

0

(3 .5 .1 .1 )

v l  Mp'' 3 1

X  v l 0
Vg 1- ( # )

( 3 .5 .1 .2 )
v l  ' d t '  d 2

where NPSH i s  n e t  p o s i t iv e  su c tio n  head re q u ire d  to  suppress c a v i ta t io n  

in  a c e n tr i f u g a l  pump

0  = A fu n c tio n  of design  and o p e ra tin g  p o in t of pump

X  = l a t e n t  h ea t of v a p o r isa tio n  

v l  = s p e c if ic  volume of l iq u id

vg = s p e c if ic  volume of vapour a t  am bient tem perature

C = Tem perature c o e f f ic ie n t  fo r  d e term in ing  change in  th e

en th a lp y  o f th e  l iq u id  d u rin g  v a p o r is a tio n  

slope  of vapour p re ssu re  curvedp
1; 2 a re  used to  id e n t i f y  f lu id s .
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The term  on th e  r i g h t  hand s id e  of equation  (3 .5 .1 * 2 ) exclud ing  (NPSH),
35i s  g e n e ra lly  lmo\m as th e  ‘’C a v ita tio n  tendency r a t io "  * B orets 

d e r iv e s  an equ a tio n  r e l a t i n g  th e  c a v i ta t io n  tendency  r a t i o  to  su c tio n  

s p e c if ic  speed as fo llo w s;

'  '  ^2 %C a v ita tio n  Tendency R atio  = CTR = (—q— ) (3 .5 .1 .3 )
^1

where S i s  th e  su c tio n  s p e c if ic  speed of a pump which i s  eq u a l to

, N = speed of pump Q = d ischarge  Hsv = n e t p o s i t iv e  su c tio n
i

NoO/
( Hsv) ̂

head above vapour pressure*

In  view o f th e  d isc re p an c ie s  e x is t in g  between th e o r e t ic a l  and 

experim en ta l c a v i ta t io n  tendency r a t io s  f u r th e r  in v e s t ig a t io n s  a re  

re q u ire d , and th e  q u a l i t a t iv e ly  accu ra te  p re d ic tio n s  o f  th e  c a v i ta t io n  

tendency r a t i o  su g g est f u r th e r  ev a lu a tio n  and refin em en t of t h i s  concept,

3 .5 .2  A sim ple s im i la r i ty  r e l a t io n  fo r  th e  e f f e c t  of v a p o r is a tio n  and 

h ea t t r a n s f e r  can  be d e riv ed  in  th e  fo llo w in g  m a n n e r^ . The amount o f 

h e a t t r a n s f e r r e d  to  th e  n u c le i

fo r  ev ap o ra tio n  = Cpl ( A T) (3 .5 .2 .1 )

where Cy i s  th e  h ea t t r a n s f e r  c o e f f ic ie n t  which i s  a fu n c tio n  of

Reynolds, P ra n d tl and Proude numbers*

a l  i s  a re a  of c ro s s - s e c t io n  through which .p lu id  i s  p ass in g  a t  

v e lo c ity  V 

v l  i s  s p e c if ic  volume o f th e  f lu id .
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Gpl i s  th e  s p e c if ic  h ea t of th e  f lu id

and AT i s  th e  change in  tem pera tu re .

The amount o f  h ea t re q u ire d  fo r  th e  evapo ra tion

= (3 .S .2 .2 )

where G . i s  th e  volume en tra inm en t c o e f f ic ie n t  which i s  a  fu n c tio n  of 

a t  l e a s t  Reynolds and Froude numbers *

av i s  e f f e c t iv e  a re a  of vapour removal

V i s  v e lo c i ty  of vapour removal which i s  assumed to  be th e

same as f r e e  stream  v e lo c i ty  

K  i s  l a t e n t  h ea t of v a p o r is a tio n  

and vg i s  s p e c if ic  volume of vapour 

From th e  above eq u a tio n s we o b ta in

' - i r -  • ^ 3 .5 .2 .3 )

Using G lapeyron’s eq u a tio n , we can  o b ta in  th e  change i n  vapour p re ssu re  

Af>v due to  co o lin g  as

“  Gg ' a ï  ' ' vg ' (vg -  v l)  ' Gpl T (3.5 .2.4.)

T h ere fo re , th e  non-dim ensional f a c to r  ex p ressin g  th e  e f f e c t  o f co o lin g  

due to  ev a p o ra tio n  i s

-  _1____ A ) . av . Z l  . ,---- 1 ------- ----(3 5 2 5)a l  vg (vg -  v l )  Gpl T U .5 .2 .5 ;

2g
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“  ^  f  (». F, Pri ( S  ■ ^
^v l 2g ^ Gpl

T herefo re  th e  c o n d itio n  fo r  s im i la r i t y  o f re d u c tio n  in  vapour p re ssu re

= co n s tan t (3 .5 .2 .8 )i s  Af V

But i t  i s  ex trem ely  d i f f i c u l t  to  s a t i s f y  a l l  th e  co n d itio n s  of eq u a tio n

(3 * 5 .2 .7 ) . However i t  i s  w orthw hile to  n o te  th a t  th e  e f f e c t  of change

in  vapour p re ssu re  due to  lo c a l  co o lin g  depends on P ra n d tl number and
2

th e  param eter X  b es id es  o th e r  f a c to r s .

VV2g Gpl T

3 .6  Summary o f s c a le  e f f e c ts  on c a v i ta t io n

The foPlow ing T ab le . 1 . g ives a summary of th e  p re se n t day 

Imowledge o f s c a le  e f f e c t s  on c a v i ta t io n .
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3o7 O bject of th e  p re se n t work

One can  observe from Table 1, th a t  th e  laws o f s im i la r i ty  fo r  

th e  in c e p tio n  of c a v i ta t io n  a re  indeed severe and i t  i s  p r a c t i c a l ly  

im possib le  to  f u l f i l  a l l  th e  co n d itio n s  s e t  f o r th .  However, some 

f a c to r s  a f f e c t in g  th e  in c e p tio n  of c a v i ta t io n  can be n eg lec ted  by 

comparing t h e i r  r e l a t iv e  im portance.

Throughout th e  p re se n t work, only d e s in en t c a v i ta t io n  p re ssu re s  

were measured, i . e .  c a v i ta t in g  flow  was f i r s t  e s ta b lis h e d  by low ering 

the  a b so lu te  p re ssu re  of th e  system and th en  th e  p re ssu re  ivas g ra d u a lly  

in c reased  to  a p o in t where th e  c a v i ta t io n  bubbles j u s t  disappeared*

The ab so lu te  p re ssu re  of th e  system when th e  c a v i ta t io n  ju s t  d isappeared  

was no ted  and t h i s  p re ssu re  was used to  c a lc u la te  th e  c a v i ta t io n  

param eter This p a r t ic u la r  procedure was used throughout th e  e x p e ri

ments of th e  p re se n t work so as  to  reduce th e  s c a t t e r  produced in  th e  

r e s u l t s  by th e  " h y s te re s is "  e f f e c t  of c a v i ta t io n .

T h ere fo re , using  th e  in fo rm atio n  given by Table 1, one can 

w rite  th a t

i P r

C-SX Z i 1 ^  \
a l  vg (Vg/ ) r

2g

(3 .7 .1 )

(a) h'ach Number E ffe c t

As d esc rib ed  above, only  d es in en t c a v i ta t io n  p re ssu re s  were 

observed th roughou t. T h erefo re , we can s a fe ly  assume th a t  a t  th e
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p o in t of c a v i ta t io n  th e  number of bubbles of observable s iz e  i s  alm ost 

n i l  and hence i t  i s  a flow  of l iq u id ,  no t t h a t  of a m ixture of l iq u id  

and vapour (o r  g as). S ince l iq u id s  a re  n e a rly  in co m p ressib le , th e  

e f f e c t  of changes in  Mach Number can be n e g lec ted ,

(b) E ffe c ts  of Surface I r r e g u la r i t i e s  and boundary-layer tu rb u len ce  

C a v ita tio n  experim ents in  th e  p re sen t work were done on the '

valve and th e  same valve w ith  a p a r t ic u la r  f ix e d  opening was used 

tliroughout. Hence i t  i s  assuined th a t  th e  e f f e c t  of su rface  ir re g u 

l a r i t i e s  on th e  in c ep tio n  of c a v i ta t io n  was th e  same.

b ince s u f f i c ie n t  th e o r e t ic a l  or p r a c t ic a l  knowledge i s  no t y e t

a v a ila b le  to  c a lc u la te  th e  p ressu re  f lu c tu a tio n s  p t  due to  tu rb u len ce ,

th e  e f f e c ts  of boundary la y e r  and tu rbu lence  were neglected*

( c ) E ffe c t  of d isso lv ed  a i r  Content

p re lim in a ry  experim ents w ith  f u l ly  s a tu ra te d  water (100% a i r -  

co n ten t)  and w ater w ith  40 . 5% a ir - c o n te n t  showed alm ost no change or 

e f f e c t  of d isso lv ed  a i r  co n ten t on c a v i ta t io n  incep tion*  This 

proves th a t  th e  d isso lv ed  a i r  co n ten t of w ater i s  an ,im p o rtan t f a c to r  

only when th e re  a re  in s u f f ic ie n t  n u c le i to  t r ig g e r  c a v i ta t io n .  F u rth e r, 

th e  p re se n t experim ents were conducted w ith  f lu id s  f u l l y  s a tu ra te d  

w ith  a i r  under atm ospheric co n d itio n s . I t  i s  assumed th e re fo re , th a t  

th e  e f f e c t  of d isso lv e d  a i r - c o n te n t  was th e  same th roughou t*

(d) E ffe c t  o f Weber Number

A lthough th e re  a re  some experim ental r e s u l t s  showing th e  e f f e c t
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of Weber Number, one cannot d e r iv e  any p o s it iv e  co n c lu sio n  from th e se , 

jlt can however, be remarked th a t  probably  Weber number of n u c le i i s  

an im portan t f a c to r  only  when alm ost a l l  th e  n u c le i p re se n t in  the 

f lu id  a c t  as th e  source of in c ep tio n  of c a v i ta t io n .  The d is t r ib u t io n ,  

s iz e  and number of n u c le i p re se n t in  v ario u s f lu id s  such as o rd inary  

tap  w ater, r iv e r  and ocean w aters a re  s t i l l  to  be determ ined. F u rth e r , 

i t  i s  no t y e t knoim in  what way the  amount of t o t a l  d isso lv ed  gas 

•content and e n tra in e d  gas in  n u c le i a re  r e la te d  w ith  each other*

The c a v i ta t io n  r ig  used to  conduct th e  experim ents of the  p re se n t 

work does no t have a re so rb e r  and f u r th e r ,  the  p re lim in a ry  experim ents 

rev ea led  t h a t  c a v i ta t io n  occurred only on th e  su i'face of th e  plug of 

th e  v a lv e . Hence i t  was assumed th a t  th e re  were always more than  

s u f f i c ie n t  n u c le i p re se n t in  th e  f lu id  to  t r ig g e r  c a v i ta t io n  and th e re 

fo re  th e  e f f e c t  of Weber number of n u c le i was n eg lec ted ,

(e ) From th e  above sta tem en t, we can say t h a t  th e  c a v i ta t io n  param eter 

I I  =  q  Q . ,  F ,  P r ,  ( g  ^  — 2 ^ ------------  )  )  ( 3 ' 7 ' S ' l )

I v l  "   ̂ T .Opl

/ CitT If! 1 /
Let us now co n s id e r th e  f a c to r  v -i o

a l  vg _ ]_) ^ . c p l
2g

. / av v l  1T his f a c to r  c o n s is ts  of a term  in v o lv in g  volume r a t i  of , ,\ a l  vg , vg _ ^ K
o v l

and th e  term  — --------------  # Assuming f u r th e r  t i i a t  th e  r a t i o  (Ar)
V

i s  co n s ta n t f o r  th e  same form of c a v i ta t io n , th e  volume r a t io  can be
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A m plified  to  (v l  / __2 ) s in ce  vg ^  v l .  In  th e  p re se n t work, the

p ro p e r tie s  of th e  working f lu id  (w ater) were changed by adding a sub

stance c a lle d  polyoxyalicaline p o ly o l, g e n e ra lly  known as p lu ra c o l V-10 

(see  nex t c h a p te r ) . This a d d itiv e  brought about an enormous change 

in  v is c o s i ty  of th e  s o lu t io n , w hile th e  change in  v apour■ p ressu re  

was alm ost n e g l ig ib le .  The changes in  s p e c if ic  volume of l iq u id  

and vapour were a ls o  n e g l ig ib le .  Hence th e  e f f e c t  of param eter 

(v l^ /^^2  ) was n eg lec ted . F u rth e r , fo r  co n s ta n t v e lo c ity , th e  term

---------- v a ried  only about 10-12% w hile P ra n d tl number v a rie d  from

6 to  about loO. Hence th e  e f f e c t  of th e  param eter — ------------- was
V
2i

a ls o  neglected*

I t  i s  th e re fo re  concluded tlm t the  change observed in  c a v i ta t io n  

param eter K i s  due to  change in  Reynolds number and P ra n d tl number, 

w hile Froude number i s  kep t co n s tan t as f a r  as p o s s ib le . Ne o b ta in  

th e re fo re  th a t

c a v i ta t io n  param eter K = , ; F F, P r)  (3 .7 .g .2 )

The aim of th e  p re se n t work i s  to  conduct c a v i ta t io n  t e s t s  on 

the  valve w ith  a  f ix e d  opening under c o n s ta n t Froude number* I t  was 

o r ig in a l ly  in tended  to  o b ta in  a  fu n c tio n a l r e la t io n s h ip  between 

Reynolds and P ra n d tl number w ith  re sp e c t to  c a v i ta t io n  param eter R, 

U n fo rtu n a te ly  a sever l im i ta t io n  was imposed on th e  flow  v e lo c ity  by 

the c e n t r i f u g a l  pump in  th e  c a v i ta t io n  r ig  s in ce  th e  r i g  was designed 

and e re c te d  w ith  th e  id ea  to  conduct experim ents on th e  pump. However
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experim ents were conducted on th e  valve under co n s ta n t Froude number 

w hile Reynolds Sund P ra n d tl  numbers were v a r ie d . The e f f e c ts  of 

Reynolds and P ra n d tl number on c a v i ta t io n  were obtained*
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C hapter 4

p r o p e r t i e s  o f  NATErl-PLUxhlGOL SOLUTIOK^

4 .1  G eneral

Water i s  th e  common l iq u id  which i s  used u n iv e rs a l ly  to  t e s t  

h y d rau lic  m achinery and th e  r e s u l t s  a re  e x tra p o la te d  to  l iq u id s  o th e r 

than  w ate r. In  some cases petroleum  products such as heavy f u e l  o i l ,  

l i g h t  lu b r ic a t in g  o i l  a re  used to  t e s t  h y d rau lic  m achines. I t  i s  

common p ra c t ic e  to  use g ly c e ro l in  v a rio u s  c o n c e n tra tio n  in  w ater to  

ana lyse  th e  e f f e c t  of v is c o s i ty  on th e  performance of hy d rau lic  m achines. 

In  th e  p re se n t work th e  au th o r has used l iq u id  polyoxyalkylene p o ly o l, 

g e n e ra lly  known as p lu ra c o l V - 1 0  in  d i f f e r e n t  c o n c e n tra tio n  in  w ater 

to  observe th e  e f f e c t  of Reynolds and P ra n d tl numbers on th e  in c e p tio n  

of c a v i ta t io n ,  P lu ra c o l V - 1 0  i s  a new product and was s p e c i f ic a l ly  

developed fo r  improving th e  v is c o s i ty  of aqueous-system s, P lu ra co l 

V - 1 0  i s  a h igh  m olecular w eight (average m olecular w eight 4 2 , 0 0 0  -  1 , 0 0 0 )  

l iq u id ,  polyoxyalicylene p o ly o l, w ith  a v ery  h igh  v is c o s i ty .  I t  i s  

n o n -v o la t i le  and th e rm a lly  s ta b le  below 450*^F. This product i s  

o b ta in ab le  com m ercially from Wyandotte Chemical I n te rn a t io n a l  I n c . ,  

London.
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4 ,2  P h y sica l P ro p e r tie s  of P lu raco l V-10 and i t s  so lu tio n s  in  w ater

4 .2 .1  S p e c if ic  G rav ity

The s p e c if ic  g ra v ity  60/60*^ of pure P lu ra c o l V-10 i s  1 ,14 ,

The v a r ia t io n  of s p e c if ic  g ra v ity  of p lu ra c o l V-10 and w ater s o lu t io n  

a t  d i f f e r e n t  co n c e n tra tio n s  i s  shown in  F ig . ( 4 .2 .1 .1 ) .  This ob ta ined  

by u sin g  a V/estphal Balance'" . F ig , ( 4 ,2 .1 .2 )  g ives th e  d e n s ity  of 

p lu ra c o l s o lu t io n s  of d i f f e r e n t  c o n c en tra tio n  a t  d i f f e r e n t  tem p era tu res . 

T his g rap h  i s  ob ta ined  by u sing  a pyknometer'" , F i g . (4 * 2 .1 .3 ) gives

a com parative study  of d e n s i t ie s  of aqueous s o lu t io n s  o f g ly c e ro l 

and p lu ra c o l .

4 .2 .2  S o lu b i l i ty

P lu ra c o l V-10 i s  so lu b le  in  w ater in  a l l  p ro p o rtio n s  below 

1 7 0 ^ .  Above th i s  tem peratu re  i t s  s o lu b i l i ty  d ecreases w ith  in c re a s in g  

tem p era tu re .

4 .2 .3  V is c o s ity

The o u ts tan d in g  p h y s ic a l p ro p e rty  of P lu ra c o l V-10 p o ly o l i s  

i t s  ex trem ely  h igh  v is c o s i ty .  The v is c o s i ty  of o th e r f lu id s  such as 

g ly c o l-w a te r  ty p e , f i r e - r e s i s t a n t  h yd rau lic  f lu id s  can be c o n tro lle d  

by a d d it io n  of t h i s  v iscous p o ly o l. I t  has e x c e lle n t  r e s is ta n c e  to  

sh ear and w i l l  n o t hydrolyze o r degrade under most c o n d itio n s . The 

h igh  v is c o s i ty  o f P lu ra c o l V-10 i s  of economic im portance because le s s  

i s  needed in  th e  s o lu t io n  to  o b ta in  th e  d e s ire d  v is c o s i ty .  F ig . (4 .2 .3 .1 )
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37shows the  v is c o s i ty  o f aqueous so lu tio n s  of p lu ra c o l and g ly c e ro l , 

F ig u res  (4 * 2 .3 .2 , 4 * 2 ,3 .3  and 4 * 2 .3 .4 ) show th e  v is c o s i ty  of p lu ra c o l-  

w ater s o lu tio n s  of d i f f e r e n t  co n c en tra tio n  (by  w eight) a t  d i f f e r e n t  

tem p era tu res . Aqueous so lu tio n s  of p lu ra c o l V-10 have Newtonian 

p ro p e r tie s  s im ila r  to  those  of petroleum  o i l s .  Pure p lu ra c o l V-10 

has a k inem atic v is c o s i ty  of 45,000 c e n t!s to k e s  a t  lOO^F and 6 ,000 

c e n tis to k e s  a t  2 1 0 ^ .  The r e s u l t s  sho^m in  F ig u res (4 .2 .3 * 1  to  

4 .2 .3 .4 )  a re  ob ta ined  by u sing  B r i t i s h  S tandards C a p illa ry  tube 

v isco m ete rs .

4 .2 .4  S p ec ific  Heat

F ig , ( 4 .2 .4 . l )  g ives th e  s p e c if ic  h ea t o f p lu ra c o l s o lu t io n  a t  

d i f f e r e n t  c o n c e n tra tio n . A c a lo r im e te r  in  which th e  l iq u id  can be 

e l e c t r i c a l l y  hea ted  was used and the r e s u l t s  a re  be liev ed  to  be 

ac c u ra te  to  -  1%.

4 .2 .5  C o n d u c tiv ity

S o lu tio n s  of w ater and p lu ra c o l V-10 up to  15% co n c en tra tio n  

by w eight were te s te d  in  th e  g la ss  and b ra ss  r a d ia l  h ea t flow 

C o n d u c tiv ity  C e ll a t  th e  M echanical E ngineering  Research Annexe by 

Mr. J .E .  V en a rt. T es ts  were made on two iso th erm s, l6 .5^0  and 41.5*^0. 

These r e s u l t s  a re  b e liev e d  to  be ac c u ra te  to  -  2%, The r e s u l t s  are  

p re sen ted  in  F ig u res  4 .2 .5 .1  and 4 .2 .5 .2 .  F ig u re  (4 .2 .5 .3 )  g ives 

th e  P ra n d tl  number o f p lu ra c o l so lu tio n s  of d i f f e r e n t  co n c en tra tio n  

between 15^ and 30^0 tem peratures*  •



49

4 .2 .6  Vapom t-Pressur e . Speciflc_Eyolurae_Q.f_v,ap our and_Lat_6nt_heat_of 

v a p o r is a tio n

In  th e  p re se n t work, the  au tho r has used p lu ra c o l V-10 and

w ater so lu t io n s  of up to  15% c o n c en tra tio n  by w eight. The average

m olecu lar w eight of p lu ra c o l V-10 i s  42,000, Hundred grams of a
16s o lu t io n  of 15% c o n c e n tra tio n  by w eight co n ta in s  ’̂ 2 000 ”  0.000357

gram mois of p lu ra c o l V-10 and == 4*725 gram mois of w a te r . S ince

th e  number of gram mois o f p lu ra c o l V-10 i s  v ery  sm all compared to

th e  gram mois of w a te r, th e  s o lu t io n  i s  d i l u t e .  For. d i lu t e  s o lu t io n s ,
38th e  change in  vapour p re ssu re  i s  g iven by th e  form ula 

Ft -  Po Ng
q  q . +  'ü” " ( 4 . 2 . 6 . 1 )

where i s  th e  vapour p re ssu re  of th e  so lv en t a t  a c e r t a in  tem pera tu re , 

i s  th e  vapour p re ssu re  o f th e  s o lu t io n  a t  th e  same tem pera tu re ,

and a re  gram mois of the  s o lu te  and so lv e n t r e s p e c t iv e ly . From th e  

above eq u a tio n , th e  change in  vapour p re ssu re  o f a p lu ra c o l V-10 and 

w ater s o lu t io n  of 15% c o n c e n tra tio n  by w eight i s  eq u a l to  0.00755%, 

which i s  n e g l ig ib le ,  Ne can th e re fo re ,  conclude th a t  th e  a d d itio n  of 

up to  15% of p lu ra c o l V-10 to  w ater does n o t change th e  vapour p ressu re  

of w ate r,

P lu ra c o l V-10 i s  a n o n -v o la ti le  substance and th e  vapour given 

o ff  by a s o lu t io n  of a n o n -v o la ti le  substance i s  composed e n t i r e ly  of 

th e  so lv e n t. Hence th e  vapour o f p lu ra c o l V-10 s o lu t io n  i s  p u re ly  

w ater vapour. S ince th e  vapour p re ssu re  of p lu ra c o l V-10 s o lu t io n
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i s  th e  same as t h a t  of w ate r, we can conclude t h a t  th e  s p e c if ic  

volume of s a tu ra te d  vapour o f p lu ra c o l s o lu t io n  i s  th e  same as th a t  

of W ater. F ig . (4 * 2 .6 .1 ) g ives th e  vapour p re ssu re  o f w ater a t  d i f 

f e r e n t  tem p era tu res .

The G lausius -  G lapeyron equa tion  s t a t e s

A- (T vg) ( ^ )  ( 4 .2 .6 .1 )

where A. i s  L a ten t h ea t of v a p o r is a tio n , T i s  ab so lu te  tem peratu re 

vg i s  th e  s p e c if ic  volume of s a tu ra te d  vapour and ( ^ )  i s  th e  

slope  of vapour p re ssu re  curve a t  tem peratu re T. Since th e  s p e c if ic  

volume vg of s a tu ra te d  vapour and (*^) th e  slope  of vapour p ressu re  

curve of p lu ra c o l V-10 s o lu t io n  a re  e x a c tly  th e  same as th a t  of w a te r, 

th e  l a t e n t  h ea t of v a p o r is a tio n  of p lu ra c o l V-10 s o lu t io n  i s  eq u iv a len t 

to  th a t  of w ate r.

4 .2 .7  Other im portan t p ro p e r tie s  o f P lu ra c o l V-10

Appearance L ight co lo u red , c l e a r ,  v iscous l iq u id

Pour p o in t 4.5*^G

F la sh  p o in t 265 • 5

F ire  p o in t 279.4^0

Thermal s t a b i l i t y  Decomposes above 248*^0

non-gumming 

non-corboniaing  

non -co rro siv e  

n o n -sep a ra tin g
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n o n -h y d ro liz in g

n o n -ra n c id ify in g

n o t su b je c t to b a c te r ia l  a c tio n

4 ,3  P ro p e r tie s  of P liiraco l-w a te r  S o lu tio n s  u sed .

The au th b r in  th e  p re se n t work has used f iv e  p lu ra c o l V-10 

and w ater so lu t io n s  of d i f f e r e n t  co n c e n tra tio n  in  a d d i t io n  to  w a te r. 

The Table 2 g ives th e  p ro p e r tie s  of v a rio p s  s o lu t io n s  used .

See n ex t page f o r  Table 2
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CHAFIKH 5 

DESCRIPTION OF CAVITATION RIG

5 .1  In tro d u c tio n

A sm all c a v i ta t io n  r ig  .was designed and e re c ted  to  p r im a r ily  

conduct experim ents on a medium sized  c e n tr i fu g a l  pump. The c a v i ta t io n  

r i g  c o n s is ts  of a Harland A in ,  monoglide pump, a v en tu rim e te r, a  non- 

c a v i ta t in g  valve  and a d e a e ra to r . The c e n tr i fu g a l  pump i s  d riv en  by 

a 3-phase 4-0 h .p , in d u c tio n  motor and th e  pump i s  p laced  a t  one end of 

the  h igher h o r iz o n ta l  le g  of th e  c i r c u i t .  The g en e ra l lay o u t of the  

r i g  i s  shown in  F ig . ( 5 .1 .1 ) .

5 .2  The C e n tr ifu g a l Pump

A medium sized  c e n tr i fu g a l  pump o f s p e c if ic  speed 1030 (g.p.m  -  

f e e t  u n its )  was chosen. This Harland 4 in .  monoglide c e n tr i fu g a l  

pump had an im p e lle r  of 9 .45 in  d iam eter and was capab le  of d e liv e r in g  

264 g .p.m . a t  a  head of 6 l  f e e t  a t  a  speed of 1440.r ,p .m . I t  was 

o r ig in a l ly  te s te d  a t  N atio n a l E ngineering  L aborato ry , E ast K ilb rid e  

and F ig , (5 .2 .1 )  shows th e  pump c h a r a c te r i s t ic s  w ith  a long s t r a ig h t  

i n l e t .

In  o rder to  observe th e  c a v i ta t io n  bubbles and to o b ta in  photo

graphs o f th e  im p e lle r  under c a v i ta t io n  some m o d ific a tio n s  were made to
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th e  Im p e lle r  and ca s in g  of th e  pump. The im p e lle r  was of bronze so 

as to  w ith stan d  c a v i ta t io n  damage. The f ro n t  shroud of th e  im p e lle r  

was machined out and re p la c e d  by a perspex shroud of s im ila r  shape*

The perspex f ro n t  shroud was f ix e d  to  th e  im p e lle r  vanes by high te n s i l e  

screw s. F i g . (5*2.2) shows th e  m odified im p e lle r  o f th e  pump. The 

o r ig in a l  su c tio n  cover of th e  pump casin g  was re p la c e d  by one made of 

perspex , A perspex  su c tio n  p ipe 1 fo o t long was a tta c h e d  to  the  

perspex  su c tio n  co v e r, as  shown in  F ig . ( 5 .2 ,3 ) .

F ig . ( 5 . 2 . 4 ) shows th e  pump c h a r a c te r i s t ic s  a t  d i f f e r e n t  speeds
A

and F ig . (5 .2 .5 )  shows th e  pump c h a r a c te r i s t ic s  w hile pumping f lu id ^

of d i f f e r e n t  v i s c o s i t i ^ ^  These were c a lc u la te d  using  th e  r e s u l t s  
39given by Tetlow in  h is  p aper.

The o r ig in a l  gland of th e  pump was removed and a ro ta ry  mechani

c a l  s e a l  was used in  i t s  p la c e . However, th e  m echanical sealing:,, 

though more e f f i c i e n t  than  th e  o rd in a ry  s tu f f in g  box type of se a lin g , 

d id  no t come up to  ex p e c ta tio n  due to  the  in h e re n t v ib ra t io n  p re se n t 

in  th e  power tra n sm iss io n  side  of th e  r i g .  The m echanical s e a lin g  

was s a t i s f a c to r y  only  down to  20 f e e t  o f vacuum su c tio n  p ressu re  and 

below th i s  p re ssu re  th e  atm ospheric a i r  s ta r t e d  to  le a k  in to  the  c i r c u i t  

through th e  m ating su rfa ce  of th e  s e a lin g . This imposed a very

sever l im i ta t io n  on th e  f a c t io n  of th e  d e a e ra to r . I t  i s  th e re fo re
A

recoiTimended th a t  th e  m echanical s e a lin g  i s  re p la c e d  by a more e f f i c i e n t  

s e a lin g  in  fu tu re  works. F ig , (5 .2 .6 )  shows th e  com plete mounting 

o f th e  pump.
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5 .3 . The E le c t r i c a l  Motor

The c e h tr i fu g a l  pump i s  d riv en  by a  3 -phase , 40 h .p . in d u c tio n  

motor p rovided  w ith  a  C ro fts  V ariab le  speed p u lle y  d r iv e  c o n s is t in g  of a  

p a te n t  V/S p u lle y  assem bly mounted on th e  s h a f t  of th e  e l e c t r i c  motor* 

The motor i s  mounted on an a d ju s ta b le  s l id e  base and th e  e n t i r e  speed 

range which can  be v a r ie d  g rad u a lly  from 1,000 to  2,000 r*p*m. w ith in  

th e  l im i t s  o f th e  maximum and minimum d iam eter o f th e  V/S p u lle y , can 

be a t ta in e d  w h ils t  d r iv in g , by ad justm ent o f th e  base wheel* The 

p u lle y  assem bly mounted on th e  motor s h a f t  c o n s is ts  o f the  two cone- 

faced  d is c s ,  one f ix e d , th e  o th e r s l id in g ;  when combined they  form a 

V-groove p u lle y  of v a r ia b le  p i tc h  diam eter* R o ta tio n  o f th e  hand

wheel moves th e  motor p la tfo rm  and motor towards o r away from the 

d riv en  s h a f t  which in  tu rn  a u to m a tic a lly  in c re a se s  or reduces the  

p i tc h  d iam eter of th e  v a r ia b le  speed p u lle y . The motor and the  

p u lle y  d r iv e s  were mounted on a p la tfo rm  supported  by th e  w a ll and 

a t i e - r o d .  F ig . (5 .3 .1 )  shows th e  m otor, th e  p u lle y  and the d r iv in g  

s h a f t  assem bly. F i g . (5*3.2) shows th e  e f f ic ie n c y  o f th e  power 

tran sm iss io n  assem bly.

5*4. V en tu ri-m ete r

A s ta n d a rd  v e n tu ri-m e te r  was i n s t a l l e d  in  th e  c i r c u i t  to  mea

su re  th e  d isc h a rg e  from th e  pump. The v e n tu ri-m e te r  was designed  i n  

accordance w ith  B .S.1042 sp e c if ic a tio n s*  The i n l e t  p ipe d iam eter was 

4 in .  w ith  a, 2^ xiXm d iam eter th r o a t  which produced an "m" r a t i o  o f . 

approx im ately  0 .3 l6 . The v en tu ri-m e te r  was d esigned  to  measure
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up to  1 .4  o u .f t / s e c .  w ith  a maximum d i f f e r e n t i a l  head of 30 in .  of 

mercury and had a 10 degree o u t le t  cone. The r e s u l t a n t  head lo s s  

was assumed to  be about 12% o f th e  ap p lied  d i f f e r e n t i a l  head. A 5 

f e e t  long  ( = 15 D) s t r a ig h t  p ipe was in s t a l l e d  upstream .

The v en tu ri-m e te r  was c a l ib r a te d ,  b e fo re  i n s t a l l i n g  i t  in  the  

C a v ita tio n  r i g ,  w ith  e x a c tly  the  same upstream  c o n f ig u ra tio n  as th a t  

of th e  main c i r c u i t .  The c a l ib r a t io n  curve i s  shown in  F ig . (5 .4 .1 )  

and th e  c o e f f ic ie n t  of d isch arg e  of th e  v e n tu ri-m e te r  compares favou r

ab ly  w ith  th e  B.S.1042 cu rv e .

5 .5  The N on-oav ita ting  valve

A valve which i s  being used as a p a r t  o f a c lo s e d - c i r c u i t  r i g  

such as th e  p re se n t c a v i ta t io n  r i g  should n e c e s s a r i ly  possess th e  

two main q u a l i t i e s  given below:

(a) O peration  f r e e  from f lu c tu a tio n s  in  p re ssu re  or flow since

th e  mass and volume of f lu id  a v a ila b le  in  th e  c i r c u i t  f o r  damping 

are  sm a ll.

(b) Over a wide range of valve opening, th e  valve  must be a b le  to

operate  f r e e  from c a v i ta t io n .

Such a valve  has been su c c e s s fu lly  designed'^^ and used in  the  

N atio n a l E ngineering  L aboratory  a t  E ast K ilb r id e . This valve 

e s s e n t i a l ly  c o n s is te d  of a  long tapered^p lug  w hich could  be moved 

a x ia l ly  in  a s im ila r ly  shaped body. Along th e  d i r e c t io n  of flow 

th e  d iam eter of bo th  plug and body in c reased  and the  flow  was d ire c te d  

th rough an an n u lar passage of g rad u a lly  in c re a s in g  a re a . The energy
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was th e re fo re  d is s ip a te d  by f r i c t i o n  a t  th e  s o l id  boundaries and the  

c h a r a c te r i s t i c s  of th e  valve could be a l te r e d  by moving th e  plug a x ia l ly ,  

v ary ing  in  tu rn  th e  shape of th e  boundaries.

The d es ig n  o f th e  valve  used in  th e  p re se n t c a v i ta t io n  r i g  was 

e s s e n t i a l ly  th e  same as th a t  of model 7 of th e  paper by D, F i r t h  and 

L e s lie  Young^^. The valve c o n s is te d  o f a p lug  o f l6 ^  in .  len g th  

w ith  12^ ta p e r  and a s im ila r ly  shaped body. The o u t le t  s e c tio n  of the 

valve  body, beyond the  d iv e rg in g  c o n ic a l p a r t ,  was s u i ta b ly  shaped to  

f i t  6 in . d iam eter o u t le t  p ipe s e c tio n . F ive p re ssu re  tap p in g s , 

eq u a lly  spaced, were provided along  th e  c o n ic a l s e c tio n  of th e  valve 

body. The valve  body was made out of perspex in  o rd er to  observe 

c a v i ta t io n .  F ig . (5 .5 .1 )  shows the c o n s tru c tio n  o f  th e  valve in  

d e t a i l .

Using B e rn o u illi* s  eq u a tio n , we can w rite  th a t  lo s s  o f p ressu re  

head L through th e  valve

1 Z' 2g L

where H i s  p re ssu re  head, V i s  th e  v e lo c ity , A i s  the  a re a  of c ro s s -  

s e c tio n , and s u f f ix e s  1 and 2 s tan d  fo r  i n l e t  and o u t le t  se c tio n s  of 

th e  valve  re s p e c tiv e ly . T herefo re ,

(5 .5 .1 )

Loss C o e ff ic ie n t .  t  [ A f  -  l ]  ( 5 . 5 . 2 )

A  ■

«1 -  H
— -■ .......  + 4 . 05» in  th e  p re se n t case

V̂ 2g
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Fig.- ( 5 . 5*2 ) shows th e  lo s s  c o e f f ic ie n t  o f th e  valve a g a in s t valve 

t r a v e l  which i s  expressed  as percen tage o f o u t l e t  d iam eter.

Energy lo s s  ta k in g  p la ce  in  th e  valve may be d iv id ed  in to  two 

p a r ts ;  ( l )  The f r i c t i o n  lo s s  which m ainly occurs in  th e  ann u lar 

d iv e rg in g  passage (2) The form lo s s  which talces p la ce  m ainly  beyond 

th e  maximum d iam eter of th e  p lu g . F i r t h  and Young^'^ g ive th e  fo llow 

in g  form ula fo r  th e  t o t a l  lo s s e s ,

I  1 ' 2

where f  i s  th e  f r i c t i o n  f a c to r ,  z th e  le n g th  o f th e  eq u iv a len t s t r a ig h t  

a im ular p ip e , Aq i t s  a re a  which i s  th e  geom etric mean of th e  a rea s  

normal to  flow  a t  th e  beg inn ing  and end of th e  c o n ic a l s e c tio n  of 

th e  p lug  w hile 3 i s  a x ia l  le n g th  o f t h a t  c o n ic a l s e c t io n , 1 valve 

t r a v e l ,  8 th e  sem i-angle of th e  cone (p lug) and K th e  form-1 oss 

c o e f f ic ie n t .  By re a rra n g in g  th e  above eq u a tio n , we g e t

F ig . ( 5 . 5 . 3 ) shows th e  term  on th e  r ig h t-h an d  s id e  of th e  above 

equ a tio n  p lo t te d  a g a in s t th e  r e c ip ro c a l  o f valve t r a v e l  1. The average 

v a lu es  o f th e  f r i c t i o n  f a c to r  f  and the  fo rm -lo ss  c o e f f ic ie n t  were 

ob ta ined  from i t .

f  = 1 .29  X 10“^ and K = 0.245

The v alue  of f r i c t i o n  f a c to r  f  fo r  th e  valve i s  o f th e  same order as 

th o se  found fo r  flow  in  smooth co n cen tric  an n u la r p ip e s . The v a lu e :
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of fo rm -le ss  c o e f f ic ie n t  i s ,  however, alm ost reduced to  h a l f  the  

expected v a lu e  of 0*45• T his i s  probably  due to  th e  r e l a t i v e l y  la rg e

s iz e  o f th e  o u t le t  s e c tio n  of th e  body compared t o  th e  dim ensions of 

th e  p lug  o f th e  v a lv e .

The p re ssu re  d i s t r ib u t io n  along th e  v a lv e  body i s  shown in  

F ig . ( 5 . 5*4 ) fo r  v a rio u s  valve openings. The c a v i ta t io n  r i g  was 

o r ig in a l ly  designed and e re c te d  fo r  t e s t in g  a c e n tr i fu g a l  pump and 

only  f iv e  e q u a lly  spaced p re ssu re  tapp ings were provided  a long  th e  

d iv e rg in g  s e c tio n  of th e  perspex body o f th e  v a lv e . These p re ssu re  

tap p in g s were u t i l i s e d  to  measure th e  p ressu re  a long  th e  valve body 

and th e re fo re  F ig . (5.5*4-) g ives only a g en e ra l id e a  of th e  p re ssu re  

d i s t r ib u t io n  a long  th e  v alve  body. Since th e  low est p ressu re  in  th e  

v alve  was no t m easured, th e  p ressu re  measured by th e  tap p in g  No: 2  

was used th roughout f o r  c a lc u la t in g  c a v i ta t io n  param eter K.

F ig . ( 5 . 5 . 5) shows the  expected and a c tu a l  lo s s - c o e f f ic ie n t

o f th e  v a lv e . The in c re a se  in  lo s s - c o e f f ic ie n t  may be due to  th e

in c re a se  in  th e  v a lu e  of th e  f r i c t i o n  f a c to r  which was assumed to  be
—2eq u a l to  1 .18  x 10" . The p re ssu re  d i s t r ib u t io n  curves show th a t  

th e  minimum p re ssu re  in s id e  th e  valve i s  w e ll below th e  o u t le t  p re ssu re  

and th a t  th e  p o in t of minimum p ressu re  moves g rad u a lly  towards th e  

nose of th e  p lug  as th e  opening i s  c rea sed . F u r th e r , th e  p re ssu re

drop along th e  f i r s t  q u a r te r  o f th e  le n g th  of th e  v alve  i s  v e ry  s te ep  and 

th i s  p re ssu re  d is t r ib u t io n  i s  re sp o n s ib le  fo r  c a v i ta t io n  o ccu rrin g  

f i r s t  in  th e  v a lv e . In  o rd e r to  avoid  c a v i ta t io n  ta k in g  p lace  in  

th e  v a lv e , i t  i s  suggested  t h a t  th e  o u t le t  p re ssu re  o f th e  valve be
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in c reased  by in c re a s in g  th e  v e r t i c a l  h e ig h t of th e  rig *

5 .6  The Dea e ra to r

F ig . (5 .6 . 1 ) shows th e  d e ta i l s  of th e  d e a e ra to r . I t  c o n s is ts

of a 4 in .  d iam eter v e r t i c a l  p ipe which i s  provided w ith  a s u i ta b le

Cap. The cap i s  provided w ith  ^  in .  d iam eter ho les to  e je c t  th e

f lu id  in  th e  form of sm all j e t s .  The d e a e ra to r  i s  connected a t  i t s

top  to  a vacuum pump.

F ig . (5 .6 . 2 ) shows th e  r a t e  of dea e ra t io n  of w ate r, by th e

d e a e ra to r . I t  was no t p o ss ib le  to  b r in g  down th e  p re ssu re  of th e

c i r c u i t  below 20 f e e t  of vacuum since  th e  atm ospheric a i r  s ta r te d  to

le a k  in to  th e  r i g  through th e  m echanical s e a lin g . Hence i t  was not

p o ss ib le  to  d ea e ra te  th e  w ater in  th e  c i r c u i t  below 28^ of t o t a l  a i r

co n ten t a t  atm ospheric c o n d itio n s . An ap p ara tu s  designed by 
42hanellopou los was used to  measure th e  g as-co n ten t of w ater.

5 .7  The P re ssu re  C ontro l Device

F ig . ( 5 . 7 . 1 ) shows th e  p ressu re  c o n tro l  dev ice used in  th e  

c i r c u i t .  I t  c o n s is ts  of a  6 in . diam eter b ra s s  c y lin d e r  w ith  s u i ta b ly  

designed cap . A rubber b lad d er is  a tta c h e d  to  th e  tube  which passes 

through th e  cap . The c y lin d e r  i s  connected to  th e  main c i r c u i t  

th rough  a valve and th e  rubber b ladder i s  connected to  th e  vacuum 

pump through an a i r - v e s s e l  which i s  provided w ith  v a lv es to  c o n tro l  

th e  ab so lu te  p re ssu re .
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^ .8  The C irc u i t  in  General

S tandard  s t e e l  p ip es of U in* and 6 in .  d iam eter were used in  

th e  c i r c u i t .  A ll th e  m e ta l lic  p a r ts  coming in  c o n ta c t w ith  w ater 

were coa ted  w ith  po lyu re thene , a p i tc h  based compound, to  p ro te c t  

them from c o rro s io n . The c i r c u i t  was connected to  th e  main w ater 

supply  th rough  a valve and a  s u i ta b le  opening was provided a t  the  

pump le v e l  to  add p lu ra c o l V-1Û in to  w ater in  th e  c i r c u i t .  A thermo

m eter pocket was provided in  th e  r i g .

F ig . (5 .8 .1 )  shows th e  head developed a c ro ss  th e  pump a t  two 

valve openings.

The r i g  does no t have a hea t-exchanger, s in c e  th e  p re lim in a ry  

c a lc u la t io n s  showed t h a t  th e  c i r c u i t  would a t t a i n  a s tead y  tem peratu re  

of 3 5 a t  an in p u t of 15 h .p . However th i s  was proved wrong s in ce  

th e  in te rn a l-  c o a tin g  of po lyurethene and th e  e x te rn a l co a tin g  of p a in t 

had co n s id e ra b ly  changed th e  h ea t conducted th rough  th e  su rface  of 

the  r i g .  F ig . (5 .8 .2 )  shows th e  in c rease  in  tem peratu re  o f th e  c i r c u i t  

w ater a g a in s t  tim e w hile  th e  in p u t power was 7 h .p . While conducting  

c a v i ta t io n  t e s t s  w ith  v iscous s o lu t io n s , a tem peratu re  in c re a se  of 

as much as O.l^G p er th re e  m inutes was no ted . I t  i s  th e re fo re  sug

gested  th e  c i r c u i t  be provided w ith  a  h ea t-exchanger, w hile th e  valve 

i s  used to  d is s ip a te  energy generated  by th e  pump.

5 .9  P ressu re  Measurements

5 .9 .1  P re ssu re  tra n sd u c e rs  a re  used in  th e  p re se n t c i r c u i t  to  measure 

th e  s u c tio n  and o u t le t  p re ssu re s  of th e  pump and a d i f f e r e n t i a l  p ressu re
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tra n sd u c e r  i s  used t o  measure th e  d i f f e r e n t i a l  head ac ro ss  th e  v e n tu r i-  

m eter. These tra n sd u c e rs  were mounted s e p a ra te ly  on a p an e l and 

were connected to  ap p ro p ria te  p o in ts  in  th e  c i r c u i t  through polythene 

tu b e s .

The p re ssu re  tra n sd u c e rs  have an accuracy  of -  1% of f u l l  range 

ou tpu t and o p era te  w ith  1 0 .v o l ts  (d .c )  in p u t. The e l e c t r i c a l  outputs 

from th e  p re ssu re  tran sd u c ers  a re  fed  in to  an u l t r a r v i o l e t  galvano

m eter re c o rd e r . F ig s . (5 .9 ,1 )  to  (5 ,9 ,3 )  show ty p ic a l  c a l ib r a t io n  

curves of th e  p re ssu re  tra n sd u c e rs . The su c tio n  and th e  d i f f e r e n t i a l  

p re ssu re  tran sd u c e rs  were c a l ib ra te d  a g a in s t m ercury manometers and 

the  o u tle t-p re s s u re  tran sd u c e r  (o f  the pump) was c a l ib r a te d  a g a in s t

a p is to n  gauge41

5 ,9 ,2  Mercury manometers were used to  measure th e  p re ssu re s  in  the  

v a lv e . The p re ssu re s  can be measured a c c u ra te ly  to  -  1 mm. of m ercury. 

F ig , (5,9,4-) shows th e  d e t a i l s  of th e  connections to  manometers,

5 .10 Speed Measurement

■m-M. -mc+txt

"t

P ibtc ' Ttp
^T ufr\ol Pbo-r\i/*C W heel

FiG. 5 .1 0 .1
A phonic wheel and p ick-up  h ead ,arrangem ent was used to  measure 

the  pump s h a f t  speed, see f ig u re  (5 ,1 0 .1 ) .  The e l e c t r i c a l  ou tpu t
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from th e  p ick-up  head was fed  in to  a frequency/D .O . c o n v e rte r . The 

c o n v e rte r  read ings were c a l ib r a te d  using  a stroboscope. F ig . (5 ,1 0 .2 ) 

shows th e  c a l ib r a t io n  curve of th e  frequency/D .G . c o n v e rte r .

5 .11 Power Measurement

E le c t r i c a l  power in p u t to  th e  motor was measured using  a w att 

m eter. A mercury therm om eter, ac cu ra te  t o  O.l^G, was used to  o b ta in

th e  tem peratu re of th e  f lu id  in  th e  c i r c u i t*

5 .12 D efects of th e  p re se n t C a v ita tio n  Rig

(1) I t  was found im possib le  to  low er the  ab so lu te  p re ssu re  of th e  

r i g  below 20 f e e t  of vacuum, s in c e  the  atm ospheric a i r  s ta r te d  to  le a k  

in to  th e  system through  th e  m echanical s e a l .  I t  i s  recommended, 

th e re fo re  th a t  a more s u i ta b le  s e a l in g  of th e  pump s h a f t  be made befo re  

s t a r t in g  any f u r th e r  work on the  r ig ,

( 2 ) The s o -c a l le d  n o n -c a v ita tin g  valve s ta r t e d  c a v i ta t in g  w ell befo re  

th e  c e n tr i f u g a l  pump. The p ressu re  d i s t r ib u t io n  curves of th e  valve 

re v e a l  th a t  a  v e ry  sharp  p re ssu re  drop e x is ts  along  th e  d iv e rg in g  c o n ic a l 

s e c tio n  of th e  v a lv e . Perhaps th e  valve c a v i ta t io n  could  be prevented 

by in c re a s in g  th e  o u t le t  p ressu re  a t  th e  valve by in c re a s in g  the  v e r t i c a l  

h e ig h t of th e  c i r c u i t .  A s u ita b ly  designed tu rb in e  could  a ls o  be used 

in  th e  p lace  of th e  n o n -c a v ita tin g  valve*

( 3 ) S ince th e  e le c tr ic a l-m o to r  and th e  p u lle y  mechanisms a re  mounted

on a p la tfo rm  p ro je c t in g  from th e  w all, v ib ra tio n s  a re  p re se n t in  th e  ■ 

r i g .
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GHAmU 6

TSST PRÛQËjüUHK AND liSSULTS

6 .1  P re s g u re -M s tr ib u tio n  along Valve Body

The perspex body of th e  valve has f iv e  p re ssu re  tap p in g s , 

eq u a lly  spaced, a long  th e  c o n ic a l d iv e rg in g  s e o tio n .a s  shown in  F ig .

( 5 .5 .1 ) .  In  a d d itio n  i t  a ls o  has i n l e t  and o u t le t  p ressu re  ta p p in g s . 

The connections to  mercury manometers a re  shown in  F ig , (5 .9 .4 )  and 

th e  manometers can be read  a c c u ra te ly  to  1 mm. o f mercury*

The pump speed was ad ju s ted  to  1,4-00 r .p .m , and th e  valve 

t r a v e l  was kep t a t  5% of o u t le t  d iam eter. The v e n tu r i  manometer 

read in g  was noted and th e  o u t le t  p ressu re  of th e  v a lv e  was observed 

by u sing  th e  manometer N o .l. The d if fe re n c e s  in  p re ssu re  between 

the  o u t le t  and th e  i n l e t  p re s su re s , th e  p re ssu re s  a t  v a rio u s  tap p in g s 

1 to  5, were no ted  by u sing  th e  d i f f e r e n t i a l  manometer No,2. This 

experim ent was rep ea ted  by in c re a s in g  valve t r a v e l  by in  s te p s  up 

to  65/^* F ig . (6 .1 .1 )  shows th e  ty p ic a l  p re ssu re  d i s t r ib u t io n  fo r  

valve openings of 25^ and ^0% o f o u t le t  d iam eter.

The number of p re ssu re  tapp ings along  th e  valve body was no t 

s u f f i c ie n t  to  lo c a te  e x a c tly  th e  p o in t o f minimum p re ssu re . The 

p o in ts  of minimum p ressu re  shown in  F ig , (6 .1 .1 )  a re  p u re ly  sp e cu la tiv e  

and i t  i s  suggested  th a t  in  fu tu re  works more c lo s e ly  spaced p ressu re
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tapp ings be used* In  th e  p re se n t work, fo r  o a lc u la tin g  c a v i ta t io n  

param eter K, th e  p re ssu re s  measured a t  tap p in g  number 2 were used 

th roughou t.

6.2 D eaeration

QE AERATOR

V a l v e . B .

F ig . (6 .2 .1 )

For d e a e ra tin g  th e  w ater in  th e  main c i r c u i t ,  th e  6 in .  b a l l  

valve G was c lo sed  and th e  4 in .  b a l l  va lves A and B were kept open 

th e reb y  making th e  w ater flow  th rough  th e  d e a e ra to r . The flow  was 

a d ju s te d  to  a d e s ire d  r a t e ,  in  th e  p re se n t case to  about 0 .6  cusecs 

a t  a pump speed of 1,400  r^p.m . and th e  p re ssu re  in s id e  th e  d e a e ra to r  

was slow ly  reduced to  about 20 f e e t  of vacuum using  th e  vacuum pump.

I t  was no t p o s s ib le  to  lower th e  ab so lu te  p re ssu re  of th e  system 

below th e  above mentioned value s in ce  atm ospheric a i r  s ta r te d  to  le ak  

in to  th e  system  through th e  m echanical s e a l .

^ a te r  samples were p e r io d ic a l ly  drawn in to  a i r - c o n te n t  m easuring 

appara tu s and th e  a i r - c o n te n t  of each sample was determ ined. F ig .

(5 .6 .2 )  shows th e  r a te  o f d e a e ra tio n . I t  was however, n o t p o ss ib le  

to  d ea e ra te  th e  w ater in  th e  c i r c u i t  com plete ly , due to  the  l im i ta t io n
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imposed upon th e  a b so lu te  p re ssu re  of th e  c i r c u i t  by th e  m echanical 

s e a l  used on the  pump s h a f t .

6 .3  Choice of S u ita b le  Valve Opening

F ig . (5*5 .4 ) shows th e  p re ssu re  d i s t r ib u t io n  along th e  valve 

body. I t  In d ic a te s  t h a t  tho  p o in t o f low est p re ssu re  i s  lo c a te d  a t  

or near th e  maximum d iam eter o f th e  plug fo r  a  sm all valve opening.

F o r in s tan c e  we f in d  th a t  f o r  a  valve opening of 10^ of o u t le t  

d iam eter tho  minimum p re ssu re  occurs a t  a p o in t which i s  lo c a te d  a t  

a  d is ta n c e  of 60/v of th e  t o t a l  valve le n g th . For la rg e r  valve 

openings th e  p o in t of low est p ressu re  i s  found midway along the plug 

or a t  th e  nose. I n i t i a l  experim ents were th e re fo re  c a r r ie d  out to  

f in d  a s u i ta b le  valve opening fo r  which th e  minimum p re ssu re  would 

occur e x a c tly  a t  th e  p o in t which i s  a t  31.7% o f th e  valve t o t a l  le n g th , 

s in c e  th e  p re ssu re  tap p in g  number 2 i s  lo c a te d  a t  t h i s  p o in t .  I t  

was found, see F ig . (5*5.4) th a t  f o r  a va lve  opening o f about IA.% the  

p re ssu re  tap p in g  number 2 was r e g is te r in g  th e  lo w est p re ssu re  occu rring  

in  th e  v a lv e . For t h i s  p a r t ic u la r  valve opening, i t  was found th a t  

th e  flow  v a r ie d  by only about 0 .2  cusec fo r  pump speed v a r ia t io n  from

1,200 to  2 ,000 r .p .m . This v a r ia t io n  of flow was n o t s u f f i c ie n t  to  

produce th e  d e s ire d  change in  Reynolds number and hence 14% valve 

opening had to  be r e je c te d .

R e fe rrin g  to  F ig . ( 5 .8 .1 ) ,  we f in d  t l i a t  a t  33.3% valve opening, 

flow  V aried from 0.85 cusec to  about 1 .6  cusec . This p a r t ic u la r  

valve opening was found u n su itab le  fo r  c a v i ta t io n  t e s t s  s in ce  th e
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valve p lug  s ta r te d  v ib r a t in g  th e reb y  producing p ressu re  and flow 

f lu c tu a t io n s .  A valve opening of 26.7% of o u t le t  d iam eter was f i n a l l y  

chosen f o r  which th e  flow  v a r ie d  from 0 .7  cusec to  about 1 .4  cusec.

6 .4  C a v ita tio n  T ests

6 .4*1 A ll c a v i ta t io n  experim ents were conducted on th e  valve w ith  a 

f ix e d  opening of 26 . 7% of o u t le t  d iam eter.

During c a v i ta t io n  t e s t s ,  th e  d e a e ra to r  was is o la te d  from the 

main c i r c u i t  by c lo s in g  th e  4 in .  b a l l  v a lv es a  and B, and keeping 

6 in .  b a l l  valve G, shown in  F ig . ( 6 .2 .1 ) ,  open com plete ly . Flow 

in  th e  main c i r c u i t  was c o n tro lle d  on ly  by vary in g  th e  speed of th e  

pump from 1,200 to  2,000 r .p .m . Reduction o f th e  flow  by c lo s in g  

th e  6 in ,  b a l l  v a lv e  was no t p o ss ib le  s in ce  t h i s  caused c a v i ta t io n  

in  i t .  T herefore th e  upper and lower l im its  o f flow  in  th e  c i r c u i t  

were e s s e n t i a l ly  c o n tro lle d  by th e  pump speed.

6 .4 ,2  Throughout th e  c a v i ta t io n  experim ents, only  "d e s in en t c a v ita tio n "  

p re ssu re s  were m easured.

The c i r c u i t  was f i l l e d  w ith  f r e s h  w ater from th e  supply  mains 

to  a dep th  o f 2 f e e t  in  th e  d e a e ra to r . S p ec ia l ca re  was tak en  to  

e lim in a te  th e  trapped  a i r  pockets in  th e  main c i r c u i t .  The p re ssu re  

c o n tro l  d ev ice  was f i l l e d  w ith  w ater from th e  main and a l l  th e  a i r  

trap p ed  in  i t  was removed by u sing  th e  v en ts  prov ided . A tte n tio n  

was paid  to  removing a i r  bubbles from manometers and p re ssu re  connec

t io n s .
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The d a a e ra to r  was is o la te d  from the  main c i r c u i t  and th e  6 in .  

b a l l  valve was kep t com pletely  open. Pump speed was ad ju s ted  to

1,200 r .p .m . and th e  v en tu ri-m e te r  d i f f e r e n t i a l  p re ssu re  was no ted .

The ab so lu te  p re ssu re  of th e  system was th e n  g ra d u a lly  decreased  by 

u sing  th e  p re ssu re  c o n tro l  dev ice which was connected to  the  vacuum 

pump through an a i r  v e s se l w ith  v a lv e s . P ressu re  was lowered u n t i l  

c a v i ta t io n  began a t  th e  v a lv e . Since the  valve body i s  made of p e rs 

pex, c a v i ta t io n  can be c l e a r ly  seen w ith  the  unaided eye. The p ressu re  

was th e n  g ra d u a lly  in c reased  t i l l  the  c a v i ta t io n  ju s t 'd is a p p e a re d . 

P a r t ic u la r  a t te n t io n  was paid  here to  no te e x a c tly  th e  p o in t of 

d iappearance of c a v i ta t io n .  The p re ssu re  a t  t h i s  p o in t was held 

c o n s ta n t. The tem peratu re  of th e  f lu id  in  th e  c i r c u i t ,  th e  p ressu re  

a t  tho valve  o u t le t  and th e  d if fe re n c e  between the  p re ssu re s  a t  

o u t le t  and tap p in g  number 2 were no ted . T his whole o p e ra tio n  could 

be done in  le s s  than  2 m inutes and in  th i s  in te rv a l  th e  change in  

tem peratu re  of th e  f lu id  was never more th an  0.05*^0 depending upon the 

in p u t o f th e  pump.

Flow was then  in c reased  by changing th e  pump speed and th e  above 

d e s c r ib e d .c a v ita t io n  experim ent was re p e a te d . T ests  were continued  

up to  th e  maximum flow  th a t  could  be ob ta ined  by changing the  speed of 

th e  pump.

I t  was observed t h a t  th e  c a v i ta t io n  always s ta r te d  to  occur 

f i r s t  on th e  valve p lu g  n ea r i t s  nose. I t  was no ted  f u r th e r  th a t  

th e  c a v i ta t io n  always began on very  sm all i r r e g u l a r i t i e s  on th e  su rface  

of th e  p lu g . Throughout th e  p re se n t work, th e  same a re a  of th e  su rface
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of th e  p lug  was observed fo r  d isappearance of c a v i ta t io n .

R e su lts  o f th e  c a v i ta t io n  experim ents f o r  w ater f u l ly  s a tu 

ra te d  w ith  a i r  a re  g iven in  Table 3.

6 .4 .3  The w ater in  th e  c i r c u i t  was d eao ra ted  to  an  a i r - c o n te n t  of 

40o5% of f u l l  s a tu ra t io n  and c a v i ta t io n  t e s t s  were c a r r ie d  out as 

b e fo re  a t  d i f f e r e n t  flow  r a t e s ;  r e s u l t s  a re  g iven in  Table 4*

6 .4*4  A measured q u a n tity  of p lu ra c o l V-10 was th e n  added to  the  

w ater in  th e  r i g ,  th rough th e  opening s p e c ia l ly  p rovided . S ince 

p lu ra c o l V-10 i s  a  very  v iscous substance , i t  was i n i t i a l l y  mixed 

w ith  w ater to  make i t  flow  e a s i ly  and th en  added to  th e  w ater in  th e  

r i g .

P lu ra c o l V-10 th u s  added and th e  w ater in  th e  r i g  were thoroughly  

mixed by runn ing  th e  pump fo r  about 30 m inutes.

F ive so lu t io n s  of d i f f e r e n t  c o n c e n tra tio n  were used a t  t e s t in g  

media and th e  v a rio u s  p ro p e r tie s  of th ese  s o lu t io n s  a re  given in  

a r t i c l e  (4* 5  ) .

C a v ita tio n  experim ents were done u sin g  th e se  so lu tio n s  and 

r e s u l t s  a re  given in  T ab les5 - to  9*

6 .5  D iscussion

6*5*1 The i n i t i a l  c a v i ta t io n  experim ents were c a r r ie d  out w ith  w ater 

f u l l y  s a tu ra te d  w ith  a i r  a t  atm ospheric p re ssu re  and 40*5% a ir - c o n te n t .  

These t e s t s  were done w ith  a view to  f in d in g  out w hether th e  amount

of d is s o lv e d  gases in  w ater has any p a r t ic u la r  e f f e c t  on th e  in c e p tio n
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AtmospbcrcC j>vesSu.V6 1 3^%viaker.

i 0  
11 OaJ

Verap. of 
f  f-uUcj vn*

*C

RcChe of 
-fi'ou)

Cusec

VclL-U6
oat?efc
'pujessuv'e

Pjz
FT. WAtER

■ messuYCctC
tctpp(A;g.î̂ :2
t>elou>
Ft - water

Ca.ot̂ c\-Wt>n
4lU.7rvbeT

K

'Reyn.ofcAs

R xro^

Fiwude
N'UTTbbe.r*

F

R’a-n-cHC
llu-Tnbeir

P/L
.

iq .q 0 .7 5 6 1 9 .2 6 2 4 .4 0 0 . 4 4 3 6 6 . 4 7 7 5 . 8 6 6-75

I . i2i.6 0 .8 1 5 2 9 .5 4 2 8 -6 0 0 . 4 9 3 72.60 S I .76 6-50

! a. 13.6 0.8^6 35.83 34-20 0 . 508r 84.62 sq.76 6.25
s
\ 4- 16-0 o-q& q 45>. 45 56'46 0-534 A 6 97 96.18 6-So

5. %q.5 3 .055 60> 69 44.60 • 0-462 112.36 ' 105.61 5.25

6. 2 2 .0 3 .324 83.61 5 6 .9 5 0.551 1 0 2 .5 6 i ia .s q 6.60

7. 2 7 .5 3-203 100' 63 GS' 4& 0 . 5 5 3 I2 9 . 4 8 1 2 0 .4,9 575

a 1 7 . 5 0 .7 8 3 20.06 16 .31 0-511 6 4 . 4 6 iq.14 7.40

9. 17 6 0 .7 6 2 16.23 2 3 -7 9 O ' 5 0 0 6 2 -8 5 76*44 1* 3o

1 0 . 2 2 .0 0 .6 2 6 24.47 28-96 0-487 74.98 82-83 6-5o

20.5 o-6>qi 34.^2 33.79 0-507 78.07 gq.38 670

12. 24-0 0-431 43.92 31.59 0.533 88.53 qs.sq 6 .2 5

15. 2-7.0 0.477 61.50 42.01 0 .520 qq.33 qgoi 3.73

•f4* 25.0 3 . 0 4 7 67.37 48*13 0  -559 101.7q 104-98 6-2  5

15 27-5 1, 3oq 22.06 5 4  ‘61 0 . 5 7 4 114.10 111.33 6 -5 0

*16. 32.0 1.364 q2.08 59.98 0-569 130.2S 115-72 5 . 0 0

17. 30.0 1. 216 101.53 <o6'51 0 . 6 3 7 131.81 121-96 5 . 2 0

T8. 2 0 . 5 4 -2 0 5 q&.qa 6 4 . 2 4 0 . 5 2 5 105.56 120-86 <b‘7 o

19. 2o.o 3 ^ 3 4 6 81.07 67-50 0 .5 0 S qq .22 ii4.qs 6.00

20. 23.0 3- 07Ô ‘ 72.89 6|. 84 0 .5 4 7 loo. 14 108-10 6 * 3 0
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C a lc u la tio n s  Common to  Tables 3 to  9*

V e lo c ity  Vm = f t / s e c .

V e lo c ity  Vv = f t / s e c .

l . s i n . e  = 0,0139 f t .

C a v ita tio n  Number IC = ,Valve D if f e r e n t ia l
o u t le t  p ressu re  head

, ■ p ressu re f e t i T o u U a t  -  (Vapour p re ssu ra )
head__________ and tap p in g  No. 2

V a7 2 g

Reynolds Number R =

Froude Number F = Vv

\ / g  l .e in ©

P ra n d tl Number Pr = (See a p p ro p r ia te  graphs)



128
T A B L E . 4 -

V a l v e  O p e k i w g :  2 6 . 7 %  o p  o u x L t r D IA

L-iQDïD : WcubeT ajùiH 40-5%,
CLùr CorvVerùt •

Ab-mospHercc 'f?ycsswve 1 3 - 4  -fto^Wafei

oz
1 ca^

kD

Temp, of
• f  f-uLcl vn.

%<:9
"C

Rcute cf 
4  fou)

Cwsec

VclLde 
Oo.t Pet 
pt25Su.y&
Ft . wATEii

Rtegsuteol;
tappwŸoNO-'S

beloLù Ÿz. 
Ft- water

Cd-ud-a-tton
tlU.'mJbGT

K

Reynofdls
'HU'mjbeT

R,xrd^

pTcoixde
Number

F

Ru-n-ĉ Ê-
tltfinber

Pa,

1. 2 1 0 0 - 8 3 4 2 6 .6 1 2 q.qi 0 . 4 9 9 73-qg 83-68 6 * 6 0

5. 2 2 .5 0 * 9 7 0 2,2.61 64-33 0 . 4 7 9 80-77 S8- 0 6 6'40

3 . 2 4 .2 O ' 966 AA.qq 40-90 0 * 542 qi-2q 45- 86 6^20

4. 2 8 , 6 1.000 60-72 4 6 -1 8 . 0.547 •lo&.qo 101-14 5 .50

5 . 27.6 1.106 gl-43 55-31 0 .566 113-74 110-52 5 70

6. 17.5 1.166 qo-02 59.57 0.56 f 44-47 ii5.qq 7.40

7. 2 3 .0 1 .2 0 9 qp-77 66-80 0 . 5 6  ] 112- 37 121-2q 6.25

a 2 o .o 0 * 1 6 5 14-20 24-08 0 .4 8 2 6 6 -  4 ' 75-78 6-70

9. 2 2 .6 0-767 17.16 2 6 -o g ‘ 0 . 6 0 4 70-60 76-43 6 -4 0

io. 2 4 . 5 0.798 21.87 27-43 O - 6 0 7 76-85 80-03 6 .2 0

11 2 5 .9 0 -9 1 0 2 6 -5 2 28-83 0 .5 6 1 SO- 53 81-27 6 . 0 0

12. 2 7 . 5 0 .9 S 3 67-41 34-20 0 .642» qo-76 88-66 5 . 7 0

1 5 . 2R.1 0 . 9 5 0 4-4-46 ôS-21 ô* 529 98-63 q s - 3 0 5 . 5 0

#' 17.5 0 . 9 7 3 62.66 4 1 - 1 0 0 .5 6 9 7q.4S Q7- 58 7 . 4 0

l'a 2 1 3 1 - 0 2 3 66-79 46-43 O .6 0 I qi-31 102-66 6-50

16. 2 0 -4 1 . 0 3 2 64 -35 46-64 0 . 6 6 2 . qo-40 103-51 6*15

1 ^7.
2 4 .7 1 .0 9 6 go-2 6 53-qi 0 .6 9 1 106-15 toq.qa 6 * 2 0

1 6 .
5 0 . 2 1 .161 qo-23 6 0 . 7 3 0  .651 125.3g 115.42 6 . 1 0
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V a y v .  O P ..»a: 26.7-i o .  . »  5 3 » f . / ,

L l  Q U I  D : pLÜRACûL 5 o L N . N o ; ! .
WATE

S
Q>J
(T)

Temp, of 
vn.

•G

Rcut-6 O f

Cwsec

VcuL-ue, 
out Pet
p>uessay&

Pz
FT. NAT6R

m essu Y C Y ti r

beloio 
Fr- water

Cd-oî tYlco
iTLimbef

K

Ret^nofots
'UU'ïrbbeV

R.XK)5

Frtoude
Number

F

Rïm-cAlt
Hamber

1 1 7 .0 0 .7 6 ! io -  4-7 2 0 -6 5 0 -4 6 9 27-48 76-29 17.10

2. 107 0 * 7 9 5 17-24 22-pq 0  • 51% 30-23 79.56 16-20

3- aO'7 O .S 4 6 24-12 2 6 4 7 0-498 34-28 84-81 16*30

4- 26.3 0.896 53-63 31.23 0.6)2 s q - 1 6 90-13 14-10

5. 25.0 0 .9 6 7 43-50 37-2 q 0-49o 44-27 96-98 13*58

6. 23.1 1.040 5S- 66 45 .23 0 . 6 0 0 62-57 104-35 12*18

7. 16.6 1.100 G5- é6> 48-24 0-484 41-99 111-13 16-50

a 26.5 1.166 73-11 53-qq 0 .4 6 S> 60-32 115- 82 14-00

9. 16.g 0 7 0 9 11.05 is-iq 0.696 24-63 71-20 17*70

io . 17-7 0-766 15.61 Û2-06 0- 649 28-06 15-88 16*70

11 19.4 0 .7 8 9 iq.qS 24-25 O' 646 50-9o 79. Il 15.85

12. 21.1 0 - 8 2 6 2 5-30 27-18 0.639 53-83 82.73 15.K)

15. 2 2 .9 0 . 866 3 0 -gg 50-03 0 * 6 4 4 37- 04 85.77 14*20

14' 2 6-7 0.897 34-08 34-12 0 . 4 7 7  ■ 41-44 90-00 13-00

15 2 4 * 4 0.96) 4-8-62 2 4 -4 1 0 * 636 43-54 96-44 13.60

16. 27.6 1 .0 0 6 67-47 44-37 0-651 49-42 100-94 [2-35

17. 27. â 1.081 -73-38 62-Sq 0-637 53 -47 108-43 12.2 s

18. 16 9 1*160 86-13 67- 59 0-639 41.78 116-35 17-10

19. 25.0 1 -0 7 0 69-45 49-70 0 . 640 lo7- 38 {4.20

20. 26*8 1. o16 64-34 4 6 .4 4 0*630 48-88 101-95 {2-6o
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Valve O pening: 26-7% of . a 33.30 Pt/^-
L \ Q O ï D  ; P l u r a c o l  S o l n .>»o : 2

û
(X)

Temp, of 
1 m

"C

4̂ . 6

Rouhe of 
-f fou)

CwsêC

V clL-ü c

outPefc
•p tt£ s s u .r&

Pi
FT. WAiGR

rHessurcciir
N0;2

belou)

FT- WATER

C aO FtYxkion

iT u m b e iT

K

Reynofolg
^lUTYobex"

R xro^

Fîto-uda
Number

F
llionber

P /L

1 0 -6 6 8 4 -6 8 11-73 0 . 0 9 6 9.18 6 6 - 0 4 4 5 . 6 0

2. 16-9 0 .7 8 4 10-26 16.62 0 - 5 9 6 10- 82 7 3 -6 9 44-2.0

3. IS .o 0 -7 8 0 (5-05 18-88 0  - 5 5 5 1 2 -3 6 7 8 -2 5 40-15

4- £10.0 O-SI9 i l -73 21-77 0 -6 6 9 13-89 82-14 S i . 6 0

s: 2 2 .2 0 -^ 6 5 a s -2 8 2 5 - 2 4 0 -5 6 8 16-76 86-69 ■ 34.90

6 . 26.1 o .q o 7 5 4 . 4 7 2 8 -9 9 0 -5 3 8 Ig-Ol . 9 0  -98 3 l 6 o

7. 2  8 . 1 0 .9 6 5 4 5 -2  S 3 4 -2 0 0 - 6 5 4 2 2 -0 3 9 6 -8 4 iS - 5 ô

a 17.0 1.076 5 8 -9 7 4 0 -4 4 0 - 5 1 9 16 - 4 6 107-96 4 i-  30

9. 2 4 -0 1.147 78-ao 4 9 -6 3 0 - 6 4 4 22-09 116.94 52-76

io. 20.1 0.727 7-07 16-19 0-620 12. 4 2 72 -90 ' 57-60

I 11 21% 0 .7 6 6 10-83 IS-22 0-616 1 3 -6 3 75-73 3 6 .3 0

1 12. 2 0 .S 0 .7 8 2 15-97 20-20 0 -5 3 9 14-98 7 8 -4 7 33-10

1 2 6 .6 0.816 19-93 2 2 .8 4 O -616 1 0  - 5 l 8 1 - 8 8 31-20

14- 2 7 . 7 0 .0 7 0 2 8 -5 2 26-60 0 -6 2 7 19-96 8 7 - 2 6 29.00

-tn 5 0 .2 0-914 3 7 . 9 7 30-78 0 - 5 4 9 2 1 - 1 1 9 1 - 6 8 20-75

1 6 .
16-2 0 -9 6 9 37-87 30-89 0 . 5 0 6 14-29 96-19 43.8̂0

17. 2 1 6 1- ôo2 4 7 -2 8 35-63 0 - 617 17-22 100-47 36.%0

18. 2 6 .7 i .047 5 6 -2 7 40-16 0 6 1 7 2 1 -2 3 1 0 5 - 6 5 3o -80

1 9 .
30.0 1-086 6 5  - 9 6 4 6 - 1 1 0 .5 0 6 2 4 - 8 9 (08 -85 31.85

20. 16.2 1-139 67.78 4 6 - 7 2 0 . 4 S 6 1 6 - 9 8 1 1 4 - 2 7 4 S .8 0
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F
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T i7 .q 0-628 1 0 .0 2 W Z 0-874 6 . ÊG 63-03 73-50

2. \q.7 o-iqq 16-98 0-762 7.60 go- 16 69-00

3. 22-9 0-897 33.09 23-34 0-619 ' q .52 90-02 61-30

4 . lS-1 0-974 41-77 21-14 0-589 g .0 4 97-73 73-30

5 . 227 1-041 55-27 33-3S 0-593 <0.q7 104-28 6 |.go

G. 28.6 1-116 6 5 . 50 42-88 0-519 13-98 I11-&0 5o-60

7. 22.g 0-689 7-8 r 12-23 0-700 7-28 69-15 61-60

6- 24  6 0-159 21-93 15-82 0-790 8 - 4 0 76-14 57-go

9. 26 7 0-865 31-19 22-10 0-652 lO-2 6 8 6 -8 1 63-50

10. 28-2 0-946 38-00 28-46 0-551 11- 78 94-86 51-10

11. 16-2 0-931 36-39 23-50 0-6o9 7-91 43-35 79-00

1 12. 20 -0 4-009 43-71 29-96 0 -539 9-68 101 - 18 68-20

15. 24-6 1-062 5 4 - 4 3 36-06 0-532 11-83 106-48 57-80

14- SO '4 1-109 62-42 4 2 - 4 7 0-498 14-69 111-25 47-40

15 2 5 . 0 0-72) 2 9 9 1 4 -2-1 ■
0-619 8 -12 72-34 57-00

16. 26 4 0-772 18-57 16-89 0 - 6 7 4 9 - 2 2 77-48 53-20

17. 28.6 0-843 2 4 - 3 9 21-07 0-690 1 0 -6 8 8 4 % 5 0 -8 0

1Ô.
So-7 0-907 3 3 . 0 1 25-94 0-56) 12-16 9o 96 47-go

19. 22.7 0-929 4 2 . 2 3 2 9-41 0 - 5 4 7 10-43 99-22 61-80

20 . 27-0 1055 51-17 36-23 0- 5oO 14-66 105-83 53-10
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V ttv t 26.7% 07 oo~7 »A : 36.25

U iQ O iP  ; fî-uieACôL Souisi.Nû; 4

g
VI

Temp, of 
fftAtd WX

•G
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-f fou)
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15»tessuvc Pi
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-nu-mber
K

Reyiofds
tiumber

RXtd̂
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Nu-mber

F

Ra-îLcM̂
HwirUwr

P/L

1 16.4 0 -6 6 6 1 .8 6 \1.8ro 0 - 4 4 3 3-52 0é)-7S" i2q-o
5. 17^0 0-743 7-17 2.1-52 0 - 3 9 3 4-15 74-55 121-0
3 iq-6 0 4 S 4 13-89 23.76 0-451 4-&) 7S--67 log-g

4- 2̂ 1.q 0-S28 22-69 22-64 0*560 5-44 g2.6g qg'4
5. ai-i 0-07) 2 4 -6 5 24-41 O-606 5- 62 g7-56 (Ol-g
6. 94 -6 0.Q37 3 6 .S-) 24-as 0 - 6 8 4 6-75 44-03 gq-2

7. ïq.0 6-qso 4 4  04 27-31 6 -5 9 4  - 8-31 qs-3o 75-0

a 31.5 1-069 6473 34-24 ô .6 3 6 9-6 / 107-24 70-S

9. 15-0 0 .6 3 0 — 3.36 15-62 0.406 3 .2 7 63-16 131-70

10. 16.5 ô '6 7 o  . 0-4S 17-qy 0*397 3.68 67.16 123-30

11. 10 3 0*714 4-71 iq-58 0-407 4-19 71-62 114-50

12. 2-0-1 0*754 10-45 20-74 0*458 4-7) 76-62 106-6
1

15. a a -6 0-801 16-51 21-10 6-5oS 5.43 go-31 Aé-O
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of c a v i ta t io n .

The c a v i ta t io n  param eter K was c a lc u la te d  u sin g  the  fo llow ing  

form ula:

pm -  pv
C a v ita tio n  param eter h =  ^  (6 .5 .1 )

where pm i s  th e  ab so lu te  s t a t i c  p ressu re  measured a t  tap p in g  number 2 

of th e  v a lv e , pv i s  th e  vapour o f w ater a t  th e  am bient tem perature 

and Vm i s  th e  average v e lo c i ty  of f lu id  a t  th e  s e c t io n  where the p re ssu re  

pm i s  m easured. V e lo c ity  Vm was c a lc u la te d  from th e  flow  r a t e  and a rea  

Am normal to  d i r e c t io n  of flow .

During th e se  experim ents, the  tem perature of w ater v a rie d  from 

17^ to  32^0, th e reb y  producing v a r ia t io n s  in  k inem atic v is c o s i ty  from 

0 .77 to  1 .07  c e n tis to k e s  and from 5 to -6 in  P ra n d tl  number. The r e s u l t  

i s  shown in  F ig . ( 6 .5 .1 .1 ) ,  in  which th e  c a v i ta t io n  param eter H i s  

p lo t te d  a g a in s t Reynolds number fo r  the  v a lv e . Reynolds number was 

ob ta ined  u sin g  th e  form ula given below

Reynolds number R = — -  ,̂̂ 4 ? A, (6 .5 .2 )

where ( l .s in ©  ) i s  th e  mean h y d rau lic  rad iu s  and Vy i s  th e  v e lo c ity  

a t  a s e c tio n  of a rea  Aq.

In  F ig . (6 .5 .1 .1 )  th e  r e s u l t s  using  w ate r f u l l y  sa tu ra te d  w ith  

a i r  and of w ater w ith  40 . 5% a ir -c o n te n t  a re  p lo t te d  on th e  same graph.

The r e s u l t s  do no t show any n o tic e a b le  e f f e c t  o f th e  amount of 

a i r - c o n te n t  of w ater on th e  inoe,p%ion of c a v i ta t io n .  Two p o ss ib le  

reasons can be extended fo r  t h i s  conc lusion  as fo llo w s. ( l )  The
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c a v i ta t io n  r i g  used fo r  th e  p re se n t work does n o t have a re so rb e r .

The w ater d ischarged  by th e  valve i s  d i r e c t ly  fed  in to  th e  c e n tr i fu g a l  

puiTip where i t  i s  su b je c ted  to  p ressu re  r i s e .  I t  i s  th e re fo re  conclu

ded th a t  th e  w ater flow ing through th e  valve had always a s u f f ic ie n t  

number of n u c le i to  t r ig g e r  c a v i ta t io n .  (2) I t  was observed during  

th e  t e s t s  th a t  th e  c a v i ta t io n  s ta r te d  i n i t i a l l y  on th e  su rface  of th e  

valve p lu g . I t  i s  th e re fo re  concluded th a t  th e  su rfa ce  on which the 

c a v i ta t io n  occurred  had a s u f f i c ie n t  number of n u c le i  p re se n t o r 

s t a b i l i s e d  on th e  c re v ic e s  and minute cracks on th e  su rface  o f th e  

valve p lug .

6 .5 .2  The r e s u l t s  of c a v i ta t io n  t e s t s  w ith  w ater and p lu ra c o l so lu 

tio n s  of d i f f e r e n t  c o n c e n tra tio n  a re  shown in  F ig , (6 .5 -2 .1 ) ,  w ith  a 

view to  f in d in g  out w hether th e re  e x is ts  a r e l a t io n  between Reynolds 

and P ra n d tl  numbers w ith  r e s p e c t to  c a v i ta t io n  param eter K. On the 

graph, th e  r e s u l t s  fo r  v a rio u s  average Froude numbers a re  rep re sen ted  

in  d i f f e r e n t  symbols, to  show whether Froude number has any s p e c ia l  

e f f e c t  on th e  in c e p tio n  of c a v i ta t io n .  I t  was n o t, however, p o ss ib le  

to  f in d  th e  e f f e c t  of Froude number due to  th e  l im ite d  number of p o in ts .  

Due to  th e  r e s t r i c t i o n s  of th e  ap p a ra tu s , i t  was no t p o ss ib le  to  cover 

an adequate a re a  in  th e  F ig . ( 6 .5 .2 .1 ) .  T h ere fo re , the  r e s u l t s  in  

F ig . (6 .5 * 2 .1 ) a re  d iv id ed  in to  th re e  groups as shown. The r e s u l t s  

in  th e  b lock  1 have an average P ra n d tl number of 5 .5 , w hile the  r e s u l t s
3

in  b lock  3 have an average Reynolds number o f 5 % 10 . The r e s u l t s  

in  b lock  2 a re  n eg lec ted  s in ce  iieynolds and P ra n d tl  numbers vary  by
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alm ost equal amounts.

The r e s u l t s  in  b lock 1 a re  shown in  F ig . ( 6 .5 .2 .2 ) .  The la rg e  

s c a t t e r  of r e s u l t s  r e f l e c t s  th e  com plexity of c a v i ta t io n  phenomenon 

and i t s  p h y s ic a l i n s t a b i l i t y .  I t  must be s a id  however, in  connection  

w ith  th e  p re se n t work t h a t  th e  p ressu re  used in  c a lc u la t in g  th e  c a v i

t a t io n  param eter was no t r e a l ly  th e  low est p re ssu re  th a t  occurred in  

th e  valve and f u r th e r  t i ia t  th e  p re ssu re  d i s t r ib u t io n  a long  the su rface  

of th e  plug m ight have been e n t i r e ly  d i f f e r e n t  from th a t  along the 

valve body. I t  can be observed from F ig . ( 6 .3 ,2 ,2 )  th a t  th e  c a v ita 

t io n  param eter 11 ten d s to  in c re a se  w ith  in c re a s in g  Reynolds number.

The r e s u l t s  in  b lock  (3) a re  shown in  F ig . (6 * 3 .2 .3 ) . The
3

average Reynolds number fo r  th e se  p o in ts  i s  $ x 10 . In  th i s  graph . 

th e  p o in ts  having average Froude number of 73, 8 4 .3 , 94*5, 104*3 are  

re p re se n te d  in  d i f f e r e n t  symbols in  order to  f in d  out th e  e f f e c t  of 

Froude number, i f  any, on th e  in c ep tio n  o f c a v i ta t io n .  Due to  la rg e  

s c a t t e r  of r e s u l t s  i t  i s  n o t p o ss ib le  to  draw any s p e c if ic  con c lu sio n  

reg a rd in g  Froude number e f f e c t .

From F ig . (6 .5 * 2 .3 ) , however we can conclude in  g en era l th a t  

th e  c a v i ta t io n  param eter ten d s  to  d ecrease  w ith  in c re a s in g  P ra n d tl 

number. As therm al c o n d u c tiv ity  d ec re a se s , P ra n d tl number 

in c re a se s  and th e re fo re  w ith  in c re a s in g  P ra n d tl number the  amount of 

h e a t t r a n s fe r r e d  to ,  and Causing n u c le i to  grow, decreases* Since 

c a v i ta t io n  i s  e s s e n t i a l ly  on evapora tion  p ro cess , th e  tendency to  

C a v ita te  d ec reases  w ith  P ra n d tl number. This t e n ta t iv e  conclu sion  

c o n tra d ic ts  th e  c a v i ta t io n  t e s t  r e s u l t s  fo r  co ld  and ho t w ater o b ta in 

ed by o th e r  workers in  th i s  f i e l d ,  and i t  i s  found th a t  tendency fo r
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w ater to  c a v i ta te  decreases w ith  in c re a s in g  tem perature (P ra n d tl number

d e c re a se s ) . Perhaps th e  change in  P ra n d tl number i s  n o t b ig  enough

and the  e f f e c t  o f / _\ becomes im p o rtan t.
V2/2gOpl I )

6 .6  S uggestions fo r  f u r th e r  works

The p re se n t c a v i ta t io n  r i g  has a few d e fe c ts  as mentioned in  

a r t i c l e  ($ .1 2 ) . I t  i s  th e re fo re  suggested t h a t  th e se  draw-backs be 

e lim in a ted  b e fo re  commencing any f u r th e r  work on th e  r i g .  We found 

th e  r e s u l t s  ob ta ined  by th e  p re se n t work were l im i te d .  So i t  i s  

suggested  th a t  th e  p re se n t work be con tinued  f u r th e r  so as to  o b ta in  

more v a r ia t io n  in  Reynolds number w ith  P ra n d tl  number, in  o rd er to  

cover more a re a  in  F i g . ( 6 .$ .2 .1 ) .
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