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1 

BY 

This report is concerned with t h e  inception of cavi-bation in 
P'- 

flows about bodies pertinent t o  hydrofoil  sys tem4 f o r  the purpose of 

determining the Snfluence of various parameters aad t o  form the background 

for  investigations within the cavitat ion range, The baeic phsnaneenom Q% 

cadfiation ,is first discussed with respect t o  the influence of air  content, 

t h e  of exposure t o  l o w  presatases, and separated flows, Mi~imUn pressures 

on a i r f o i l s  are re la ted  t o  the thickness and. lift coeff icient ;  empirisedl 

re la t ions  involving these parameters are determined which are applicable 

t a  a large  class  of hydrofoil shape,  The me of c r i t i c a l  Mach. 

in determining inception values of the cadtat ion L?dsx, par t i cu la r ly  for 

interference flows, i s  discussed, Cavitation da%a f o r  several forms of  

blunt bodies are given, 

bodiee, an appoximate method of predicting the inception of cavitation on 

roughnese elements i n  a boundary-Payer flow is piiesented, 

f o d a  19 derived for t he  c r i t i c a l  speed of hydrofoils and broad con- 

Considering surface roughness elanentsl as blunt 

An empirical 

f ,* . / .  7: -p < , 
eLueisna deduced from t h i s  study are stated, O%.J&'--- 5.k ' 4 -  2 / 
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The phenomnsn of  cavi tat ion,  characteristic of water Elms 

above cer ta in  c r i t i c a l  speds,  dependa upon shape and p a i % i o n  (liffi) 

of the  considered bodyo Exceeding the csi3ical  ~ p e e d g ,  the hydpodyn 

characteristics of hydrofoila and other  submerged coslgonents ckmge, %ha% 

is, they deteriopzaix, 

t he  design of hydrofoil craft, and tihe speeds at which caviticee are firs% 

produced in the flow about hyr_lrodjm 

c r i t i c a l  onesc Furthermore aa the speed is s u f f i c i e n t l y  increaejed beyond 

the c r i t i c a l  apeed of inception, ser ious erosive e f f e c t s  are associated 

w i t h  a cer ta in  type of cavi tat ion,  

should therefore consider a) t he  inception, that  ia the c r i t i c a l  speed, 

b) the changes o f  the hydrodynamic cha rac te r i s t i c s ,  due t o  - w i t a t i o n ,  

and @ >  the phenomenon of erosion associated with  cav i t a t i c  Only the 

first of these items w i l l  be treated in t h i s  report,, 

nu&ers ell be evaluated from theore t i ca l  and expsrfmental h~formatfon 

as found in t h e  l i t e r a t u r e ,  

Henea, cavi ta t ion  haa an impostant hf luence upla 

bo looked upon as 

An engineering study o f  cavi ta t ion  

Cri leal cavi ta t ion  

COHJFIIENTI AL 

Default

Default

Default



CAVITATION PHENOmOW 

Cavitation eorqriserj the p~~enomenon o f  wspos- and/or . g i r - = ~ ~ I e d  

cavities within  the pat tern of water f lows,  

governing t h e  onset of cavi ta t ion  i.3 the local  statis: pressurej water tends 

t o  change from t h e  l i q u i d  t o  the vapor phase wherever this pressure 

decseahjlas below t he  vapor pr0s5ureo 

temperature, as p lo t t ed  in Figure 1 foy fresh water, 

s a l t  content i n  t h e  order of 3.2%) ha8 a vapor presawe which i e  

approximately 2 lower than that of freah water, Expressed in feet of ETe 

water (which is 2,7% heavier than fresh water) tiha vapor prasewe of such 

water i s  consequently between 4 and 5% lower than indicated in F i g w e  1, 

The predo 

The vapor preaaws i a  & function of 

Sea water ( d t h  91 

A 3  explained in Reference 1, a necessary or  helpful condition for  

the formation of: macroscopic cavities is t he  presence of microscopic nuclei 

(air bubbles suspended in the  water o r  clinging to so l id  surfaces). 

sequently, qmre" water does not easily boil o r  vaporize; and the  tendency 

of qater t o  cav i t a t e  depends upon the a i r  content, that  ie ,  upon the 

of air dissolved and/or suspended i n  the water, 

t ea t ed  i n  transparent nozzles, such as illustrated in Figure 2, 

the contract ion of thfs cross- sectional areap the static preaeupe of the 

water flowing through these nozzles decressea, and v ie ib le  cavitation 

(formation of bubblea) is produced under proper conditions, 

the pressure measured a t  the incepliion of cavitation i . ~  fresh water, %LB 

Con- 

The tendency has been 

Wcauae of 

Figure 3 eham 
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obtained i n  t e s t s  at the David Taylor Model B s a h  (References 2 and 3) in 

which the relative a i r  con ten t  was varied, This pressure (which may be 

termed c r i t i c a l  prossure) i.ti seen to decrease with the air contentb For 

small a i r  content, considerably negative pressures are necessary t o  atart 

cavitation and vaporization, rncming that t ens ions  exists  within the water. 

Time is another  physica l  parameter a f f ec t ing  the inception of 

cavitation, 

f i e l d ;  the time (hrin!: which t h i a  vcslum is exposed t;o the cavitation- 

Consider a volum of water passing t a bow preasure 

! 
causing pressure i s  

length of pressure f i e l d  body dimension 
time oe cc /* 

velocity vt3locity 

A change from the l iquid to the vapor phase requires a certain time. 

sequeni;ly, the critical.  cavitation nunber of the  hedspherical head, 

il'buatra+&d in F i v e  4 ,  itacreaaes w i t h  tihe t ime  as defined by muation lr 

Con- 

Sunming up, the vapor pressure presents only an approximate con- 

dit ion for the onset of cavitation; ywt this pressure is generally con- 

aidared the  most hportant parameter indicating favorable conditions 

heading t o  cavitation, 

cavitation i d t  indicated by the cavitation number 

The ttprewedness" of a water flow in respect t;o 
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The cavltration number a t  which Gadtierr ffref form in the flow 

about a body ie called the cr i t i ca l  cfwktation nunber a e 

cavitation m y  be determined Bn eeveral waye, visa kxy vhm.l obeematfon 

o f  the firat4apparence of  cavitation BubbPeB, by the sharp increaee h 

sound l eve l  of the f l o w  when them bubbles craklapiae, or by the diver 

of  drag, lift OF mmnt coefficients from their m d i e t u ~ b d  v a h z a 5  

uauallp the drag fncreaaee and the l i f t  decreases upon exceeding the 

mitical epeed, becauae of 8 change of the flow pattern* 

number depends upon shape md attitude of the considered body, that ie, 

u p n  the pressure distributio~ ( U 6 U t t l l y  upon the minimum of this distribution) 

WheoretieeSn crltical nwbera am, therefore, be derived from the published 

preaeureodiatribution material on aerodynamic bodiea, Cavitation may b 

expcted t o  occw if 

$he ofi8Wt of 

The cyitiual 

where Apme corresponds ko the mecarwed (or calculated) m"Pm;n - P ~ m t ,  
preeeure m,%nimm around a body immsfrered in  a %how of water (or incompress- 

ible air), 
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cavitation t a t  pressures (measured un t h e  nozzle w a l l )  which am con- 

siderably higher than those in the continuous Venturi nozzle. According t o  

observations, c a v i t a t i o n  first begins within t h e  cores of  t he  vortices 

associated w i t h  t he  separation hehind t h e  narrowest s e c t i o n  of the  NumacM 

nozzle .  Evidently,  the  pressiare w i t h i n  these vortex cores is  appreciably 

lower than the minimm on the nozz le  wall,  A corresponding r e s u l t  is 

reported 

w i t h  a separated flow p a t t e r n ,  shows 8 critical cavitat ian number which is 

more than twice as high as the miniarurn static pressure coefficient 

(Equation 3) reasured a t  the surface o f  t h e  body (Figuse 2@ Hhortly before 

the onset  of cavitation, 

i n  Reference 4 ,  where t h e  blunt  head o f  a three-dirrenaional body, 
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DEPENDENCE OF CRITICAL CAVITATION bJuHBER LIPON TRICKNESS 

Considering aymmetricaf f o i l  (or strut)  sections at  Zero l i f t ,  

the magnitude of the minimum pressure coef f ic ient  depends upon the dis-  

tribution of thickness along the chord. 

which have a location of the maximum thicknese at  X = 0.5 G , have 

For hatance,  e l l i p t i c a l  sectlona, 

theoret ica l ly  (neglecting the second-order term) 

which actually holds up to, and possibly above, t / C  = O.LbQB 

of Reference 5 indicates’an approximate method of  determining (Ap/q) 

when the location o f  the maximum thickness i s  forward of mid-chord, by 

cornaidering the effective thickness ratio t/(2x) Instead of  $/C 

Sections with t/(2x) = constant, are expected to  have approximately the 

a m  m a x i m u m  ve loc i ty  ratio, independent of the length o f  the portion 

(C -x )  
negative-pressure coeff ic ients  of various types of  symnetrical foil Sections 

(at rero l i f t )  plo t ted  against t / (2+ 

Figure 11.16 

min 

behind the maximum thickness. Figure 5 shows the maximm 

adequately represented by 

Thia evaluation proves to be consistent a t  Peynolds nwnbera above the 
critical (in respect to flow separation a t  the rear), up to  locations 

X =  0,5c , and up to ef fect ive  thickness rat ioa in the order of 0.40. 

CON FDEN TIAL 

Default

Default

Default

Default



The FlACA 44- and 65-serieer f d l  sections (Reference 6) have been 

developed 30 t h a t  t h e  pressure continues t o  decrease as far back as poss ib l e  

i n  o rder  to  preserve laminar boundary-layer flow. 

minimum pressure coefficients f o r  these s ec t i ons  do not flcollapsett t o  the 

same func t ion  o f  ,f/@d as t he  o ther  families do, Zlieae mctions are not 

E3voraSle in respect t o  avoiding the onset of  c a v i t a t i o n ,  a t  or i n  the 

vicinity of zero  l i f t .  

It is found tha t  the 

According t o  Equation 39 c r i t i c a l  cavi ta t ion  nu&ers are expected 

t o  c o h c i d e  with t h e  minimum pressure coefficients in Figure 5 .  

the available c a v i t a t i o n  tests (Reference 7 , for  k s t a n c e )  show such a 

sca t te r  (a t  zero lift) above and below the expected line, tha t  they cannot 

be considered proof o r  d i sp roof  of  the  correlation between cavitation 

number and pressure  d i s t r i b u t i o n ,  

However, 
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The s t a t i c  pressure is further reduced on the  upper or  suction 

s iae  upcr: 3etr;ing a f o i l  secttior, a t  an afigle of a t t ack  t o  produce l i f t ,  

T!lesretical&, for h w  l i f t  coef f ic ien ts ,  t he  average addi t iona l  pressure 

bifferaiitFa1 due t o  lift is 

($fjL= -0.5c, 

The lift ,  is, however, not uniformly d i s t r ibu ted  over the chord; the  

pressire minimum is accordingly higher than the average. 

tribu5ion and the  minl.rium due t o  l i f t  depend upon the shape of the camber 

l i n e  

The pressure dis- 

Cambered sect ions have an "crptimurnft lift coeff ic ien t ,  that  i s ,  i! 

eondi+,i.cn where the streamlines meet the section nose without flowing 

around from one side t o  the other. 

a flat lower d d e ,  have an optimum angle of  attack (measured against tihe 

lower side and i n  tvrc-dixensional flow) equal t o  zerc; their optimm lift. 

coeff ic ien t  is approximately 

Single-arc sect ions,  f o r  instance, with 

In regard to cavitation, operation i n  the vic in i ty  of t h i s  optimum is ex- 

pected t o  provide the higheat possible c r i t i c a l  speeds f o r  a given f o i l  

section s it the respective l i f t  coefficient, 

the minimum p~essure coeff ic ien ts  of foil sec t ions  at o r  near the optimum 

d 

Available t e s t  data presenting 
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l i f t  coef f ic ien t ,  nave been p lo t ted  i n  Figure 6. 

t r i bu t ions ,  one due t o  thickness (at  c,= 0) and another due t o  lift, 

appear superimposed, Subtracting the  thickness component (as presented i n  

Equation 5 )  the l i f t  component is found t o  be approximately independent of  

the  thickneas ratio fo r  certain famil ies  of sections.  

The two pressure con- 

According t o  Figure 7, 

The magnitude of t h s  constant k depends upon the  absolute and r e l a t i v e  

loca t ion  of thickness and canker, 

forepar t  of a f o i l  sect ion,  with the  center usua l ly  between 25 and 30% of 

the chord. Combining, f o r  example, such a pressure d i s t r ibu t ion  with t h a t  

due t o  a thickness location at 50% of the chord, a value of k t 0.7 i s  

found in Figure 7. On the  other hand, superimposing t o  t h e  lift dis-  

t r ibu t ion ,  the  pressure min imum caused by a loca t ion  of the maximum thick-  

ness i n  tne vicinity of 30% of the  chord, a noticeably higher fac tor  is 

f o ~ t d ,  k = 0.65, f o r  sect ions such as NACA 2412, for instance, or M-12, 

or many of the old Goettingen sec t ions  (Reference 8). 

The l i f t  i s  predominantly located in the 

Figure 6 shows one set of experimental pressure coef f ic ien ts  

representing the NACA 64- and 6%Series sections.  

with a theore t i ca l  point at  c, = 0, a non-linear funct ion ( A P / ~ ) ~ =  

f(C,) is obtained, wi th  favorable pressure conditions between 

0.3 and 0.5;. 

sect ions,  evidently combines favorably with that due t o  l i f t ,  presenting 

Combining Lheae r e s u l t s  

cL5 
Within t h i s  range, t h e  contribution due t o  thickness of these 
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a b o t a l  pressure coeff icient  which i s  f a i r l y  low (but not lower than t h a t  

of circular- arc aectione) 

Three sets of ac tua l  cavi tat ion tests are included i n  Figure 7, 

Two of them r e s u l t s  (with 6~~ 
l i f t  coeff ic ients )  agree well with the respective two branches as pre- 

dicted h m  t h e  pressure analysis r 

rerrults on a systematic aeries of marine propel ler  eectiona (according t o  

Reference 99, with m d m m  thickness locat ion at 50% of the chord, with 

defined by the divergence of drag and/or 

fie Aerodyndrrche Versuchaanstait (AVA) 

mostly f l a t  lower s ides  and with well-rounded leading edges, indicate 

c r i t i c a l  cavi tat ion riders (defined by the deviation of drag and l i f t  

coeff icients)  which are mre favorable than those of comparable circular- 

8rc sections having t h e  usual pointed noses, 

0,6 for these shapes, 

t r ibut ion  help t o  produce a lift coeff icient  which is high in re la t ion  t o  

the  minimum pressure coeff icient ,  

The fac to r  k is leas than' 

Evidently, the rounded noae and the camber dis- 

In  cases where the flow pattern around the f o i l  nose is not 

Woptimmw '(that  is, w i t h  flow from the iower to the upper side), super- 

velocities and pressure d i f f e r e n t i a l s  m&t  eventually be expected which 

are higher,than those given by Equation 8. 

presenta the c r i t i c a l  cavi tat ion number of a series of syllnnetrical sect ions 

with b/C I13.335, depending upon the l i f t  coeff icient .  

the  shape of these sections, varying between a pointed and a rounded nose, 

In this respect, Figure 8 \ 

I 

Surprisingly, 
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and betmen 35 and 58% thickness location, does not noticca3ly or con- 

a i s ten t ly  chmge the c r i t i c a l  cavitation number, 

Upon increaeing the l i f t  above the optimum coefficient,  an 

additional and narrow negative pressure peak originatsa on the auction aide, 

near the leading edge. 

Eiqustion 8, a t  a l i f t  coefficient which (for average wing sections) i s  

betmen 0.1 and 0,2 higher than the oytinrunsl coefficient,  

Tnis peak grows and exceeds tne value indicated by 

Above such l i f t  

cobfficienta, the c r i t i c a l  cavitation nunber might, therefore, be expected 

t o  correspond to  the additional pressure peak, Such*peak coefficients are 

plotted i n  Figure 8 for  12  and 15% thick symeetrical aectiops (from 

Reference 19) having roughly the same noae shape as the rounded 13.3% 

sections of Reference 7. The cavitation tests on the latte; ones show 

visual inception of cavitation (and force divergence closely f o l l d g  

v i s u a l  inception) at cavitation numbers which a re  much lower (roughly half 

as high) than the values of the nose-pressure coefficients,  

explanation is tha t  the oncoming (laminar and f u l l y  attached) flow doea not 

A possible 

have tim t o  develop a steady-state cavity upon passing through the narrow 

region of the pressure peak as previously explained, 

chordwise extension of the peak is 3 per cent of the 8 inch chord, the 

time during which the  water par t ic les  were exposed t o  pressures below 

the c r i t i c a l  i s  in the order of 2/10,000 of a second, f o r  an average 

cri t ical  speed of 25 knots as observed in  Reference 7. 

Assuming that  the 
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A a s d g  that some Li t t l e  cavitation may develop abow the no88 

in the c a m  of Figure 8 ,  this evidently disappears aft of the pressure 

peak without unfamrably affecting the flow patt8kTi. Indeed, there is 

8~idenCt3 tha t  at angles o f  attack higher than “optimum’s, the lift 

coefficient of  a section may b c r e a s e  (at constant angle of attack under 

otherwise favorable conditions) 

cawitation speed (Reference 9),, 

dis t r ih t i an  cannot necedsarily be considered being responsikilefor the onset 

of cavitation o r  the subaequent changes i n  the flow pattern; the length 

(chordwise extenaion) of a low-pressure f i e l d  seems t o  have appreciable 

influence upon the  inception of cavitation. Another indication of this 

fact is  evident in Figure 8 of Reference ll, 

and (Ap/q) 
however, outside of this range, GA i s  considerably lower than the 

pressure coefficients which were measured ia wind tunnel teats, 

upon slightly exceeding the c r i t i c a l  

Ths, sharp, negative peaks in the pressure 

mod agreement between @A 

i s  found there Irithin 6* of the angle-of-attack range; min 

No further specific information on the correlation between preesure 

peaka and cavitation seems t o  be available at the present t ime  

however, an analogy in the f i e ld  of compressible aerodynamica. 

There ia, 

The - 

critical Mach nunbeer of sharpnosed 8eCtiOnS a t  lift coefficients different 

from t he i r  optimum does not correspond t o  the  xnaximm super-velocity around 

their leading edgea; a delay of the drag and lift divergence by AM = 0.1 

t o  0.2, o r  even higher, beyond the theoret ical  Mach number, has been found 

in experiments (aee Figure U,23, of Reference 5 or Figure 169 of Reference 61, 

- 13 - 
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In compreseible a0rodyndc8,  the theoret ical  c r i t i c a l  Mach 

number (indicating the first appearance of local velocit ies equal t o  that 

of sound) ie a function of the rninilmun preesure coefficient in incompress- 

i b l e  flow (at low speeds), It has been mentioned in the preceding eection 

that neither crnvWiliion nor c r i t i c a l  Mach number effects  respond t o  ahimp 

pressure peaks. Confining, however, the gnalyais t o  flow patterns where 

no such peaks are involved, i t  is paB8ible t o  predict c r i t i c a l  catritation 

numbers on %he basls of c r i t i c a l  Mach number8 Mcr known from wind-tunnel 

taste using the theor&tcal function (Ap/q)min versug Mcr as plotted 

on Page 114 or  in Figure 149, respectively, of Reference 6. For three- 

dinmnsional f low patterns, t h i s  function seema t o  be apgroximabely the 

aarm at3 for two-dimensional eections. 

Evaluating, for example, Figure 11,12 of Reference 5 ,  ,the critical 

Mach number of  a wing cross (the crosswise junction of two foils) at  zero. 

l i f t  is found t o  be approximately 0.67, aa compared t o  0.74 fo r  the em- 

ployed 1% thick f o i l  section, 

c r i t i c a l  cavitation nunher ir Gk = 0.62 f o r  the  f o i l  junction aa compared 

t o  0.34 f o r  the section. 

The corresponding prediction for. the 

In a similar case (Reference lz), the c r i t i c a l  

Mach number of a 12% thick foil, section i s  reduced from.0,78 t o  0 . n  upon 

adding a 10% thick fin, The corresponding c r i t i c a l  cavitation nunbere are 

52 r 0.33 and O,@, respectively, 
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coWIlEN?SuT, 

According t o  Figure 11.26 of Reference 5 ,  a fWela@~ 

I 

syometricral f low at  mro l ift  does not affect the crltical h a h  nunbofc U$ 

a swept wing. Engine nacelles, however, reduce %he critical Woh P 

from 0,81 to 0,75, whish would m a  an increase of the arikioirl. crrd*Bbfa& 

number from 0.23 t o  0,36, at zero l i f t  for that particular ~~~~~~~~~~~~ 

Similar predictions can be derived for other  oambbationa o f  w-s, bod%@@ 

and/or appendages fo r  which wind-tunnel test seaults g i v i n g  the arX&io& 

Mach number am available. 

Generally, the mentioned interferenw rffssts 8fb obnesntratrd 

at the junctures between foils or bodies with struts,  naaeUe6, or 

appendages. 

reo$stance of a f o i l  ayatem may, therefore, be quite smallj the more 

aprtant isaue in auch cage8 aay be the local erasfan caused by arvAtr$;9oa, 

The effect of cavitation at the junatufes tipon t h  $o t& l  

The influence of the aapect ratio (Figure %EJg of af@r#M~os 5) 

or that of the angle of m e p  (Figure la,24 of  R@ferenBe 5) Upon bha 

critical cavitation nunbe]: can also be predicted on the baa$@ of Chm 

cr i t i ca l  Mach ntmber, if the la t ter  one is h o r n  a8 a funation of  tihem 

paramtera. 'To fac i l i ta te  such etltimatea, the standard r p e ~ d  PI dsFSaa$ 

by Equation 17 wa8 p l o t t e d  in Figure 9 againat the o r i t i d t r l  Mash nunbar, 

However, to skm the aimttationa of the method, the fa& O O m @ ~ i n g  $he 

sphere (at supercritical Reynold6 nrrmbera) ahall be llieted here, Aeaarding 

t o  Figure 11.5  of Reference 5, the cr i t i ca l  Mach number (at which tha drag 
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coefficient diverges from the value at Lower Mach mabere) is Mcr t 0,QB. 

The lprssaure coefficient which correspond8 t o  this  Its& number rocording t o  

the principle sa outlined above, is found 'to be (Ap/q) 

Actually, however, th i s  value is born t o  be in the order of - 1,l for the 

= - 0.51. min 

flow pattern at aupercritical Reynolds numbers. 

other bodies, it is believed that the compressible f l o w  pattern favorably 

combines with t he  boundary layer flow, thus delaybg the divergence of the 

drag coefficient beyond the Mach number at which the speed of sound is first 

attained on the surface of the considered sphere. 

likely to occur on rounded bodies w i t h  mre or less aepareted flow pattern. 

From experience with 

Such an interaction is 

- 16 - 
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The term wbluatn i e  applied here t o  dl t p a  of bodiea whish 

are not slander and fWmmmlinedm; such us 8phere8, circular cylinders or 

q u a r e  bodies. 

Circular, Cylinder 

The fba pattern of the circular cylinder (h cr088 flm) changes 

within a cr i t ica l  range of  the lleynobda number Rd = (1 t o  4 )  105. 

t h i s  range, the 

this separation and the vortex system reeulting fron it, thb cr i t i ca l  

cavitation n-er i t3  higher, 

On the other hand, miniam pressure coefficient, ( ~ p / q )  
8bOVe the critical Reynolds number, the flow pattern shows a higher value 

of the mininun pleasure coefficient, ( ~ p / q ) ~ i ~  e - 2.0. me 
cavitation number at which the drag coefficient diverpa, melm8 to vary 

between ei = 1.8 (which means a delay of the onset, Beference 13) and 

Below 

flow is eeparated f”om the rear of the cylinder. Due to 

GA = 1.9 igrccording to Reference 13)than the 

= - 1.6. mi n 

e& t 2.4 (Reference b4)* Again, the boundary lager may be rerrponaibki 

for this  diffarence by way o f  an interaction d t h  cavitation. 

Ba8ia.t 7y, thr8e-dbnsional bodiea show 8upervelocity rathoe 

which are lmer t, a those around tffoalimensional ones (considering equal 

thicknees ratios), A t  the sides of ellipso’idal bodies, the supervelocity 
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ratio is approximately 

The corresponding cr i t i ca l  cavitaY,an n&er f a  expected to be 

According t o  Figure 10, thia equation holds approxisvltely true, doan t o  L/d 
= 1 (a sphere), Preeaurdistribution teats  (Reference 15) on a series of 

stredbled bodies w i t h  maximum thickness at  4O$ of the lerylth, hdicate  a 

constant in the order of 2,6 (inatead o f  1.2) ow- to the thickness 

location different from mid-length, 

Fmpbying half of an e l l ipsoidal  body a8 head of a cylinder (in 

axial  flow), the supervelocitiea are reduced beceruee of the presence of 

such a cylindrical afterbody, 

head form (Reference 4) show correlation between the critical cavitation 

number and the minim pressure coefficient; cavitation started, however, 

during these t e s t s  (in the form of viaual bubblea at the poeition of 

minimdlm pressure) at 6' values which ai.8 roughly 15% higher than the 

corresponding pressure coefficienta, 

A8 a h m  h Figure 10, tests of various 

Wear (2x)/d = 0,  in Figure 10, there is again a larger difference 

between the values of 6~ andl (Ap/q) , this tim in the order of min 
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CONFIDISNTIAL 

3 tr, 1, associated with B aeparated flow pattern (formation of vortices). 

The valuea within the region between here and (2x)/d = 1 are expected to 

depend upon Reynolds number and boundary-layer conditions o f  auch bodies, 

Surface Rowhness 

No data on the influence of roughness on the inception of  

cavitation appear t o  exist in this country, 

evidence, ons may construct 811 approximate anslysie t o  obtain an idea of 

the influence of roughness on inception, 

In the abaence of experimental 

Roughness cgnsisting of small bodiee (grains) of, for instance, 

hsmitrpherical s h a p ,  may also encouher cavitation. Considering the low 

Reynolds nunber of such roughness elenenta, the flow pattern must be 

asswaed to  be separated, Based upon the local (average) velocity  within 

the boundary layer, the critical cavitation number may, therefore, be i n  

the order of I 62 5 1, as taken Pram f i p e  l& 4he corrwqmnding standard 

f a d  CritiGIl Qb ap2?coxfmaf;prly h kaote, aa fomd in RLgure U, 

Arrrruedng turbdant baundarplayer fIuw$ the avlarap or effectitrre 

local velocity vh correapndug to the height h of a roughneea element, 

i s  apprqximtely (accdding to  Pa@ 49 of Reference 5) 

val id up to  h = 5 , where S = thickness of the boundary layer.  
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Aaauairag the cri t ical  a p e d  vh = 2'7 hots, i t  i s  Been that the speed 

of the body, required t o  produce cavitation, is 31 knots for h = S , 
for 8xmrfple. For a rougheaa e lemnt  nith h = 1% of the bouadarg-layer 

thickneaa, ve = 67 knot84 

On a surface w i t h  uniform roughness distribution, cavitation ie 

expected t o  a t r v t  first near the leading edge (where the Boundary-layer 

thickness is rnalLest). Considerhg an ieolated spot of roughness at 

diatmce x , the  thicknesa may be aesumed t o  be betmen 1,5 and 2% of the 

travelled length (for average practical conditions), 

a l so  be found by combining Equations 2.18 and 2,19 of Reference 5, gi- 

The thickneae may 

wh8m 

-. Since nothing seem to be known about the e f f e c t  of cavitation upon the 

frictional drag, further analysis of  the critical speed is considered to  

be premature. 

= skin-friction drag coeff icient  of a surface with the length x .  
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THE CRITICAL SPEED OF wp1lIzaFoTts 

Considering boats with  hydrofoils operating close to the aurface 

of water, pamb may be assumed equal to the atmoaphsric preasure. 

aeronautical standard of t h i s  pressure is 

The 

Pamb = 2120 Ibs/ft/ (14) 

correspondhg t o  a head of approxhnately 33 feet of  m a  water, 

temperature of 59eF, the vapor prescrure of freeh water is very low, in the 

order of lab$ o f  the atmospheric peasure; the corresponding heed i a  

approximately 0 .5  ft of water. 

cavitation nudm defined by Equation 2 a h p l y  reducee t o  the ratio of  the 

A t  a standard 

Disregarding thia  a m d l  quantity, the 

atatic pressure pamb to  the dynamic flow pressure 9 = O d e  ve. mua, 

the cr i t i ca l  dynendc yrrasure 

S a  water w i t h b  the interface, usually has a high air content (practically 

saturated) on account of  contact with the air and nave motion, W e t s  kith 

such water (Reference 2), in a cornthuous Venturi nosrale, show incipient 

cavitation (formation of presumably air-filled bubbles) at pressures 

corresponding to between 2 and 5 feet of water. This decreaes in available 

pmserure is  compensated by the hcreaas in preesure due t o  f o i l  aubnrsrgence 

and the net effect may be assumed t o  be close t o  zero for typical hgdrofoil 

applications, ConbPning Equations 14 and 15, 

. 
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a) Althouzh the  inception of cavi tat ion depends u p ~ n  secondary 

parameters such as ai r  content  and time (size), the cavitation number i s  

s t i l l  employed t o  indicate  the tendency of a water flow Lo cevikate on a 

body, 

b)  In many cams the c r i t i c a l  cavi tat ion number is closely re la ted  

to  t h e  minimum pressure coeff ic ient  prevailing on the surface of a body. 

However, t h i e  correspondence does not hold in cases of eeparated patterna 

(vortex f l o 4  and for  flows with narrow pressure peaks 

c )  The c r i t i c a l  cavi tat ion nuder and the corresponding c r i t i c a l  

speed of hydrofoil sections is derived as a function of thickness ratio 

and lift coefficient.  Favorable sections can be found on the basis  of 

t h i s  analySiSm 

c l )  Both t h e  c r i t i c a l  cavitation number and the c r i t i c a l  Mach 

number are functions of the minimum pressure coeff ic ien t  on the  surface 

of a considered bo&m 

cavi tat ion can, therefore,  be predicted i f  the c r i t i c a l  Mach number is 

known from experiment. 

Under certain conditions, the inception of 

e )  B l u n t  bodies have comparatively high cr i t ical .  cavi tat ion numbers, 

on account of high supervelocity rat ios and/or because o f  flow separation 

(vortex pat tern) 
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f) A tentative prediction is presented in regard8 t o  the cr i t ica l  

cavitatson spoed of rough surfaces. 

g> This report deals only wi th  the  c r i t i ca l  cavi tat ion number o r  

speed, Fur ther  studies  should be made considering the changes of drag 

and lift c m f f i c i e n t s  due to cavi tat ion and the conditions of erosion. 
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