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ABSTRACT

Measurements are described of noise from cav itat log f low over
hydrofoi ls. The experiments we re performed in a variable pressure
water tunnel that was acoustically calibrated so that sound powe r
levels could be deduced from the sound measurements. It was
partially reverberant in the frequency range of interest.

Cav itation was generated on the low—pressure side of a
hydrofoil in the presence of a separated lamina r bounda ry
laye r on the one hand and of a ful ly turbulent attached
boundary layer on the other. The turbulent boundary layer was
formed downstream of a trip which was positioned near the
leading edge . High—speed photograp hs show patterns of cav i-
tat ion obtained in each case. Cavitation was also generated on
the high—pressure side at negative ang les of at tack.  The noise
is shown to depend on the type of cavitation produced; for each
type , dependence on speed and cavitation index has been
determined.

A1~1INISTRATIVE INFORMATION

This work was funded by the David W . Taylor Naval Ship Research and

Deve lopment Center In—House Research Program under Subproject ZR—0110801 ,

Work Units 1 1942 083 and 1—1552—818.

I. INTRODUCTION

Very few quantitat ive measurements of noise from surface cavitation on

hydrofoi ls hav e been reported. Often the measurements have been relative

to some arbitrary level, and they have not always been supported by ob—
servat ion of additional parameters which may influence interpretation of

t he data. Factors which can a f fect  this interpretation include acoustic

absor ption and reverberation in the test chamber , prox imity of the receiver

to the cavitation , and hydrodynamic fac tors that control the type , extent ,
and inception of cavitation .

In the investigation discussed in this report , an effort has been

made to provide coincident acoustic and hydrodynamic observations of hydro-
foil cavitation . Measurements have been made of the noise from the hydro—

foil on which the boundary layer has been either tripped to turbulence

‘St
V



or not tri pped to remain laminar. Viscous effects on the types of

cavi tat ion exist ing have been seen to be responsible for differing

noise charac teris t ics . In each case the frequency spectra of noise

were unlike those of sing le—bubble cavitation noise at high frequencies.

The report is organized with Section 2 as a description of in—

strurnentatlon , while Section 3 discusses the hydrod ynamic considerations

wh ich led to the final choice of hydrofoil. The noncavitating

boundary—layer characteristics and the effectiveness of a leading—edge

trip in eliminating lami nar separa ti on are discussed in Section 4. In

Section 5 the measured influences of the boundary layer on the type of

cav i ta t ion and of fre e gas on the incep t ion of each type are desc ri bed

and rela ted to recent observations on axisymmetric head forms . In

Section 6 the results of high—speed motion photography of the two
types of cavitation observed in this stud y are reviewed. Sections 7

and 8 are concerned with the noise of each type and with the scaling

of t raveling bubble cavitation noise.

2. DESCRIPTION OF FOIL AND EXPERIMENTAL TECHNIQUES

GENERAL CONSIDERATIONS

Cavitation measurements of a hydrofoil have been carried out in the

Dav id W. Taylor Naval Ship Research and Development Center (DTNSRDC ; the

Center) 12—in. (30 cm) variable pressure water tunnel , which is open

je t and is equipped with a deaeration system but not a resorber. A

descrip tion of the )- -Irofoil is given in Section 3. It had a chord of

4 in. (10 cm) and a geometric aspect ratio of 3:1 in the open jet. The

brass hydrofoil spanned the test section horizontally and was suppor ted by
stainless steel bars which penetrated the tunnel viewing ports; its angle

of attack was con t inually variable. The free—stream water pressure

was measured with a closed—end mercury manometer connected to the static

pressure tap of a pitot—static tube mounted approximately 3 in . (7.6 cm)

above the hydrofoil; see Figure 1. Water temperature was monitored on a

thermometer immersed in the test section . Air content was measured by

14.
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means of a Yellow Springs Instrument Company “Dissolved Ox ygen Meter ,”

Model 51A , as w e l l  as with the van Sty ke blood—gas apparatus . Air content

readings obtained with the dissolved oxygen meter were within 1 percent of

those measured with the van Sl yke apparatus .

N O I SE4IE AS I I RF 2I ENT EQUIPMENT

Sound pressure levels ( S P L )  In  t h e  w a t e r  t u n n e l  we re measured  u s i n g

KSP I n d u s t r i e s  Model  IJT— 1l2 h yd r o p hone w h i c h  was m o d i f i e d  f o r  use in a

l o w — p r e s s u r e  env i r onment .  The hydr ophone was mounted on an ang le iron

support about 9 in. (23 cm) above the hydrofoil (Figure 1), just outside

the f ree shear layer of the wa te r j e t .  For all measurements, t he  a m p l i f i e d

hydr op hone o u t p u t  was f r equency an a lyzed with a General Radio Model 1925—1926 ,

1/3— octave—band filter and detector combination . A second hydr ophone wa s

pe rmanent ly installed in the tunnel out of the water jet at the end of the

hyd ro f o i l  f or use as a r e f e r e n c e  sound projector. It was excited by filtered

random noise when desired. Cavitation noise measurements were made with a

32—second averaging time. The hydrofoil was mounted with the low—pressure

side facing the hydrop hone when noise from cavitation on that side was being

measured . The hydrofoil was turned with the high—pressure side facing the

hydr ophone when measurements of cavitation on that side were made.

EFFECTS OF TEST SECTION REVERBERATION AND
ABS ORPT I ON

Estimated free—field sound levels were the goal of the cavitation noise

measurement scheme of this project. The acoustic reverberation of the test

section was evaluated using a KSP Industries UT—Ill hydrop hone as an acoustic

vo ltine source . Both the receiver and the projector were previousl y calibrated

in a free—field environment to determine their sensitivities and directivity

factors. In the water tunnel test section the projector was driven with

random noise and was loca t ed where cavitation would occur. For each location ,

the broadband noise was received at the location used in measuring cavitation

4
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noise. This was a distance of 9 in. (23 cm) above the suction side of

the hydrofoi l .  The ratio of the measurements in the water tunnel to those

taken in the free field at a l—y d (0.9 m) acoustic range gave the

corrections to be applied to all cavitation noise measurements so that

1—y d (0.9 m) source levels could be estimated . Actuall y the measure-

ments were made within one acoustic wavelength of the hydrof oi l for

freq uencies less than 6000 Hz. The procedure used In the reverberation

investi gation was expected to account for corrections due to any tunnel

acoustic resonances which might have existed . Figure 2 shows ratios of

sound levels measured in the tunnel at a 9—in. (23 cm) source-receiver

separation to the free-field source levels measured at 1—y d (0.9 m)

separation . These ratios were used to calculate the effective free-field

cavi tation noise levels reported in this papel. These levels are approxi-

mate for frequencies less than 6000 Hz.

Radia tion due to the resonant model excitation of the hydrofoil by

the cavitation was investigated . This was accomplished ind irect ly by

mechanically shaking the hydrofoil and measuring the accelera t ion levels

on the foil along with the received acoustic levels at the hydropho ne

produced by the vibration . A transfer function was obtained which con-

sisted of frequency—dependent ratios of radiated sound level to accel-

era t ion averaged over the hydrofoil surface. These measurements will be

described in Section 6.

The hyd rophone projec tor mounted out of the flow at one end of the

hydrofoil during noise measurements was used to check the acoustic ab-

sorption caused by free-gas bubbles. Absorp tion was detected by

measuring the degradation in levels at the receiving hydrophone caused

by gas bubbles flowing in the water tunnel which affected both the direct—

pa th and the reverberant sound levels. The investigations indicated that

absorption effec ts would always be less than 1 to 2 dB when no gas bubbles

were visible to the unaided eye. Nevertheless , visual observations were

frequentl y supp lemen ted by acoustic observations to insure the quality of

the data. The projector was capable of producing noise levels exceeding

those generated by the cavitation .

5
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CAVITATION NOISE—MEASUREMENT TECHNIQUES

The measurement procedure involved establishing the tunnel speed for

a g iven r un , then reducing the pressure until inception was reached .

The noise measurements were then conducted at continually reduced cav i-

tation indices ranging f r om sl ightly greater than that for inception to that

required for the jet shear layer and/or collector ring to cavitate

excessivel y or until free— gas bubbles were observed. An acoustic absorption

from the source of 1 dB usua l l y marked the end of a test. There was no

measurable acoustic absorption in the tunnel due to cavitation occurring on

the hydrofoil. Backg round levels were continuousl y monitored during the

exper imen ts by chang ing  the ang le of attack of the hyd rofoil while maintain-

ing a fixed cavitation index; this change reduced or eliminated the cav i-

tation on the hydrofoil. In another measurement , noise was de termin ed wi th
the hydrofoil removed at a given free-stream cavitation index and water

veloc ity. Backgro und levels were fo und to be domi na ted by impeller cavi-
tation for cavitation indices greater than 0.6 and by cavitation in the

shear layer of the water tunnel jet for indices less than 0.6. Backgro und
levels or ig i na t ing from both of these types of cavitation were somewhat

variable . Thus the continuous monitoring of backgrounds as described

prev iousl y was important.

3. HYDROFOIL SECTION SHAPE AND THEORETICAL
PRESSURE DISTRIBUTIONS

The need to simultaneousl y sa t i s f y  the various vis ual , pho tograp hic ,

and acoustic objectives of the present Investigation placed a number of

stringent requirements on the hydrofoil section shape. It was desired that

the m in i m u m  value of pressure coefficient (C) on the hydrofoil be as neg-

ative as possible so as to obtain cavitation at as high a tunnel  pressure
and as low a tunnel speed as possible. This would minimize tunnel self—

noise and facilitate the acoustic measurements of cavitation . Second , it was

des irable to have a relatively large low—pressure reg ion so as to maximize

the area of cavitation , to facilitate both acoustic and visual observations

7
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of cavitation . Third , it was desired that the leading portion of the foil

have a pos itive or small negative value of C to enable the p lacement of

t r i p p ing devices ahead of the cavitation region .

At first , a number of standard NACA (National Advisory Committee

for Aeronautics) airfoils were studied. No airfoil In this famil y was

found which simultaneousl y satisfied the previousl y described requirements.

A further search of airfoil literature revealed that a h i g h — l i f t  L ich e c k

a ir fo i l 1 
(patent pending) at an off—design ang le of attack satisfactoril y

me t all of the above requirements. These airfoils are normall y used to

ach ieve very high l ift coefficients. Their shapes are characterized by a

bl un t leading edge and a thin  t rai l ing ed ge. At the design angle of attack ,

these airfoils typ ical l y have a f a i r l y fla t minimum pressure region which

extends from the leading edge to approximatel y 20 or 30 percent of chord .

At lowe r ang les of a tt ack , the minimum pressure region shifts aft. In

par ti cular , Figure 14 of Reference 1 shows that Liebeck Airfoil a at an

an ang le of a ttack of 4 deg has a pressure distribution which has the

charac teristics of the desired type. Perhaps the princi pal dr awback of

A irfoil a Is that it cannot operate at angles of attack less than

4 deg without having separation occur on its pressure side.

As a result , a new Liebeck airfoil shape was designed* wh ich cou ld

operate at lowe r angles of attack. This shape , designated “A i rf oi l N 112 ,”

is shown In Figure 3; it has a thickness— to—chord ratio of 18 percen t and

a camber— to—cho rd ratio of 3.5 percen t. The maximum thickness and camber

ar e loca ted appr oxi m a te ly  25 percen t of chord aft of the leading edge . The

two—dtmension ai pressure distribution Is shown in Figu re 4 fo r  an ang le of

attack ~ of 4 deg , for which most of the results of the present report

were obtained.

‘Li ebeck , R.H., “A Class of Airfo ils Designed f o r High L i f t in
Inc ompressible Flow ,” Journal of Aircraft , v. 10, No . 10, pp. 610—617 (Oc t
1973). A comp lete listing of references Is given on pages 57 to 59.

*The airfoil was designed accord ing to specified pressure character-
is t ics by Dr. Rober t H. Liebeck of the McDonnell Douglas Corporat1on .
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AIRFOIL GEOMETRY AT DESIGN ALPHA
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* - AIRFOIL COORDINATE

*
FIgure 3 — H i g h — L i f t  Liebeck A i r f o i i  Shape N 112

*(Patent pending )
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The foil was designed to have a two—dimensional pressure di stribution

so t h a t  t u r b u l e n t  s -p a r a t i o n  would , t h e o r e t i c a l l y ,  be avoided along the

entir e pressure recovery region on the suction side for a < 5.49 deg and

Re ynolds number (based on chord) > 1.7 x 10
6
. At the top speed of the

1)TNSRI1C 12—in. (30 cm)——open— jet——varlahle—pressure water tunnel , appr oxi-

m atel y 22 ft/s (6.7 m Is) , a chord of more t han  9 in. (23 cm) would he

required to  o b t a i n  t h i s  R e y n o l d s  number. Instead , a foil chord of 4 in.

(tO cm) was chosen . This was a compromise between the desire to make

the chord as large as possible in order to achieve hig h Reynolds numbers as

well as to maximize the area of cavitation and the need to keep the chord

small enough to minim ize “blockage” effects in the free jet. As shown in

Section 4, operation at the lowe r Reynolds numbers caused laminar boundary—

layer separation to occur at the beginning of the pressure recovery region .

The r e s u l t i n g  h yd r o f o i l  spanned the entire 12—in. (30 cm) open jet and

was supported by stainless steel bars which penetrated the tunnel viewing

ports; its angle of attack was continuously variable by rotation about the

axis throug h the support bars. For such a hydrofoil of geometric aspect

ratio 3 and chord—to—jet—diameter ratio of one—third , the results of

(‘,la,iert 2 and D ip rose 3 indicate that the effect of the open jet is to

reduce the effective aspect ratio of the foil to perhaps 1.5 , which leads to

appreciably lower magnitudes of lift and C than the two—dimensional values .

To obtain an approximation of the actual pressure distribution on the foil ,

computations were made for a wing with aspect ratio of 1.5 and the

i.ieheck section tising the three—dimensional Tulinius Program ~iith w i n g

2
Cla,iert , H., “The Lift and Drag of a Wing Spanning A Free Jet ,”

Aeronautical Research Council (Great Britain) R&H 1603 (~1ar 1934).

3 I,Dipro s e , V .V., Drag Tests on a Fabric—Covered and a P o l i s h e d —
Pl ywood Wing in the 24—Ft Tunnel ,” Aeronautical 4esearch Council
(creat Britain) R&M 1813 (~1ar 1937).

4T u l in i u s , J. R . ,  “T h e o r e t i c a l  P r e d i c t i o n  of W i n g — F u s e l a g e  Aerod ynamic
C h a ra c t e r i s t i c s  at Subson ic  Speeds ,” N o r t h  Amer ican  Rockwel l  C o r p o r a t i o n
Report NA—69--789 (1969).
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th ickness effects.5 This program has been extensively eva l uated and has

been found to have satisfactory accuracy for most cases.
6 

The computed

three—d imensional pressure distribution at inidspan for a geometric angle of

attack of 4 deg is given in Figure 4, wh ich shows the substantial decrease

in the magnitude of C in the low—pressure region .

The t w o — d i m e n s i o n a l  r e s u l t s  were ob ta ined  by r e p r e s e n t i n g  the  f o i l

section contou r by 200 points while only 40 p o i n t s  were used to r ep resen t

the foil section for the three—dimensional wing due to the larger computer

t imes required for this case. For high—li ft Lieheck airfoils , which are

charact erized by a long th in tra i l i n g  edge , using a method similar to that

of Tulinius and 40 points to represent the foil contour results both in

C ‘s which have lower magnitudes than the exact values and also in some
p

cr ossings of the suc t ion side and pressure side C ’s near the tra iling

edge .* Such crossings were observed for the three—d imensional results

over the trailing 20 to 30 percent of the chord .

4. MEASURED PRESSURE DISTRIBUTIONS AND BOUNDARY LAYERS
ON THE HYDROFOIL

Our comments will he restricted to cavitation on the suction or

low—pressure side of the hydrofo il. The static pressure distribution was

determined by ~ising static pressure taps at locations downstream of the

lead ing ed ge at 7.5, 20 , 30, and 40 percen t of the chord (c). Figure 4

shows the section shape and the 2—D and 3—D theoretical and measured

pressure distributions at a 4—deg angle of attack. Measurements are shown

as a function of speed for the tri pped bo undary  layer  and a t a sin gle

5
Tulinius , J.R., “Theoretical Prediction of Thick Wing Ae rod ynamic

Characteristics at Subsonic Speeds ,” North American Rockwell Corporation
Report NA— 70—l04 (Oc t 1Q70).

6U ang ,  H.T., “Comprehensive gvaluatlon of Six Thin—Wing, Lifting—
Surface Computer Programs ,” NSRDC Rep ort 4333 (Jun 1974).

*Priva te communication from Dr. R.H. Liebeck of the McDonnell Douglas
Corporation .
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speed w it h ou t  the tri p. The coefficients give local pressures (P) relative

to  t h e  ambient static pressure (P) normalized on the inflow speed (U).

Lamin ar boundary—la yer separation was experimentall y established for non—

tri pped flow by using an oil film experiment . A mixture of lamp hlack and

high—viscosit y (SAE 90) gear oil was applied to the suction side of the

hyd rofoi l ; t h e  tut inel was then filled , and the w a t e r  was accelerated to a

sel ected speed . The region of separation was Indicated by a hand of oil

w h i c h  remained on the hydrofoil surface. Table I shows t h e  extent of the

separation at a 4—deg ang le  of a t t a c k  fo r  s ix  speeds. The spatial

resolution of the oil film was within 1/16 in. (0.16 cm) . At 6 ft/s

(1.8 m/s) the separation extended to the trailing edge. From 15 to

72 f t/s (4.6 to 6.7 m/s) it was of small chordwise extent , and it was

uniform along the entire span. At 25 ft/s (7.6 m/s) the chordwise extent

~‘as onl y about 0.1 In. (0.25 cm) and it occurred in a broken line along

the span. Patterns of similar chordwlse and spanwise extent were observed

at a = 2 degrees.

That the free—stream turbulence in the water tunnel was insufficient

to cause natural transition on the untripped hydr of oi l was es tab l ished by

using criteria of Hall and Cibbings (l9?2).~ The broadband root—mean—

square turbulence intensity at the centerline was 2 percent of the free—

stream velocity at the centerline . Using the equation s for laminar

boundary layer growth in the absence of a pressure gradient (Schlichting

(1960)
8
), we estimated that the Reynolds number at the observed separation

point was only li e/v = 290. The effect of the favorable pressure gradient

would have been to reduce the momentum thickness (0) as well as to further

stabilize the laminar boundary layer. Without the stabilizing influence

of the pressure gradient , Hal l  and Cih b i n gs7 showed that the Reynolds

number required for transition wi th a freestream turbulence intensity of

1.5 percent was at least 11 9/v = 400.

7H a l l , D.J. and J.C. Gibbings , “The Influence of Stream Turbulence
and Pressure Gradient upon Boundary Layer Transition ,” Jou r n a l  of
Mechanical Engineering Science , v. 14 , pp. 134—146 (1972).

8
Schllcht ing, U., “Boundary Layer Theory,” McGraw—Hi ll , b c .  (1960).
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TABLE 1 — S E P A R A T I O N  REG I ON ON HIGH—LIFT I NG I IYDRO F OIL S

I n f l o w  Speed Reg ion  of S e p a r a t i o n
in fee t per second: rn /sec a = 4 deg

6 (1.8) 0.25 < x/ c  < I

8 (2.4) 0.25 < x /c  < 0.55 to 0.75

15 (4.6) 0.28 < x / c  < 0.35

20 (6.1) -.0.3 < x/c <-.0.33

22 (6.7) 0.3 < x /c  < 0.33

24 (7.3) 0.3 < x / c  < 0.33
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The boundary—l ayer trip was a stri p of tape 1/32—in. (0.08 cm) in

streamwlse extent with a height of 5.6 x lO~~ in. (14 x ~~~~ cm).

The trailing edge of the tri p was situated approx [matel y at x/c 0.04.

The trip was designed by determining that the estimated height of the

laminar bounda ry laye r at the trip location , which was 4.3 x IO~~ in.

(II x ~~~~ cm) at 22 ft/s (6.7 m/s), was less than the height of

the trip. Its effectiveness was speed dependent. The oil—film experi-

ment disclosed that lam inar separation at a = 4 deg and 16 ft/s

(4.9 m/s) was Intermittent as deduced by the rap id occurrence of a

fairl y well—d e fined oil accumu lat Ion which graduall y washed off. At

higher speeds no separati on co,il d he detected on the suction side of the

hydrofoil , indicating that transttlon to turbulence occurred upstream

of the position of minimum pressure. The static pressure distributions

(Figu re 4) reflec t speed dependence for effec ti veness of the trip in

eliminating the separation . At x/c = 0.2 the pressure coefficients are

independen t of speed ; at x/c 0.3 the pressure coefficients for the

tri pped boundary  layer cons istent ly appr oached the pressure coeffic ient

for the untr ipped lam inar boundary layer as the speed was reduced.

Measured static pressure distributions on the hydrofoil at other

angles of attack are shown in Figure 5. As the angle of attack in-

creased beyond a = 0 deg, the influence of the boundary—layer separation

became more important. The dotted lines in the figure are estimated

pressure curves .

5. CHARACTERISTICS OF CAVITATION INCEPTION

CAVITATION INCEPTION

This sect ion examInes the influence of the boundary layer on the

type of cavitation that developed on the hydrof oil as well as some

effec ts of undissolved gas in the free stream on the inception of each

type of cavitation . Incip ient cavitation indices were determined by

slowl y lowerlng the tunnel pressure at constant water velocity until

fully developed cav itation occurred . Definition of the onset depended

on each type of cavitation that occui red. Desinent indices were

15
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!etermin ed by i n c re a s i n g  the  s t a t i c  p r e s s u r e  and  not  in g  t he  res~ -i t ion of

c a v i t a t i o n . In a l l  cases t h e  c a v i t a t i o n  has  been cha rarte ri zed by

the index

P — p
V0 =

1 /2  ~ 11

where p i s  t he  vap or  p r e s s u re  of w a t e r .

The inci p ~ nt in d i c e s  are denoted by a and the des i ne n t indices by

A l l  measurements were perforrm l witl dissolved air contents on the order of

I to  2 . 4  pp mw ( p a r t s  per  m i l l i o n , wei gh t ) , c o r r e s p o n d i n g  to  5 t o  12 p e r c e n t

of s a t u r a t i o n  at t he  measured  w a t e r  t e m p e r a t u r e  and a tmosp h e r i c  p r e s s u r e .

Free—gas  c o n t e n t , de t e c t e d  by aro t~~t ic a b s o r p t i o n , was observed to i n c r e a s e

slig htl y with t i m e  a f t e r  f i l l i n g .  A l t h o u g h no d i r e c t  q u a n t i t a t i v e  d e p e n d e n c e

of a on d i s s o l v e d  a i r  c o n t e n t  cou ld  he d e t e r m i n e d , i n c e p t ion  i n d i c e s

increased slightl y with time after filling.

EFFECTS 1W ROUN !)ARY— l,AYER TRIPPING ON
r ;A v I T A T I  ON 0” LOll—PRESSURE ST 1W

C a v i t a t  ion which incep ted  in the  v i c i n i t y  of t h e  s e p a r a t e d  l a m i n a r

boundary l ay e r , i . e . ,  w i t h  no t r i p ,  a p p e a r e d  as a w e l l — d e f i n e d  s t r i p w h i c h

e x t e n d e d  ch o r d w i s e  d o w n s t r e a m  fron x / c  0 . 25 .  Fi g u r e  6 shows t y p i c a l

view3 of t h i s  t y p e  of c a v i t a t i o n , ph o t o g r a p h e d  u n d e r  s t roboscop ic l i g ht

with a duration of 3 x 10~~ seconds. The forward edge of the cavitation

is smooth in spots , indicating nonturbulent flow at those locations.

Downstream of the forward edge , the cavity is broken up; however , the

hig h density of bubbl es is still well defined in its chnrdwise extent.

Visual observation of the cavitation showed that the approximate chord—

wise 1 i n ~~i !i ~-‘f the cavitation reg ion 
~~~ 

appeared to he roughl y

pron rI tonal to 
~~ 

— a). Further discussion of these photographs

will he given in the next section.
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Inc i p ient and desinent indices are shown In F igure  7. I n c ep t i o n  was

defined visuall y when cavitation was unstead y but was present on the

hydrofoil 50 to 80 percent of the time. The data are typ ical of the 16—

to 22—ft/s (4.9— to (.7—mis) speed range . The flagged and nonflagged

points were obtained on different days , separ ated by tunnel drainings and

f illings . For the flagged points , there was no acoustic absorption

f rom the reference source , wh ile for the nonflagged points , absorption

of 1 to 2 dB occurred in the 10— to l O0—kHz frequency range . The

dotted line in Figure 7 shows the dependence of the measured minimum

pressure coefficient with angle of attack. Actua l minima may have been

as much as 10 percent lowe r than the ones measured because the wide

spacing of the static pressure taps may not have been sufficient to

resolve the pressure d ist ribu tion accura tely. This has been indicated

in Figure 5.

Wh en cav it a t ion incep ted on the hydrofoil in the vicinity of an

at tached (tripped) turbulent boundary laye r, the visual appearance of

the cavitation was that of white streaks passing over the region of low

pressure on the hydrofoil , roughl y from 0.15 < x/c < 0.90. Figure 8 is a

strobosc op ic photograp h of this cavitation at a = 0.78, showing that the

white streaks were comprised of discrete bubbles having a wide range of

sizes and shapes. These photograp hs wi l l  be f u r th er d iscussed in

Sect ion 6. The incip ient and desinent indices for this cavitation on

the hydrofoil are shown in Figure 9. Inception of this cavitation was

detectable as a sequence of clearl y d istinguishable “events.” As static

pressure was reduced , the event rate increased. Event counting was

accomp li shed audibl y by using a wristwatch while observing the cavitation

for 30 seconds. Two sets of inc !pien t indices appear in the figu re , these

are the recults of separate measuremenLs on different days. The first

set , denoted by the nonflagged points , was measured during a period when

a small air leak in the tunnel brought abou t a slow accumulation of free

gas , causing from 1 to 2 dB absorption as indicated by the reference

source. These inception poir.ts were established on the basis of the

fir st audible event. The second set of indices was obtained when the

19
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leak had been repaired , using a steady event rate from I to 2 per second.

The dissolved air content remained at 8 percent of saturation at

t u n n e l  t e m p e r a t u r e  and at m o s p h er i c  p r e s su re  f o r  bo th  m e a s u r e m e n t s .  At

a = 4 dog , inci pient traveling bubble cavitation occurred for a~ = 1. 1 3 .

The uncertainty in o~ caused by the di ff e r t n t event—rate criteria

is approximately 6 percent. Further reduction in the static pressure

of the tunnel resulted in the first occurrence of trip—ind uced cavi-

tation at a 0.85. At this index the cavitation was very intermittent ,

occurring at long time intervals and often at one location along the

span . This indicated that a sli ght spatial nonunifor m ity in the tri p

shape caused the cavitation . The cavitation of three—dimensi onal tri-

angular protuberances , which typ if y local  pointed elements on i hyd ro—

- 9
foil , ha s been exa mi ned by Holl et al. (1972). T’ se of the estimated

boundary—layer characteristic at the trip location of the present

hydrofoil resulted in an estimate of (1.67. At larger angles of

attack the cavitation of the hydrofoil became totall y dominated by the

tri p. On the other hand for a < 2 deg, the trip—induced cavitation be-

came nonexistent ; however , an intermittent type , typ ical of that

associated with the laminar separation of the untripped hydr o f o i l , be-

came apparent. For increasing ly negative angles of attack , the cavi-

tation associated with laminar boundary—layer separation soon followed

the inception of traveling—bubble cavitation. Appar entl y the turbu—

lence induced by the trip became stabilized as the stagnation point

approached the trip location , allowing the pressure gradient there to

become strong ly favorable with reduced a. Als o, as the local pressure

coeffi cient approached zero the tri p—induced cavitation was prevented .

Comparisons ~ f a~, for the cavitation related to laminar separation in

Figures 7 and 9 show that at a = —4 dog, the cavitation characteristics

~iIo11 , LW. et al ., “l imited Cavitation and the Related Scale Effects
Problem ,” Second In ternat ional Japanese Soc iety of Mecha ni cal Engineers
Symposium (1972).
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of the tripped and untri pped hydr ofoils were comparable. Also note

that the differences between a~ and °d 
are more apparen t for the

cavitation on the untripped hydrofoil than on the tri pped h ydrofoil.

CAVITATI ON ON THE HIGH—PRESSURE SIDE

Incip ient indices for the pressure—side cavitation are shown for

intermittent and steady cavitation in Figure 7. This cavitation had

th e visual appearance of a sheet of bubbles which extended from the

leading edge and coll apsed just above the surface of the hydrofoil.

Figure 10 shows high—speed pho tograp hs of this cavitation at various

stages of development. The surface of the cavity becomes distorted with

small—scale ripp les very near the leading edge . The unsteadiness of the

overall cav it y shape at a given value of a and U is apparent in the

photograp hs. The cavitation appears as groups of bubbles which are

formed In sheets near the leading edge and wl ich persist downstream ,

collapsing either above or comp letely downstream of the surface of the

hydr ofoil.

VISCOUS EFFECTS ON INCEPTION

Viscous effects on the cavitation inception of axisymmetric head

forms have been d iscussed by Peterson (1969)10 
and have been ob-

serv ed by Arake r i and Acos ta (1973) 11 
and Acos ta (1974).

12 
When

‘°Peterson , F.B., “Water Tunnel——Hig h—Speed Basin Cav itation In—
cept ion Comparison ,” 12 th International Towing Tank Conference ,
pp. 519— 523 (1969).

~~Arakeri , V.H. and A .J. Acosta , “Viscous Effects in the Inception
of Cav itation on Axisymmetric Bodies ,” Jour na l of Fl uids Engine ering,
Am erican Society of Mechanical Engineers , v. 95, Ser. 1, No. 4,
pp. 519—528 (1973).

‘2Acosta , A .J., “Cavi tat ion and Flu id Machinery ,” Cavi ta t ion
Confer ence , Edinburg , Scotland (1974).
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laminar boundary—layer separation occurs , cavitation has been observed

t o occur at higher cavitation indices than when separation is prevented .

In this connection , Casey ( 1 9 7 4 ) 13 
has quantitativel y related experi—

m e ntall y observed values of a
1 

with computed static pressure co-

efficients on a hydrofoil at flow separation. He has also correlated

the observed location of the cavitation with the observed location of

laminar boundar y—layer separation . In the current experiments , laminar

separation on the low—pressure side occurred slig htl y downstream of but

s t i l l  near the point of the measured minimum pressure coefficient

(C ) and the cavitation was entirel y contained downstream of that
i n

point. This can he seen i n  F igure  11 , which  compares  the measured

pre sslirt’ distributions with photographs  of ~he incipient , cavitation.

The downstream extremity of the region of laminar separation can he seen

to  coincide with the location of small bubbles. Dynamics of the cav i-

tation as disclosed by the h igh—speed motion photograp hy described in

Section 6 were clearly seen to be initiated by the formation of these

small hubbies. Thus, Inception occurred at the reattachment point of

the separation zone. This is in agreement with the head—form obser-

vations of Arakeri and Ac osta
11 

wh ich showed bubbles to be formed in

this region . The generall y lowe r for the traveling—bubble cav i-

tation or the tri p ped hydrofoil , compared to the untr ipped cases , can be

seen in Table 2. Well—developed , steady—state bound cavitation occurred

at 10 percent hig her a when laminar separation occurred than when it was

suppressed by tri pp ing. Data in Table 2 were generaLed within a sing le

d ay  at  the same t ime as the flagged points of Figures 7 and 9 with a

single tunnel filling. These data represent flow situations before and

after remova l of the t r i p  so they  are not influenced by uncertainties

caused by t ime—dependent——free—gas accumulation . The occurrence of the

occas i ona l audible events associated with a > for traveling bub b l es

is most like l y due to local pressure fluctuations in the turbulent

boundary layer of the hydr ofoi l wh ich have a small ye t nonetheless

finit e pr ob ability of being less than the critical pressure required b r

‘3 Casev . M .V., “The In ception of Attached Cavitation from Laminar
u parat ion Bubbles on Hydr ofolls ,” Cavitation Conference , Edinburg,
Scotland (1974).
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TABLE 2 — C OU P A R T  ~-O~ Or TEl PPEI) VERSUS ‘~f l N T R l P P F 1  a , FOR 1.1 [0 112
* 

I
II11 )ROFOIL , 2. 2 P~ ’1U Al R CONTENT (1 TO 2 [\‘[~ TS P E R  S[CO~ t))

a U

— C ( m e a s. )
deg No Tr i p ~r~~p p

ft/s rn/s mm

4 18 ( 5 . 5 )  1.09 (1.91) 1 . 1 3

4 22  (6 . 7)  1 .02  O .9~) 1 .13

2 22 (6.7) 0•~~5 0.86 1.05

O 22 ( 6 . 7 )  0. Q2 0.80 0.96

*
~ 

A p o r o x i m a r e l y 11 p ( - r ( - en t  s a t t i r a t  ion a t  a t m o s p h e r i c  p res su re  and
75 F ( 2 4  C)
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LAMINAR SEPARATION REGION

- 18 FT~S (5.5 M S)
i = 0,91

TURBULENT
BOUNDARY -

L A Y E R
(WITH TRIP ) 

- 
.
‘ 

‘~ç .~~~~,
i

C~ MIN

F i g u r e  I I  — I ’ r~~-~ -oIre [ ) i s t r i h t i t f o n s  and C a v i t a t i o n  ‘, t t t e r n s  n e a r
I n c e p t i o n  as I n f l u e n c e d  b y V i s c o u s  E f f e c t s

‘h t og rap hs were oht  a m e d  at  d i f f e r i n g  am’, 1 t ’s to  opt  I m i  ze
1 ig h t  i n k’,; I ines n ,irk (‘ourd i n i t  es of x/C = 0 . 2 , C

and obse rve d  s ep ar a t  Ion zone) ~m 1n
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bubble ~r owt  h .  The cause of inri’p t ion occurrin g at higher a for a case

i n v o l v i  n~ l a m i n ar  s i ’p a r - l  t ion than f r  c - i s i s  w i t h  a t  t a c h ed  b o u n d a r y — I  a v e r

flows has  be en a t t r i b u t e d  to e x t r - i o r , ( i n , , r i  l v  (u gh w a l l— p r e s r - o i r o  I l u c t

a t  io ns o c c l t r r  10°, a t  the r i - i t t a c h n i n t  p o i n t  of t h e  so n a r a t  i on .  A ra~ i’ri 
14

has ohs ‘ r ’ .’ - d t h a t  t h o se  ( I  tic t t i a t  ions  - i r -  c o n s i d e r a b ly  h ii~ht r t h a n  when

sep-i r a t  ion is s u p p r e s s e d ;  b r o a d b a n d  I I  t i c  tuat i o n s  cx t ‘ ‘r i d l o g  t o  I D  n(- r (-(-nt

o! 1 ) 1 , ’  dv n i n l c  head wer e  observed  on a hem i sp h e r i c a l  nose . Tn t h e  case

-i t wo—d in ns I m a  I S t r u t , p r e s s u r e  f luc t oat ions aho mi  t 18 p e r c en t  of

t t e t r ’ - -str e,-ln d y n a m i c  head were observed (in connection w i t h  a n o t h e r

expe r iment , Blake (1q75) 15
) in  the r o a t t a c hn e n t  reg io n of the s e par a t e d

low downstream of  a c i r c u l a r  l e a d i n g  ed ge . P r e s sur e  11 u c t u n t  ions  in

t h e  f u l l y  d e v e l o p e d  t u r b u l e n t  b o u n d a r y — l a y e r  f l o w  l u s t  d o w n s t r e am  of

t h e  r e n t t a c h r i e n t  zone of the s e p a r a t i o n  on the  same s t r u t  were a f a c t o r

of 10 less t h a n  those  a s s o c i a t e d  w i t h  t he  s e p a rat i o n . A d d i t i o n a l  evi-

dence  of th e r o l e  of loca l  p r e s s u r e  ( an d  v e l o c i t y)  f l u c t u a t i o n s  in

c au s i n g  c a v i t a t i o n  has been g i v e n  by A r n d t  and Ip p e n  ( 19 6 7 ) . 16

SONE EF FECTS OF FREE—GAS CONTENT ON
CAY! TAr ION O’~ LO W—PP F .SSU RE ST 1W

I n c e p t i o n  indices for the traveling bubbl e cavitation as shown in

Fi gure 9 differ by about 20 percent. The lower inception indices

ac”onpanying lower free—gas content are consistent with results of

e a rlier i n v e s t i g a t i o n s ,  for example , Peterson
1
~ and Brockett (1972)

17

have shown nrcasional tendenc i ~ of a~ to increase with both gas con-

tent and with time after filling the water tunnels without rosorhers.

The acoustic absorption at 1/5 atn , often observed in this study at

1
~~A r a ke r i , V .U., “A N o t ’ on the Transition 1hse rv it lon s on an

Ax is vmn& tric Body and Some Rel at ed Fluctu a ting—W a ll P r e s -~’ m r e
ieasmi rcmne nts ,“ Journal of ~ t t i l d s  E n g i n e e r i n g ,  Tr a n s a c t  E on s Ame r i ca n
Society of ‘Im o - h a n i r a l  Eng i r u e rs , v •  97 , Ser .  1 , No . 1 , p p.  82— 86 ( 1 9 7 5 ) .

15 -Blake , ~ . K. * ~t it 1st i ca l  D e s c r i p tion of ‘r i - s- -air,’ and \‘m ’  b c  i t  v
Fields at Trail ing Edges ,” N SR D C R e p o r t  4241 ( 1 9 7 5 ) .

1
\r rrd t , R.E.A. and A.T. Ippen , “Ca vit a tion Near Surfaces of

D i s t r i b u t e d  Roug h n e s s ,” Nassa chu setts Institute of Technology
Hydrod ynamics laborat ory Report 104 (1967).

T., “Some Environm ental E ffects on Headfor’r, CavItati on 
—

I n c e p t ion ,” N SRD C R e p o r t  3974  ( 1 9 7 2 ) .
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50 kHz , required the resonant e x c i t a t I o n  of suspended hubbi es wi t im ra dii

a p p r o x i m a t e l y  of 3 x l O ~~ c m .  A l t h o u g h  o n l y  a 1 t o  2 dB a b s o r p t i o n  in

t h i s  f r e q u e n c y  range was trie max [mum tolerated f o r  t h e  c u r r e n t  measure-

ments , these and small er bubbles were obviousl y pres ent in the tunnel .

Furthermore , Peterson (1972) 
18 

has holograp hicall y measured stable

b u b b l e s  w i t h  r a d i i  of approximate ly ~~~~ cm in t h e  same f a c i l i t y  b u t

at a si tg h t l v  h i g her  s t a t  Ic pressure than t h a t  used In  t h e  c u r r e n t

measurements. St rasherg (1956)
19 

has shown t h a t  t h e  c r i t i c a l  p r e s s  ire

for cavitation varies as funct i ons of both nucleus bubble radius and

f r e e — g a s  c o n t e n t .  D e c r e a s i n g  g a s — n u c l e u s ( b u b b l e )  s i z e s  and d e c r e a s i ng

t h e  undissolved concentrat ions caused a ma rked dec r ea se  in c r i r  I ca l

p r e s s u r e . T h e r e f o r e , i t  is r e a s o n a b l e  to expect that in t h e  t o r r e n t

m e a s u r e m e n t s , when no a b s o r p t i o n  e x i s t e d  a t  less t h a n  50 k H z , a l l  gas—

f I I  l e d  nuclei we re less than l O~~ cm in r a d i u s , and  they  became

a v a i l a b l e  in i n c r e a s i n g  numbers  as t he  s t a t i c  p re ss ir e  in t he  w a t e r

tunnel was r e d u c e d .  S ince  the  s p e c i f i c  nuc l eus  r e q u i r e d  f o r  t h e  d i f -

f e r e n t  type ’s of cavitation is not known , and since both hydrop hobic

solid and frm’ ,-— h, ibhle particles have been shown by Peterson ’8 to exist

in the fa i i it y ,  a clear and quantative dependence of ° . on t he  f r e e —

gas c o n t e n t  c a n n o t  be assessed .

6, SOME DETAILS OF CAVITATION DYNMIICS DEDUCED FROM
H I G H — S P E E P  MOTION PH OT O (;RAPHY

H i g h — s p e e d  m o t i o n  p i c t u r e  p h o t o g r a p h y ,  w i t h  f r ame  r a t e s  r ang ing  f r o m

3000 t o  8000 f r / s , was used to  observe  c a v i t a t i o n  on t h e  l o w — p r e s s u r e

s r d c  of both thi~ tri pped and the nontri p ped hydrofoil. The cavitation

was phot ograp hed along the span of the hydrofoil , using back liEh ting

provided by a 2— kw Colostran lamp. The hIgh—speed motion picture camera

was a Red Lake laboratories Hycam model with a 400—ft film capacit y and

SO—m m Schneider lens . Kodak high—speed Ektachrom e (EFB 7242) 16—mm film

18
Peterson , F.B., “Hydr odynamic Cavitation and Some Considerations

of t he  I n f l u e n c e  of F ree— Ga s  C o n t e n t ,” N i n t h  Sympos i tan on N a v a l  H y dro—
mechanics , Par is, France (1972).

‘9St rasher g, M ., “The Influence of Ai r—Filled Nuclei on Cavitation
Inception ,” DNB Report 1078 (1956).
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was used f i r  i i  I movi es. Both the can er ;i  and t h e  l a m p  were s i t u a t e d  o u t —

s i de  t h e  wa t or t u n n e l w i t h  v i e w i  rig t h r o u g h  w i n d o w s  of 2 — i n .  ( 5  cm) —

t h i c k , ,-omn,- r cia l gr a d e  P l e x i g l a s . Th, ’ d i s t a n t - i- from t he  i n s i d e  w a l l  of

t h e  t u n n e l  v i e w i n g  p o r t  to  t i r e  c e n t e r  of  t h e ’  h v ’ l r o f o i l  was a p p r r r x i ’ i ; i t e i y

1 3 i n .  ( 33  cm) . The St rohosc rp I c p u n t  op r a p h s  of Fi guires 6 and S w i l l

he ’ used t o  i i  l u s t  r a t ’ ’  , ! c ’ s c r i n t  i n n s  a t  t h e  f i l m e d  ohs( ’rv :i  t Ion s .

For t h l i n t  r i pp ei i  h v d r o f o i  1 n e ar  i n c e p t i o n , t h e  f i l  ri d i s c l o s e d  t h a t

sm a l l  b u b b l e s  we re g e n er . u t e d  a t  - i  l o c a t i o n  c o r r e s p o n d i n g  to  t h e  down—

st ri -al-i ext  r e m i t  ~ o f t h i -  l a m i n a r  s i - p a r a t e - I f l o w  r e g i o n .  CI g r i n - s  ha and

11 , f o r  w h i c h  a = a . ~~ 1 . 1 5 , show t h i s  b y t he  s m a l l  h u b b i e s  of c a v i —

t at ion at  t h e  m i - a  t i on  c o r r e s p o n d i n g  to  t h e  re-a t  a c h m e nt  p o i n t  of t h e

se p ar at  ion . E el  l o w i n g  t h e i r  f o r m a t  inn , t h e  b u b b l e s  m o v ed  f o rward  t i m —

w ard  t h e  I oca t b r  i t  C , st  u p p i n g  and j o i n i n g  a t  t h e  l a d i n g  edge

~m i n
o f  t h e  s e p a r . t  ion zoae  t o  for r-~ a flattened singl e bubble w h i c h  is a l s o

shown in Ej yr ri-s ha and I I .  Further gi-n ,’rat ion of  b u b b l e s  caused span—

Wf so gr o i !t  H f each s m a l l  bound  cay j t v f i m t  a long t h d o w n s ’ r e -un o x —

t ri- nits .in i then along i t s  l o a d i n g  edge. fi~’e’ntuall y these smaller cavity

reg ions aimed ad ja ci- nt m i - s .  Concurrent Iv , r h -  h e i g h t  of t h ~ b r u n r i

cay  I t v as we 11 is i t s  - l m ’r d w i  so e x t e n t  wo u i l  d i n c  r i - u se -  so t h a t  t h e  ho und

c ;iv I t a t  Ion o ccu p i e d  a r iu ch l a r ry- r vol run e t h a n  the or  p m a  I noncav i—

t a t  1mg l o w  s e p a r i t  ion  r e g i o n  p r o b a b l y  had . Fi gu r e s  ha and h h , b o t h

o h t - u i r ~ed - i t  i = a . , sh ow the  m i r r o r l i k e  l e a d i n g  e i l g m ’  of ~h -  v ap o r

n o c k , - t  w h i c h  was f o r n , - l  I ron th e ’  sna l  ic r  h u b b i e s . ‘r h o  d o ij r i m - i t re ur - i  n , ’ r - t  i n n

of t i -  p o c k e t  is  b r o k e - n  up n r o h a h l  v h ,  t u r b u l e n t - c  i n  h i ’  l i q u i d  f l o w  o v e r

i t  . ‘\l so , t hi’ I a rge  r - on t i i  I me - I u I I v love  loped  i -av I t v ri ci’ Ion

c o n y i r e l t i c  t h e  i nc  i p i ’ n  t r eg ion , i s  c l i ’a  r I  v e v i d e n t  . For t hi -  mer e  ad-

vanced  s t ages  of cay i t  i t  ion , exemp i i f  i r-’d by l i g u i r e ’  f-ic t a k e n t t  0

~~ 0 . 7 4 , ho~~h t h e  h i ’ ic’iit and i - s p i ’ c i a i l v  t h e  c h o r d w i — c i - l e n g t h  ot  t h e

cavi l i t  l o in  r m - g l o n  g r ew and t i n s t e a d  ini ’ss hi -a nt  - I p p i r - i r t  . T a r p ’ I i r i s ’—

d i r n e n s i o T l a l  p l an t  I t l i ’ s  m l  b u b b l y m i x t  ‘ir e were’ - j ’ i ’ t ’ l  I n t o  tb o u t e r

11 q u t  1( 1 f I ow f r o m  t h e  na in  bound  cay i t  a t  i ‘ii r i g  ion  . E j e c t  ion  ‘ic -c  i i  c r 1  n

- i t  t i i  - t r a i l  i mg edge of t i e  hound  c a v i t  i t  ion can he deduc ed i n

Fi~’u i r e  hc I ron t b .  spanw i  u-c e non in i I orr ~0 t y of the t r  t i l i n g  edge 0 1 t i r , ’

c a v i l  - - r i p  i n n . l’l~~’ d i a m e t e r s  if t h e  bubbles in this n i i x t  i r e  were

I?
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i ’ s t i m a t e ’ d  to  he abou t 1/60 i n .  ( 0 . 0 4  cm) . As t h e  expelled iwo—p hase

mixt ure was carried downstream by the main flow , it con tinuall y

changed shape and size’ ; occasionall y, It appeared to spin viii the sp in

axis parallel to the span. The h ob b l e s  col lapsed h e f o r i -  r e - i I- 1m g the

t r a i l i n g  edge unless , as occurred at very low values of a , t i e -  main

c a v i t y  l e n g t h  was l a r g e .  O c c a s i o n a l l y a pocke t  of v e r y  s m a l l  b u b b l e s

a p p e a r i n g  as a c l o u d  was swept  d o w n st r e a m  of t h e  h y d r o f o i l .  These

hubbie s may have been gas f i l l e d  and t h e i r  p r e s e n c e ’  has ra i s - d  s p e c u i —

1. - u t ion t h a t  some’ pane- c ur s d i f f u s i o n  occu r r ed  w i t h i n  t i ~,- main cavit y

region. The p a s s i n g  of the mixture downst ream was often t o 1Io ~ ed by

c l e a r l y  d i s t i n g u i s h a b l e , v e r t i c a l l y o r i e n t e d  sp i n n i n g  g roups  of t i i i -

sm a l l  h ub b i e s, l owe r ri ght corner of Fl go r e h e . These hribh I i ’ s  ‘1 i c - n

1 -mc ~’ rs i st -i l  down s t ream of t h e  t r a i l i n g  edge ’ . lii e 1 r pe rs 1st  once’ and

a l l  p f l n u ’n t  i n d i c a t e d  t h a t  t l i v  were t r i p p e d  vi thin the core c c l  a St  rong

V o r t e x , -\t the spanwise edge of the m a i m  c a v i t y  r e g i o n , t h e  ri-cIrcu-

l a t i o n  of b u b b l e s  in t h e  c a v i t y  wa~ a p p a c e n t .

These ’ o b s e r v a t i o n s  s u p p o rt  t i r e -  c a r t  - n t  i n n  t h a t  the i n c e p t  ion on t h e

r e m i t m l ~c p e t i  hy drofoil was caused b y f u r y  -i - j c c r - r t  ion as discussed in

S e c t i o n 5. As the c a v i t a t i o n  r e g i o n  f - m e w  w i t h  d e c r e a s i n g  a , t i -  f l o w

I t  t e r n  of the outer li q u id phase was altered causing u!nst e’ad y tu rbulent

separation a t  the ’ downstre ’am extre m ity of the ca~~itv. An ej ection

proc ess not unlike that occurring in and maintain ing turbulent boundary

l a y e r —  e x i s t e d .  In t h e  c u r r e n t  case , t h e  e j e c t i o n  of a b u b b l y v o l u m e

f o l l o w e d b y the sweep ing  of bubble —filled vortice ’s occurred. We can

speculate that this process would also o c c u r  in t h e  process of s e par a t  ion

of l i i i ’  n o n c a v i t a t i n g  t u r b u l e n t  b o u n d a r y  l a y e r s .

The h i g h—speed  m o t i o n  p i c t u r e  -I  t h e  t r i pped h y d r o f o i l  c a v i t a t i o n

showed clearl y that separate events occurred which Involved growt h and

sp l i t t i n g  of l a r g e , s i r i p l i ’ , c a v i t a t i o n  b u b b l e ’s .  The f i l m  was made

lm m v d i ; i t el y a f t e r  t h e t u n n e l was f 11 ~ed w i t h  f r i -n h  w a t e r ;  t h u s ,  a~ was

- u i i i r ” r r s u l l v  l ow .  Th e’ c o n d i t i o n  s e l e c t e d  f i r m  f i l m i n g  was a 0. 4 4 .

bt I I  I p ho t  o gr ap hs , however , we mu t ak -u i d u r i n g  previ u r n  a c o u s t i c
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m e a s u r e m e n t s  u s i n g  a different t u n n e l  f i l l i n g ,  and som e of these  have

been selected to Illustrate observed trends of the filme d hubbies . At

t h a t  t i m e  a 1 
was h i g h e r  t h a n  it was f o r  t h e  m o t i o n  p i c t u r e .  Two

ph otograp hs wh ich show ~‘xamp le ’s  of t h e  e v e n t s  ar c  i n  F i g u r e  I I  f o r

a n .91 and In Figure 5 for a — 0.78. Re l a t  iv e l y near  i n c e p t  ion ,

r e p r e s e n t e d  by o = 0 .91  w i r e r e  0 . 1 . 1 5 in Figure 11 , bubbles began

growing spher ically, reaching maxima downstream of the point of

C . A f e w  of t i i  bub b l e s  w e r u -  far enough from t i t - w a ll so that

~m j n
t i -’; g rew t o  a max imum size ’ and  t h e n  d e c m , - a s e - r l  i n s i z e , r e m a i n i n g  n e a r l y

sp h e r i c a l .  N e a r e r  t o  t i i ’ w a l l  and p r o b a b l y i n s i d e  the  b o u n d a r y  l a y e r

w h e r e  the s t a t i c  p r e ’ssures  were l o w e r , t h e  bubbles gre w t r -  a l a r g e r

s iz e’ . When d o w n s t r e a m  of C these hubbies took ‘i pr- -late

~m i n
sph e r o i d a l  shape  w i t h  the  m aj o r  a x i s  norma l to  t h e  p l a n e  of thi ’ hyd r m —

t o i l .  At t h e i r  m a x i m u m  s i z e s , t h e  ti ps of the bubbles frequentl y

touched  t h e  s u r f a c e  of t h e  h yd r o f o i l .  W h i l e  c o n t i n u i n g  t o  t r ,  I down-

stream , t he  h u b b i e s  deve loped  v a r y i n g  degrees of loca l  d e f o r m a t i o n  i t  t 1 r

po i n t  on t h e  b u b b l e  s u r f a c e  c l o .~est to  t h e  sri r f a i ’e ’ m t  h a ’  l t v d r m r f o i  I . A

I . c r ~’ e ’ n u m b e r  of hubb i e s  w h i c h  we r e f o r m e d  even c lose r  t o  tIre surf ace of

t i - c ’  h yd r o f o i l  took on n e a r l y  h e m i s p h e r i c a l  shapes t h a t  p e r s i s t e d  u n t i l

if  t er  t h e y  pas se d t h e  p o i n t  of C • At t h i s  p o i n t  t h e  1 i g r id—

~m i n
phase flow over tire hubbies apparently separated as in Figure 8. The

p~~r t  of the bubble adjacent to the  h y d r o f o i l  became st - u t  i c r u i , r r v  and t h , i t

p a r t  f u r t  i c r - n t  f r om t h e  s u r f a c e  was c a r r i e d  a long  w i t h  t b r e  f r i - u -  st r i - c m .

T h i s  caused s t r e t c h i n g  of t h e  b u b b l e  and t h e  f o r m a t i o n  m l  i tw o —p hase

- l i x t  ore .  The d o w n s t r e a m  e x t r e m i t y  of t h i s  m i x t u r e  appea red  as an

u n b r o k e n s i - c t  or of t h e  o r i g i n a l  b u b b l e  w h i l e  t h e -  up s t  ream p o r t  ion of t i i ’

m i v i u r e  appea red  to  he a c o l l e c t i o n  of s m a l l  b u b b l e ’ s . As the ’  s t r e t ch I n g

con t i T m ’ u ’ d , t h e  d o w n s t r e a m  e x t r e m i t y  bega n t o sp in  w i t h  a s i m ai rw i no axis

iii rotation , w h i l e  t h e  s t r e t c h e d  p o r t i o n  app eared  as two n e a r l y  p a r a l l e l

l i n e  f i l a m e n t s  of s m a l l  bubbles which joined the hydrofoil stirface with

t h e  c o n v e c t e d  sp i n n i n g  downs t r eam e x t r e m i t y .  Thus  t h e  f l o w  s e p a r a t i o n

over the b u b b l e  caused i t  to be sp l i t ;  t h e  r e s u l t i n g  t w o — p hase v o r t i c i t y

system consisted i f  a mixture bound to  the  h y d r o f o i l , a m i x t u r e  e n t r a i n e d
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within two vortex filaments , and a bubb ly mi x tur e which was convected in

the fre e stream . The collapse of these indivi dual bubble system s began

wit 1 t h e  I re’ vortex , fed lowed by t h e  s m a l l  h u i h h  I i ’ s  in  t h e  s t r u t clu ed

vortex I I I - i n e r t  s , t h i e ’n  the h t t h h  les in th(’ hound v o r t e x  m m m i  t h e  hv d rofi’i i i

The s m a l l  h u b b i e s  o c c u r r i n g  i n t h i s  c a v i t a t i o n  were ’ of t h e  San ’ apparent

s i z e  as t h o s e  o c c u r r i n g  -is a r e s u l t  of t i r e ’  l a m i n a r  sep a r a t  i t n .

7 .  ~c !’~—~ l I C  C U A R A C T E R I S T I C S  OF TUi ~ CAV I TAT IU’i

CA\’ I T A T T m c ’~ I l , OW — P R E S S I ! R E  SIi)E

Th~ s p e c t r a l  d e n s i t  ic ’s  of r u t  i a t e d  sound From t h e  n o n t r i p p e d  hy d ro-

f o i l  a r e  shown in Figure 12 f i r m  I’  18 f t / s  ( 5 . 5  m/ s )  and ~a = ‘r dog

f - m r  a r u e p ’ of a . The s p e c t r a l  densi  iv  has  been r e f e r r e d  to a l — ’,’r l ( 0 . 9  m)

r . u r m  p i- b y its i ni’ the cc c r mi ’ c  t ion f o r  t u in n e  I r everhe ’  r a t  i n n .  I t  I s do f i n e d  as

10 log p~~ (f ,Af)/~~f

w i re r ’  ‘ ~fl is  t f i i  m e ’ a n s : m r . i r u ’  p r e s s u i r m ’  a t  I vd ( 1) . ~ n~ , measured

i n  t h e  1 / 3 — i c c  t ave  h a n d - a l ’ t h ~rf 1 a t  f r e q c i ’n c v  f . At i c ’n s  t h a n  2 k f l z

the- h r - ~~~t ’ r c r - i n d  l e v is i n  t hu  t i t t  n m ’c ’t ion d o m i n a t e d  t he  m e a s u r e ’—

“ i ’ m ’ I . - ‘t t  m’i )r e h;in b k Ox , th e a p t - c t  rn  1 ‘le n s i t  v I m r - cease d t o  a max i mum

flea r 31 . 5 Idlz * The sp ’s- r I - - c  l ev e l s  f o r  a = I . 1 5 a re c o n p c  r u 1 c Ic to  t he

b a c k g r o u n d  l e v e l s . Ab s o r p t i o n  i’ ’ Jeot s  a c c o u n t e d  fcr ~u p p r o x i m . u t e l v  l — d B

*An additional peak of f 1 .15 k f l z  is  p r e s e n t  in all spectra of
no ise , yet  I t  c a n n o t  be f i r - i l y i ’xp 1;u i~~ed b y r e s u l t s  of the  a c o u s t i c
c a l i b r a t i o n . I t  i s  a p p a r e n t  f r o m  c a l i b r a t i o n  t h a t  d l s c r e ’ t u ’  a c o u s t i c
t unnel mued.n ’s  exist a t  t h i s  low f r e qu e n c y ;  t h e s e  modes a r e  e x p e c t e d  on
theoret i c a l  g r o u n d s .  Wo s p e c u l a t e  t h a t  f 2. 5— kllz and f = 3.1  5—k l l z
h a n d s  a re  ln f  l u i e n c -mh by an i n t e r a c t  Ion of t h e  h u b b i e s  w i t h  a d i s c r e t e
neil ’ in t hu  i s  r eg ion . The t e s t  sec ’t Ion is not  c o n s i d e r e d  r e v e r b e r a n t
,it  le s s  t h a n  f — S 1<1h z .  T h i s  peak has  a l s o  been observed  in u i n p u i h l i shed
n o i s e ’  s p u ’ r t r a  f r o m  a i r — b u b b l e  e m i s s i o n .
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Figure 12 — Spectral Densities , Referred to 1 Yard (0.9 Ii), of Sound Generated by
Separa t ion—Induced Cavitation for U 18 Ft/S ( 5 . 5  M / S ) ,  ~ — 4 Degr ees

and 10—Percent Air Content at Atmosp heric Pressure
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red uc t Ion In l e v e l  nea r  50 kHz . The noise levels increased abruptl y with

the onset of cavitation and then continued to increase onl y s l i g h t l y with

a further reduction in cavitation index . The chordwise length of the

major cavity region increased in extent from approximatel y 0.25 <

x/c < 0.38 at a = 0 .92  t o  a p p r o x i m a t e l y 0 . 2 5  < x/c < 0 .7  a t  a = 0 . 6 4 .

The dependence on a of the noise levels at 31.5 khlz for four water

velocities is shown ir. Figure 13. An abrupt increase in level for

a < a 1 occurs for all speed s and it reflects the rap id onset of cavi-

tation . The sound levels in  t h i s  band f o r  a 0.9 increase roug hl y as

( f , A f )  1~~~ , as shown b y t he  6 dB i n c r e a s e  i n  noise  in t he  speed

ra ige  16 f t / s  ( 4 . 9  m/ s)  to 22  f t / s  ( 6 . 7  mIs). The levels marked by

d a r k e n e d  p o i n t s  correspond to m e a s u r e m e n t s  o b t a i n e d  a f t e r  the  t u n n e l  was

filled ; those marked by open points we re obtained after incepti on con—

dit Ions had stabilized.

The cavitation noise for the tripped boundary laye r Is shown in

Figure 14. The genera l shapes of the spectral densities for this case

are not unlike those of Figure 12; however , the levels are considerabl y

higher. ~e’ar i n c e p t i o n  the  dependence  on a is mi -ire gradua l for the

ui ntr ipp e d hydrofoil. Althoug h the tunnel possesses d i s c r e t e  moda l

p r o p e r t i e s  f o r  f < 5 k H z , we have applied the tunnel correction at low

frequencies to give i ’st  [ma te ’s  of f r e e — f i e l d  sound. The gradua l increase

in sound level with reduction in a is t y p i c a l  cf all speeds; see

F i g u r e  15. The dependence on a is much more ’ repeatable for the 31.5—

k h l z — h a n d  l e v e l s  t h a n  f o r  t h e  3 . l S — k H z — h a n d  l e v e l s .

l) a ta  f o r  o t h e r  a n g l e s  of a t t a c k  showed t h a t  t h e  no i s e  of b o t h  cav i-

t a t i o n  types s imilarl y depended on a and U .  The gradua l i n c r e a s e  of

t h e  t r a v e l i n g  huhh le cavitation noise with reduction of a i n d i c a t e d  t h r a t

a u n i f o r m  i n c r e a s e  in  t he  number  of a v a i l a b l e  n u c l e i  occurred. Also , as

a d e c r e a s e d , t h e  r a t e  of s i n g l e  e v e n t s  was a u d i b l y perceived to  in-

c r e a s e  steadil y. For the’ hound cavitation associated with laminar

boundary—laye r separation this was not the case. After inception and

the abrupt onset of noise , the audible chara cteristics of the noise wer’~
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Figure 13 — Sound Spectra l Densities at 1 Yard (0.9 M) versus Cavitation
Index and Water Speed for the 3l .5— kHz—Third—O c tave

Frequency Band
(Spectra were obtained for no trip and ~ 

— 4 degrees)
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FI gure 14 — Spectra l Densities at 1 Yard (0.9 M) of Traveling Bubble
Cavitation Noise for various Cavitation Indices

(Levels ar e f or a t ri pped boundary  laye r a t U — 18 f t / s

(5.5 m Is) , a — 4 deg r ees , O j 
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Fig u re 15 — Dependence on Cav it a t ion Index of S p e c t r a l  D e n s i t y  Leve l s
at 1 Ya rd (0.9 M) for Traveling Bubble Cavitation Noise at Var ious

Speeds and a — 4 Degree s
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unchanged . vet , the cavity e x t e n t  i nc reased  w i t b u  a c o n t i n r  t h e n

i n  a. The i n f l u e n c e  of I r e — g a s  c , m m m t e n t  on t h r e  u r - - i s e  of I c - v k —

t a t  ion t y p e s  was p r i m a r i l y ti m change a . l i r  the advanced st nc ’S of

c a v i t a t  ion t h e r e  was no s i g n  i f  I c a n t  c h a n g e ’  i n  n o i s e ’  l e v e l s  due to  sI ig h i t

i increases in f r e e  g a , . I t  ~s c u r i o u s  t h a t  t h e  h i g h — f r e q u e n c y  l eve l s  of

the  sp e c t r a  are peaked a t  n e a r l y  t he  ~rt r 1e f r e q u e n c y  f o r  n o i s e  f r e o  b o t h

types  of cav i t a t i o n , An ex am m a t  i o n  -I a Ia rge  n u m b e r  of en l a r g e - I

s t r o b o s c o p i c  p h o t o g r a p hs ot each t v ~ -o’ ~f c a v I t a t i o n  d i s c l o s e d  t h a t  thie

d i a m et e ’r s  of t h e  s m a l l e s t  h u b b i e s  In e ach  case ’ were about 1/8 0 (0 . 0 3  cm)

to  1 /60  i n .  ( 0 . 0 4  cm) . The process of bubble sp litting by the l i q u i d

f l o w — s e p a r a t i o n  w h i c h  was d e s c r i b e d  in  t h e ’  p r e v i o u s  s e c t i o n  r e s u l t e d  i n

t h e  s m a l l  h u h h l e s .  The s i z e ’  d i s t r i h u t  ion of these’ smal l  hu h b l e s  p r o b a b l y

was con t r i-i l led b y t h e  l e n g t h  s ca le  and  t h e  I n t e n s  i t y  of t lr c ’ t u u r b u l € ’n c e

o i~ the l i quid f l o w .  T h i s  exp lanation has been given by Sevik and

h’a r k  ( 1 9 7 2 ) 20 f o r  the ’  sp l i t t i n g  of air bubbles by turbulent water jets.

CAV I TAT I ~~ ON I I I C I I — P R I - S S U R E  SIDE

The spectra of noise from cavitation on the hig h—pressure side of

t h e  hy d r o f o i l  a re  shown In F i g u r e  16. For an a n g l e  of attack of —2 deg ,

and I’ — l e’-i f t / s  ( 4 . 9  m/s) , d a t a  are shown f o r  a ( 0.98. To perform

tO Is measurement , the h y d r o f o i l  was t u r n e d  so t h a t  the h i g h — p r e s s u r e

s i de faced the hydrop hone.* For frequencies less than 8 kiIz , the noi se

at a = 0 .70  was s I m i l a r  to that radiated by the separation—induced cavi-

tation on t he  l o w — p r e s s u r e  s ide .  For higher frequencies the mean—squa r e -

20 Sev ik , H .  and S .i l .  Park , “The  Sp l i t t i n g  of Drops and B u b b l e s  b y
T t i r b u u l e ’ n t, F l u i d  F l o w ,” .l o u r n a l  of Bas i c  E n g i n e e r i n g ,  T r a n s a c t i o n s
A m e r i c a n  S o c i e t y  of H e c h a n i c a l  E n g i n e e r s , Paper 72WA/FE— 32 , pp. 1—8
( 1 9 7 2 ) .

*Noise levels f rom cavitation on the high—pressure side of the
h i v c Jr i f otl were measured on two occasions , with that surface facing to-
wa rd and f a ci n g away from the receiver. The levels differed by more
than a factor of 2 for the frequency range from 5 to 20 kHz . T h i s
differ ence is attributed to a shadowing effect of the hydrofoil on the
n o i s e ’ .
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Figure 16 — Spec tral Densities of Noise from Cavitation on High—
Pressure Side of Hydr ofoil for U = 16 Ft/S (4.9 M/S) and

—2 Deg r ees Ang le of Att ack
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p r e s su re s  of t h e  not Se’ we ’re a p p r o x i m a t e l y  a f a c t o r  of 10 1 ‘ss t h a n  t hose

r i d  i n u t  e l  on t h e  l o w — p r e s s u re ’ s ide  e i t h e r  w i t h  or w i t h o u t  t h e  t r i p. 1in is

cav i t i t  ion there ’fore - gene rated less n o i s e  a t  h i g h f r e q u e n c i e s  t han  c i t  e r

t v pe’ on t h e  low—p r e ’n-n -r t l r e ’  si-I, ’ .

F -\!) I AT I i r’~ FROM r -\V I TAT iN — I N OIIC El)
V IBRATIO N

The ~‘ii r i t r i hut ion t o  t 1 n e  rad I n i t  d no i Sc’ f r on cxi ’ i t u ’d  st ri , ’ tui r a 1

n im i l es m l  the hyd r i m  I o i l  we re est  imateil . An ac ce ’  I eri m ne ’ t e ’r  was f l a u n t  ed on

t h e  s u p p o r t  s h a f t  I the ’  h v i l r - f o ~~l ‘ i r t s i i h e  t he  w at e r  tunne l ; t h e -  shaft

was used to ‘. - r r v  t I f l ’  ang l e ’  of i t  t i i i I~ i f  t i r e  h y d r o f o i l . The a c c e l e r i - n e - t e r

wa s —a ’ mn n I t ive  t i m  I I c - x u r a l  v i h r r t  ion  t ~~ h v m h r o f o i l  i n d u c e - m i  by t i n e -  c a v i —

a t  i o n .  C o n c u i r r e - n  t men s m i r e - c e - c t  s nI  r i d  i i  t e d  n f l  se and s h a f t  a c - c e ’  I e rat  ion

w e ’ re - ‘1-i t a i n e d  f u r  e ’x , t n p l c ’ s  n I  l o w — p r e s s u r e — s  ide  c a v i l  r~ ion  w i t h  and w i t h —

‘ m r t  a t r i p .

In  a s e p a r a t e ’  set of cc a s i r r c ’ m ’~ - u m t s . t h U - h y d r u m l u m i l  was m l r i v e n  w i t h  a

sh r n~~e r n i - i u n t e ’ i l  - u t  two span 1 iu i ~a t  io ns at  n i d c t i m r m l — — a t r u i d sp a n  and at

- u i i a r t e - r  s p a n .  Thi  i s  e ’x p e r i r n e n t  p r u m v i d e d  a m e ’ u s e u r e ’  of t h e ’ r e l a t i o n s h i p be—

twe ’n t h r e  sound l eve l s  r a d i a t - u l  f r o m  at  r u c t  m u r a l  modes of t i n , - h y d r o f o i l

and t h i ~~- acce k - r u t  Ion n e a s r i r e d  u t  t h e  support s h a f t .  The r e ’ s i i l  t i n g  rat ios

c f  t h e  simun d m r e - ~~— n m r r e  1 , - el  a t  t h e ’  h y d r o p he - i ne  t o  t h e ’ s h a f t  a c - i c - r a t i o n

i r - shown in  I i - e t a  c i t  hmi  c f o r m  i n  F’ i g r i r e  17 .  The r a t  in s  are ’  g i v e n  I - ’ r

e a c h i l r  i ve ’  p o i n t .  The ’  d i t  f e r ’ n r - e’s in  r a t  los a t  h i gh I r e qu enc  les ir e ’

p r o b a b l y  c ; u m r - 4 e - i h  by  l o c a l  d i f f e r e n c e ’ s in t h e  f l e x u i r a l  i n p e ’u l a n c e ’  ~ f t h e

h y d r - f o i l .

C a v i t a t i o n — i n d u c e d  sound p r e s s u r e ’  l e v e l s  and a c c e l e r e t  i n n  l e v e l s  on

t h e  h y d r o f o i l  s h a f t  - cr c  shown i n  F i g u r e  18 f o r  no t r i p and i n  Figu re ’ l~ b

w i t h  a t r i pped b o u n d , c r y  l n c v e ’ r  . In both i-- u ses th ie cavitation was m t  e r —

m l  t t e n t  . The’ separate radia l ion from thie structure “rinles was e ’ St  m a t e d

b y m u l t i p l y i n g  t h e  f l o w — i n d u c e d  a c c e l e r a t i o n  by t O ’  pressure—to—

a c c e l e ’r a t  ion r a t i o s  in F i g u r e  17 .  The r u t  f o  shown by t h e  d n t t  ci i  l i n e

In  F i g u r e  17 i s  an upper  h ou ind , and i t  has been u s e d  to  i ’nnpul i ’ t h e  sound

lev e ls in  F i g u r e ’ s  18 and 19. We see’ t h a t  f o r  f r e q u e n c i e s  less  t h a n

50 k h l z , the  d i r e c t  r a d i a t  ion f r o m  the  c a v i t ; c t  ion d o m i n a t e - s  t h e  n o i s e .
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The est i --n - ct ed l e v e l s  i t  S kHz represent tipper hounds  and th e y - i r e -  e ’x—

ceeded h-v the ne - e s u r e d  cavitat Ion noise . ‘fl is  t h e ’  frequenc y sj-e ’ctra l

coat e ’nt  of t h u e ’  n o l  se was -st ahl i shied rrt I r e v  b y t h e  i - n v  i t  a t  ion  d y n a m i c s

r a t h e r  t h a n  moda l  ch a r a u - t er of t h e  h y d r  - t o i l .

8. ( N 1 ~IDE RA T1O N S OF 1)YNA M 1CS OF’ T R A V E I , 1  Nt
B U BBI . E—CAV I TATJ Oi - :  NOISE

The high—speed not I o n  p i c t u r r e ’ s  o f c a v i t a t i o n  assoc i n i t e d  w i t h  t h e

ripped boundar y layer were used t o  g e n e r a t e  h e h u a v i r u r  pa t  t -r n s  of t i r e - ’
bubbles as a function of chordwtse location. FIgure 20 shows p a t t e r n s

f i r  fe m ur i f  t h e  h u b b i e s  t h r a t  g r e w  on t h e  h r y d r o f o i  1. The cavitat ion index

was a = 0.4-~, and U = 22 f t / s  (6 .7 m/s). Twe’ntv events , including

b o t h  spherica l and sp il t b ubbles , occurred in t h e  2 — s e c o n d  f i l m , d u r i n g

which the sound ‘evel was measured. Included in Figure 20 is the histor y

i f  a bubble t h a t  grew to a hemisphere and t h e n  was~ ~split by the’ flow

se’pni r a t  lie n a r e u u i n e l  i t  a t  x / c  = 0 .4 .  The ot ’r r e r  b u b b l e s  In F I g u r e ’  20 were ’

sp h e r i c a l .  Supe r imposed  on t h e  bubb le  d i a m e t e r s  a r e -  t h e e -  m e a s u r e d

pressure coefficients from Figure 4 -is well as the best estimate of the

pressure distribution . The continued growth of t h e e  h u b b i e s  d o w n s t r e a m  of

C was similar to that observed by P i e s s et (1 949 ) 21 on an
in

a x i sv m n u ’t r i c  head fo rm . In t h e  p r e s e n t  case one c u r  two r e b o u n d s

o c c u r r e d .  The maximum spherical bubbl e radius can he estimated by

St rasherg ’s’9 approximate relationshi p

[~~~ 

2 1 1/2
[—a — C I]  t ’ ( 1)

mm

where t ’ is the length of time that it takes fe u r the bubble to  pass

t h r u u m i g } u t h e  region for wh ic hi p < p .  In our  case

M . S . ,  “ The Dynamics of Cavitation Bubbles ,” l’ransactions
American Societ y of Mechanica l Engineers , .Iournal of App l ied Mechanics ,
v . 16 , pp. 277—282 (1949). 
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- j  
t ’= 

U~ I — ~ 

( 2 )

where’ 9. Is t h e e -  c h or du l s e  e x t e n t  of t ic is  r e g i o n , and C i s  t h ep
u i - i - r a g e ’  n-’t - i t  Ic p r e s s u r e  r e - e l f  i c i e n t  in the region . Ca lc itl i t ions using

e q u a t i o n s  ov ere ’st  ima t ed  t he  observed  m a x i m u m  b u b b l e  r a d i i  b y

a p p r n x  b - n i t  e ’ l v  20 Pe n -n t  . Th ee r e t i c a l  c o l l a p s e -  t i n e ’s  ( t  ‘I f i r  t h e
0 22

h uihh 1 es , haseul on the t h e n r y  of t he  e m p t y  b u b b l e  ( La”ih (19 ‘e 5) ) , i - u n

h e -  c a l c u l a t e d  b y

‘in 
= i .9l 5 R,~ Ve/(P —

( 3~
= r . 9 l 5  -

~
--

~
‘ V

”

~7a

Calc u l a t e - - I v a l u e s  ol T u u s i n p  . fm -~e - r v e ~c1 F M 
w e - r e - l ess t h e i r ’  obse rved

col lap se’ t li-irs by eh i mu u  t 15 pen - c o t

T h u t ’~~e ’ ~ e ’i s u r e o e ’n t  s i f  t he  t r u ’ -~’l ing b u b b l e  histori c ’s ire used to

‘st ir ca t e  the r e n t  r i h u i t  li - in of th u e ’  dynamics of lar g e- huhhles t u e  t h e

t r e v e l ing bu b b l e  c a v i  tat Ion noise in Figu re l’e . The noise e e l  a s i n g l e

sp h e r i c a l  c i v i l  r i  in g  b u b b l e  h-i s been shown by F i t z p a t r i c k  and

~t r - i a h e  rg (19 56 ) 2 3 
to have  a f r e q u e n c y  s p en t  n . e  1 dens i t  v w h i c h  is

n o r m a l i z e d  as

S ( f t
0

) ( 4 )

h e r e ’  r is t h e  acoustic range of th e ’  n o i s e - , and t h e  spectrum is defined as

1 
H ., “ hlv d rod y n a m i c s , ” Dover P i i h l  I ‘ - u t i ons  ( 1 94 5~~.

2 
~~~ ~ z pat  i i  i ’k , U .  and 11 . St r a s b er g ,  “ h l y d r o d y n a m i c  Source ’s of Sound ,“

First Svripos fuim on ~iev a 1 Hydrodynamics , Washin gt on , D.U ., pp.  2 4 1— 2 8 0
(1o56). Also ava ilable as DTtIB Report 1260 ( 1 9 5 9 ) .

\ —



J s ( f )  df  = 5 p 2
(t) dt = y t

0

where is the total lifetime of the bubble expressed in mul t iples of

and where p (t) is the sound level from the collapse and p
2 

is its

t ine—averaged mean square . For a measurement of sound pressure in a

narrow frequency ha nd , this can be rewritten to give

‘rT
0

p 2 ( f ,~~f)
S ( f )  = ( 5 )

where p
2
(f,~~f) is the mean—square pressure in the filter band . From

the data of the current study and from calculations u -if Fitzpatrick and

Stra sherg,
23 

we determ i ne that y 3. The spectra l density of t h e  sound

generated by the hubbies of Figure 20 is shown in Figure 21. tl o t e ’ that

t h e s e  l e v e l s  at h i g h f r e q u e n c y  are c o m p a r a b l e  to those  In  F i g u r e  I I  f o r

a 0. 8 and (L~~; however , the  peak levels , e x c e p t i n g  the  pe~uk a t

f = 3.15 kflz, occur at a lower frequency than in Figure 14. Norru ali—

z at I o n  of data  f r o m  F igure  14 as wel l  as f r o m  F igu re ’  21 gives spectra in

Figure 22 in the dimensionless form

p 2 ( f ,~~f )  y ’i  r
S(’i f) 

1) ( 6 )
0 R

4
Ø~

N o t e  that the frequency of the  peak in the high—frequency spectrum for

o = 0 .44 , and U = 22 f t / s  ( 6 . 7  m I s ) , now more nearl y corresponds with

that frequency for a 0.9, and U 18 ft/s (5.5 m/s), than it did

when i t  was not n o r m a l i z e d .  lie compare the  measured n o r m a l i z e d  s p e c t r a

to t h e  theoretical spectrum for sing le bubble—cavitation noise computed

b y F i t z p a t r i c k  and S t r as he rg 23 in the  same fi gure . In making this

50
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comp arison we have assumed statisticall y independent events which occur

-ut the rite of one each second . Actuall y, during the motion picture , the

rite of large spherical bubble events was greater. For the other con-

ditions the rate was unknown . The comparison serves to show that if

the water tunnel backg round had been low enough , and if the unaccounted

3.15— khIz .‘~coustic reverberation effect had not existed in the tunnel ,

the noise corresponding to  the large— scale bubble motions would have

been me a sure e t . I t  appears  t h a t  t he  measured spectra were dominated by

t h e ’  f i n a l s tages  of col l a pse  if  t h e  l a r g e  b u b b l e s  and by the  s p l i t t i n g

-end r e f o r m a t i o n  of t he  small ones. The spread in the normalized data of

Figure 22 demonstrates the ’  u n c e r t a i n t y  in the  event  r a t e  of b u b b l e

collapses. We i n t e r p r e t  t h e  h i g her  d i m e n s i o n l e s s  l e v e l s  a t  a = 0.8 f o r

I’ = 18 f t / s  (5.5 uils) , compared t o  those at a = 1.0 at t he  same

speed , as be ing  due t e e  a h i g her  r i t e  of b u b b l e  even t s  a t  the  loite r cavi-

t a t i o n i ndex . As d i s c u s s e d  in  Section 5, it is reasonable to expect that

is a dropped below o ,, a l a r g e r  number  of nuclei should have become

av ailable as cavitation sites. Some further aspects of the scaling and
-) /4

model ing of event rates have been exam ined  b y B a i t e r  ( l 9 7 4 ) , ~~ who

p o i n t s  out many uncertainties in t h e  e s t a b l i s h m e n t  of e v e n t  r i t e s .  A si d e

ir o n  the  unknown d i s t r i b u t i o n s  of n u c l e i , I l ’ lc he v  and L e s u n o v s k il

( 19 6 3 ) 25 
show t h a t  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of even t s  can depend on

the statistical nature of turbulence in the flow . The high—speed

photograp hy indicated the existence of a ratio of large—to—small bubble

s i zes  of a p p r o x i m a t e l y  50. A t r a n s I a t i o n  of the theoretical noisr’ peak

f rom f i
0 = 11.5  t o  f t

0 
= 25 to account for the characteristic

collapse ’ tine , which is proportional to bubble radius , of the smaller

bubbles causes the theoretical peak to correspond roughl y with that in

24
Ral t er , H.J., “Aspects of Cavitation Noise ,” Symposium on Hi gh

Powered Propulsion of Large Shi ps , Wagen ingen , The Netherlands (1974).

25
1i ’ ichev , V .1. and V.P. Lesunovskii., “On the Noise Spectra

Associated with Ily dr od ynamic Cavitation ,” Soviet Physics — Acoustics ,
v. 9, pp. 25—28 (1963).
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the dimensionless spectrum of Figure 22 . In the range of I < f -r~ < 10

the dependence (ft
0
)
2 roughl y fits the trend of the data . In—

fortunatel y the peak at f = 1.15 kHz distorts this frequency dependence.

A s im ilar dependence has been observed by Jorgensen (1961Y
6 

for noise

from cavitating jets and by Mellen (1954)
27 

for noise produced by cav i-

tation from a rotating rod . This frequency dependence has been discussed

by Fitzpatrick and Strasherg
23 and more recently by Baiter 24 

as being

associated with the influence of compressibility of the water. In this

connect Ion , we note that the dimensionless form of Eq ua t Ion (6) may he

recast in term s of flow variables , using the preceding equations. This

results in a I~ 
3
—speed dependence for the mean—square radiated

pressure at scaled frequencies so that S(1
~ 

f) is constant. An

assumption that at fixed a, the event rate is proportional to I’ = 18 f t / s

(5.5 m/s), a 4 deg and a = 0.74 is in the range

~p t r

R
M

P

it is curious that this value is onl y one—tenth that observed by Harr ison
28

(1952) for single cavitation bubbles , which were formed either in a

ventur i tube or by a spark.

9. SUMMARY

The noise from h o u n d  cavitation has been demonstrated , f u r  the hyd ro-

foil examined , te a be dependent on viscous effects as broug ht ,eh i ’ uit by

e l u , e r i ~ . , - ’~ in t h e ’  boundary layer. When laminar boundary—la Ye r St p ur a t ion

occ urred , considerable noise was produced at hig h frequencies , probabl y

26
iorgensen , D . W .  “ N o i s e  f r o m  Cavitating Submerged Water Jets ,” Journal

of t h e  A c o u s t i c a l  Soc ie ty  ( i f  An~erica , v. 33 , pp. 1334—1338 (1961).

27 Mel1en , R.H. , “Ul trasonic Spectrum of Cavitation Noise in Water ,”

~lour’ial of the k-oust ical Society of Arierica , v. 26, pp. 356—360 (1954).

28 Ha r r i son , M ., “An Experiment al Stud y of Single Bubble Cavitation
Noise ,” J)Th B Report 815 ( 1 9 5 2 ) .
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by the  f o r m - i t i c -en - i t sinaI 1 h u b b I e s .  These b u b b l e - s  we ’re c a r r i e d  in g r o u p s

w i t h i n  v o r t e x  f i l a m e n t s  of l ong  I e ’ u u u ’, t h w h i c h  we ’re e j ee ’ t ed  i n t o  t he  non—

cay i t a t  i ng f r ee St ream f r o m  the hound cay i t  v .  At  - e ~ i ye n speed , t i l e

hound cavity increased in size’ as t h e ,’ c a v i t a t i o n  c o e f f i c i e n t  d e c r e ’i s e d ;

however , after inception of c a v i t a t i o n , radiated sound l e v e l s  i n c r e a s e d

slowly with further decreasing cavitation index. An increase in extent

of cay i t - i t  ion  a p p a r e n t  iy  d i d  not cause  a p r o p o r t  i o n a l  i n c r e a s e  in t h e ’

number of uncorr el,’ited bubble ’ events. On t h e  hi~~ii~ pri’s.~sure’ side ’ , c c v i—

t u t  ion consisted of sheets of cavities , and tile noise’ emitted was less

i n t e n s e  t h a n  that cmi tted b y cav i t,-it ion on t h e  low—pressure side. In all

case’s th ’ h yd r o f o i l  v i b r a t i o n  induced  b y t he  c a v i t a t i o n  d i d  not

contribute to the emitted noise.

When laminar separation was eliminated by tripping the boundary

layer into turbulence , inception was delayed and travelin g bubble

cavitation occurred. For this type , the magnitude of noise was

generall y hreater t h an  that produced by t h e  hound cavit ation due to

separation . The noise mechanism was complicated by local flow separati on

around those bubbles close’st to the surface of the hydr ofoil. This

caused the disintegration of large hemisp herical bubbles into restricted

collections of small ones , causing high—frequenc y noise. Large bubbles

which were’ su L it ab l y far from the hydrofoil surface maintained a nearly

spherical shape during growth and collapse , and these produced low—

frequency noise which was estimated . The dependence of the measured

noise on the cavitation index after inception was much greater in con-i—

parison wit h the cavitation associated with laminar separation. For t h e

traveling bubble cavitation , a continued reduction in cavitation index

brought on a larger number of nearl y independent bubble events , and these

caused increasing levels of noise. A marked difference between the two

cavitation types in the dependence of noise on cavitation index was thus

observed .

In comparing the noise radiated by the two types of cavitation on

the low—pressure side we note that since inception was slig htly de layed
by tri pping, the onset of noise was also delayed . However , even thoug h
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inct’pt ion was dela yed , the noise actually exceeded t h e  s epar ;et  i o n — t n d u e - e ’d

cav i tat ion no iso by S e - V  e ’ ra 1 decibels in the more advanced St ages  of

t r a v e l i n g  b u b b l e  c a v i t a t i o n .  We s p e c u l a t e  t h a t  t h i s  is the combined

effect of More sta tisti c all y independent events In the I- utter case as

well as more,’ gaseous diffusion broug ht about by long residence tfre’s in

the cavity zone in the ti ntri pped case. Both the noise ’ and inception

results have r a i sed  s pc cu l a t  ion t h a t  ch anges in nucleus content c o u l d

affect different cavitation types in differ ent ways , viz , tr av eling

b ub b l e , compared to hound cavit ation .

A simp le scaling of the tr ave l ing bubble—noise spectrum was

pr obably limited by an unknown characterization—of — event r;i t e’s by f l ow

variables as well as t h e  uncertainty in physical quantities which affect

the dynamics of the small—size hubbies. Althoug h it has been specu late- e l

t h a t  t he s e  h u b b i es wer e ge n er a t e d  b y sp l i t t i n g  large ones b y t u r b u l e n t

separ et ion , we have not ve’t qu antified the flow variables which control

t he  p rocess .
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