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ABSTRACT

m Leading edge flutter is a problem that is unique to a super—

cavitating hydrofoil. At high speed , the leading edge portion has

been observed to oscillate while the trailing edge remains motionless .

In this study , several flat plate hydrofoils were tested . The

experimental results indicate that the phenomenon Is a complex function

of speed , angle of attack , cavitation number and mass ratio. Leading

edge flutter was also observed to cause cavity pinching. A theoretical

study was also conducted . Two mathematical models are presented here.

The first one models the flexible chord foil as a rigid chord foil

hinged at the trailing edge ; the second model treats the fluid—structure

interaction problerr~ of a flexible chord foil canti]evered at the trailing

ed ge. Both models resemble leading edge flutter near zero cavitation

number in some respects . At short and moderate cavity lengths,

leading edge flutter phenomenon is influenced by the cavity closure

condition.
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NOMENCLATURE

Roman Alphabet

AR — S/b aspect ratio

a flexible chord length

b overall chord length

c — speed of sound in water

C
L 

L/~ p U
2b coefficient of lift per unit span

C = ~C I~cm lift curve slope
L,rm L

C~1 
= M/~~p U 2 h 2 coe f f i c ie n t  of moment per un it span

CM,cm C
~Ika 

+ derivative of C
M with respect to cm

C P 
= p / i~p U  C o e f f i c i e n t  of a tmospher i c  p r e s su r e

d — depth  of submergence

D d /b  d i m ensionless dept:h of submergence

F. = Young ’s modulus
~
E = , the r a t io  of the radiated acoustical energy

P5c

of the kinetic energy of the foil.

F = U//~~~Proud~ number

g gravity

h = amplitude of the free surface wave

i = ,/ 1 in spatial variable
j = /1  in time variable

wbk the reduced f r equency

t = cavity length measured from the leading edge

= wavelength of the free surface wave

L = l i f t

-
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NOMENCLATURE ( con t inued)

M hydrodyn ainbc moment , p o s I t lv t  nOSe up

M U/ c  nvmch fl UXTib t? t

atmospheric pressure

cavity pressure

— f ree  st ream s ta t i c  pressure

Re bib/v Reynolds  n umber

S sp~t f l

t t !i j c k t i e s~ of the  f o i l

t thickness at the  base
0

U f r e e  s t r e am  v e l o c i t y

= ~~~~~~~~~~~~~ Weber number

I ro. ;u o:icy reop ens ’ fm i n c t  ion for  h eav ing  mot ion

z location of the ax i s  of p i t ch ing  osc i l l a t ion  in terms
of the f r i c t i o n  of cht~rd length  measured f rom the
lead ing  ed ge

Greek ~\ Ip h . t ho t

angle of attack , positive leading edge up

shape factor of the thickness distribution as itt

t = t  x 13

y = surface tension

U /17 the ratio of flutter to divergence
flutter divergence

speeds

= h/b dimensionless amplitude of free surface wave

Tb = U/U
Di the ratio of the velocity to the divergence speed.

A — 9./b dimensionl ess free surface wave length
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NOMENCLATURE (cont inued)

p t/p b mass ratio

v — kinematic viscosity

= Poisson’s ratio

p
5 density of the foil

— density of the water

a (p -P Y½~ U
2 cavitation number

= crc~Iar

W

frequency of the foil

= wí.&JI i~ ~~
- frequency ratio

12(k) = frequency response function for pitching motion
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In all commercial transportation , progress m&~ l z m ~; comfor t  and

speed . Over the w a t e r  h ydrofo i l s  are the onl y vehicles t h at  can achieve

both goals. The typical speed of a passenger car ry ing h y d r o f o i l  is about

50 knots , w i t h  even hi gher speeds capable in military craft (Ref. 1).

Within this speed range , most of these hyd r o f o i l s  operate  in the subcav—

it a r in g  regime . P r even t ing  these fo i l s  f rom b ecoum ing v e n t i l a t i n g  or

c a vit a t in g  above th is  speed is a d i f f i c u l t  task .

It is expected  that  in the  f u t u r e  t h i s  speed l imi t  wi l l  increase.

Foils f o r  such high speed boats wi l l  have to operate  in the supercav i ta t ing

reg ime since the only  means l e f t  to supress cav i ta t ion  is by increasing

* the depth of sub~ er~;esct’ of the f oi l .  This  becomes impract ical  f rom the

viewpoint  of s~ rt mm ~t mm - - m1 r igi(l ity  and s t a b i l i t y  of the c r a f t . Hydrofoi ls

are not the only one ; t ha t  operate  in the cavi ta t ing  reg ime . Examples of

o the r  machinery desL~nt ci to opera te  in the cavi ta t ing  flow reg imes are

supercav it at ing  prope l le rs  and pumps.  Supercavita t it i g propel lers  are

used for high speed boats and supercavitating pumps are used where size,

weight , and high rate of flow are prime requirements (such as those used

for rocket engines).

With increasing operating speeds, dynamic and static instability

of these foils or blades becomes more and more likely. These various in-

stabilities will be briefly reviewed in the following paragraphs.

The first type of instability is torsion—bending flutter.

This dynamic instability is a self—excited oscillation involving span—

wise torsion and bending modes of a foil. The foil oscillates at a

single flutter frequency with bending and torsional modes, in such

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
- * - -*-- *~~ *— - - ,~~
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a w . i v  th at the t o t  I eX t i  t t t  e i le’ i v, v f i t S ’ :  t a f r  ~. t r  ~~~::~ t O  s t i st  o u t  or

inc t e  .t~.e t h e  o sc i I lot ion . 1. it e ra t u r ~ os I ~~ — b e n d  i u~; i i  m i t  t or I

~tti wd iiit .i i i d  t i t * *~ i~~ l i t * r s  h . i v t ’  been ~i t t - ~~f u I  l U  . t v s  id  t i m  t I i i  a

M~ s of t lie ~.‘ or k i L l  a bit t il l o m i t  c i i i  lt~ d i i  W j  I I~~ ~i~ l a I L i t  I I U t  t t i  t~id

\, t *r *,* l i t t  le  t U  I l it s ti p*tt. L v i t  at  1 I I ~~ p r op e l  l i l a  .uitd ~ m m ~~~’s. T h i a  I: ;  p . i r t  I v

du e  t o  tb ,’ ~~‘:~m m i ~~~ i~~v o f l ie I low t i s u n  I t h t h ;  :‘si ’ I t i m ; e r v  ; i t i j  i i i  r u t  d;ie

to t ime I _ i t th~it t h e  b l a d e a  l i t  t -~ - t ~ i t  j v t ’ i  ‘ -  r i~~j ;l in  t lie b e n i  its ’ mind

t o r ~~ i a  ::td, . [ ‘his  t v r t  m l  I l i i i  t i i , tlie re t ‘ I i , i S  n ot  a S m F  io n ; ;

pr~ ’b 1 t~~r .

A t i t m t  h~- r p i ’  n t 110 t d i l l  I W h t ’ll t i l t ’ I o i l  a or h 1 0 1 _ ’S t ’~~et ~~t t  0 i i i

he cac ’ I t  a t  i 1~~ I S . ’ . i i t . l  v t ~‘r . t t  I O U .  ‘I ’Ii s I~ r ~~1 v I b r a t  i a

t S t ~~ nsa  i s  -~ hs- s I “.~ 
-; n i t  b s i mi r t t -av it I so ( 1  ~~~~~~ t h i n  1

or p . i r ~ i i ~ ‘a v i ; i t  i s a .  A ’ . t o t -d a b ove , thi s is no t  a d v n s : m l c ’

l Ot  e r i -  t s:: ~~~~~~ I U t  ii . in i  S t  I ; ; . ’ t t i r e , b u t  r a t h e r  an in s t  ab i  I i t  i o t

t i i  f I ;~~~~:s  . i h o  an m t  sod I no ~ * ~~~~~ t r egard  less of  w h e t h er  t he

f ’  I i s  r i~ ~J or  1ex i~1e. ‘ t h e  I t ’ m m i i  t i ng  v i b r a t i on  of t h e  f o i l  is r oad ’s

in  na t u re  o l  Ll t ~~: m ~~it t l s ’  f l ex  [h i  l i t  v of t he  f o i l  i t se l f  may a lt er  t h e  r m n i —

domness .

T b ’  t i m  r i  i : i s t . t b i i  i t v  i s  l ead log ed ge f l u t t e r  w h i c h  is the  top ic

of t h i s  s t u d y .  A vp i . ’;ml cr oss  sect  ion of a s u p er c a v i t a t i n g  f o i l  i s

shown in F’ 1g . 1 , The I ~.a d  ing ed ge i re 1~i t L y e ’ 1 y f le x i b l e  in conpo t~ .ison

to the t r a i l i n g  ed ge.  At Ii 1gb ~pe~’d~- it has been observed t h a t  th~’ [c i i

ose i i  t oted  w i t h  t h ~’ f t r o t  bend in g  ‘do ~ mo shown ) . ‘Fh i. os~• i l l  at  ion i n —

volve s onl y a si tig it’ chord a Iso d e I orma t i on moth ’ and not r i g id hod v

not iou . The f i r s t  I ’ t ’po r t i ’d ohs, ’ t ’v at  ion of t It i s  so cal led , l ead i n g  c-~lgo

f l u t t e r  was made b y Wa id ~ i . in h e i - g ( R e f .  2 )  at  t h e  Cal I f er n  i .u  In st  i t u t e

______  - -  
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of Technology Hydrod ynamic Laboratory in 1957 and , more recently, by P.K.

Spangler (Ref. 3). Figures 2 , 3, and 4 show modes of leading edge flutter

taken from these references; some of these modes show spanwise phase var—

lation.

Besides the obvious detrimental effect of fatigue of the material,

the resulting oscillation could prevent this machinery from operating prop-

erly. Oite should be especially concerned about the occurence of this

flutter with low aspect ratio foils such as propellers , pumps and the Ca—

nard wing of a hydrofoil. The reason for concern is that the frequency of

the vibrational modes involving chordwise deformation could be lower or

comparable to the torsion or bending frequency in these cases. As a rule

of thumb , the lower the natural frequency, the lower the flutter speed .

Table I shows the mai~ - of vibration of a California Institute of

Technology Hydroclynanie Lab model 3 —435 (actual model shown in Fig. 5)

in the order of increas ing f r equency .  This model serves to i l lustrate

the point  discussed above .

Al thoug h the repor ted cases of leading ed ge f l u t t e r  have been con—

f ined  to laboratory observations, leading ed ge f l u t t e r  has been known to

occur in a supe rcav it a t ing  propeller (Ref .  4 ) .  It has also been postulated

as being the cause of f a t igue of the leading edges of some supercavitating

impellers.

Another type of Instability of a supercavitating foil is leading

edge divergence. This occurs when the static deflection of the chord due

to the steady hydrodynamic load becomes unbounded at a certain critical

speed. This instability may be viewed as a special case of leading edge

flutter at zero frequency. This problem will also be discussed in this study.
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COMMONLY KNOWN I) [HENS I UNLESS PARAM ETERS ARE:

tJbR 
~

-

~~

- : Reynolds  nuntb er

F - : [“ rondo uuntbt’ i ’

W - — -- : Webc ’r n etun b er
Y

2A : Diuienslouless  f r e t ’  s u n l m t e t ~ wave length

— : Dim ens ionless am p litude  of free su r face  wave

D — : D imensionless depth

mx : Ang ie of at tack
wb

k -

~~~

- - : Reduced frequency

p tbS
- -  

~
—

~~
--- : The ratio of mass of the f o i l  to the apparent mass

p b S  of water
w

AR : Span/chord , aspect r a t i o

Poisson r a t i o
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U) 
F’rt ’qu ency ratio , tIi~ rat  I t )  of f re quency  to

I t the nzi t m ur a 1 1 r cq u e ’n cy of t h e  f o i l
p b h

The c i t [t t ~r par aun e ’t e’rs art ’ :

P —I~
o - —  - - Cav i t a t ion numb er , where I free at ream static

2 P U  p ressure , P = P ,~ + p gd

Li
C~ 

— - 
it  

~~ C o e f f i c ie n t of a tu tc ) s j ) t lo r tc  pressure
a 1 5 [J~w

H U/ c  Macit  nm tu t tb er

5 p  wb
E = ‘— 

~~~
—-- - R a t  Ia of r~td i ; i t  c d  ; t c c i t t ~~t Ical  ( ‘norgy to time kinetic

2 p , c e t1c ’r~,y of the toil in vibration (sec appendix A for
t ie r ‘cy st  [ott of t h i s  quant i t y )  . I t  is a comunterparl
to the ’ pe rc ent  c r t t i c a l  damp ing.

‘l’h ’ f u n c  t Lu ) fl , 1 1 rc ’ I at  [onshi p f o r  11 c ut  t t r  couid i t  ion can bc’ w r i t  ten in terms

at  d inwn s  Lon less  p a r a m et er s  m i s :

f ( R . F , W , a , i~, I) , a, k, p. AR , v , t~ , a , C~ , ~ , E) 0

l’lt ’’ above f e u n o  t i ens I rd mi t  ion is m c v e ry  gen e ’ u ’s I one and not amenable to

mat i t emma t lcmi 1 fo rm t u  1st I o n .  Severa l, s i m p l i f y ing ml ssuu t p t I t ins cmiii lit ’ un mtclt ’ if

they ar c t r i t e ’ f o r  pr ac t  ic;tl purpo se;; or j cist i f i a bl e ’ . The fo l  lowing d m on.—

slonless p a r m u m e ’t -or s  may he neg lected if t im e stated condi t ions  are f u l f i l le d .

Re For h i gh Reynolds number f low the boundary layer is
so t h i n  that it does not affect the pressure distr ibu-
t i o n  on a s mu p e r c av i t a t i n g  f o i l .  Also the boundary
laye’r sepa rat ion which  could remarkabl y alter the
pressure d i s t r i b u t i o n  on the m foil can not occur i t t  a
supcr cav [t ; t t  tog foil in view of f a v o r a b l e  p r es smure
gr adleut t  on tlte lower surfac e  of ti t e foil . Further-
mor e , the v;t r tat  Ion of Reyno ida  num h m ’ r enco cun t cred In
the ;tpp l lea t I on thies not si gn I f l  cant 1 y change the f l o w
p ;it t t ’ r f l  of the ’ flow. 

-—‘- -- - -—--- - --—- —-— - - - - -
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AR and V For mu c u t e— mI Linen ;; Ions I ;m(  rue t n rc  (only  c l u o r d w  l Ot’ d o—

f o r m a t  Ion t o  cans ldc ’nt ’d) anti 2 —I) f l u i d  uu& ’cl i ;un i t ’s ,
thmes~ p m i  r~t uIuo  t c ’ r;; tu ;ty is’ ute ’g 1 ~‘c ’ I i’d • The Pu is ; ;oui i’s—

io V many be includ ed  in t it e  ut todu le i s  F~ to  t;tkc’
account  t h t t•  suppress  [ mu t t  c i f  ant  Ic I m u s t  I t ’ t ’ u rv :ut  cu r e ’
lii the m sp .iuw i st ’ d i r e c t  l o u t .

For p r a c t  [cal app l i c a t i o n  M << 1 since the speed of

f ) b sound in w a t e r  is very hi gh (4 50() f t  toes)

— ~ W __ For low f requent ’  I t ’;; (say below 200 cp a )  t l t e mu co i t a t  Ic
2 p t  energy r ad i a t e d  may he neg lected and lead iu t g  edge

f l u t t e r  problem may be ’ t r e a t e d  s t r i c t l y  as a hy dra —
elast Ic problem.

Titus f o r  an i cmv [Si ’ hi , t u c t s u p u ’t ’ss 11) 1 e ant i  I ow—-f rt!que’ncy m y; ;  t e r n , the ’

tune  t lon,t  1 re’ t a t  Ion Is  g iven by

f ( F , W , A , fl, I) , a , k , ~t , AR , v , uu , c’ , C~~) 0

I i  f u r t  h~’ r we a ssune  t h a t  the  t e l l  Is d ’~ pi y subme’ u’gt .~l t [t out t h e  of let ’ I s

of I r oe ’ our  f a c t ’ , O U t ’ ~t a a f r e e ’ our  f a t ’O wave and i n f l u e nce of I r e ’,’ su m’ f a t - c’

on the  ity d  r cucI ~ t u , tmu  i o I ai ,icl In g ,  may be nc ’g lt ’ t’ ted . The f o l l o w i n g  pa rame te r s

may be’ t ak en  out  of t he  rela t b osh Ip :  F : A:  ~ and I) . Hence’ , fo r

inv l setml , I nce;n~ rt ’Os i h i t ’ , low—f r e qu e ’uut ’ y m ind de ’t ’p — o e ’mi (‘011(1 i t  ions , t lit ’

r e l a t i o n  is :

f(i~, ci, k, ji , AR , v , mu , a , C~~~) — 0

For on tm —d irnons [anal st r u c t u r e  (c o n s i d e r i n g  chordw i~~e’ de f o r n t at I on  onl y)

AR and V d rop  out of the funct ion . He ’ni ’ t ’:

f ( W , a , k , p ,  ~~, a, C~~) 
— 0

For f l u i d  w i t  It low stir f a c t ’ tension , scicli  mis  wa ter , the  Wt ’ber number i a

onl y I m p o r t a n t  when cons Id or I tig d i  at  ii  r h ; t ume ’ e t i f  anus i i  wave I engt It out I itt ’

ca v i ty  w;t l I , and hence ’ may be u it ’g l t ’t ’te ’d .

~ 

-~~~~~~~~
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In summary, for inv l,scid , incompressible , low—f requency, deep—sea ,

chordwise’ deformation only and no surface tension , the relation becomes

simply:

f ( a , k,ij , w , ’o ) 0

Note that  the coef f i c i e n t  of atmospheric pressure C~ has been t a k en  out

of the relat ionship since it a f f e c t s  only the parameter  a and a is an

experimentally determined q u a n t i t y .

In the above discussion It was assumed that the frequency of the

v i b r a t i n g  foil could be characterized by the chord length b • In the cx—

— 
periments to be described , and In appl ica t ions  to hyd ro foil s  and cav i t mu t ing

pump impel lers , only a por t ion  at  the  chard ac tua l ly  v ib ra tes .  This p ar—

tion is designated as “a” and it is necessary to introduce a new parameter ,

a/b , into the above expression . This represents  the r at i o  of the f l e x i b l e

part of the  f o i l  to ~i mo complete chord . This  r a t i o  is  well d e f i n e d  in t h e

experimental work w~~~’ rt ’ the chord s t i f f n e s s  abrupt l y changes , but may be

less well defined in applications with continuous changes in foil thick—

messes. Nevertheless, it is Important to make tile distinctions since the

flexible part of the foil may represent only a small part of the complete

f oil yet th e hy d rod yn amic fo rces may be influenced by the complete foil.

The non-dimensional relation now becomes

f( mx , k, p , w , a , a/h) = 0

The characteristic length used to define the non—dimensional parameters may

now he chosen to be either a or b depending on which seems most appro-

priate.

________________
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I I I .  EXPERIMENTAL PROGRAM

Before these experiments were undertaken , leading edge flutter had

only been observed accidentally while testing foils for their performance

characteristics. This study is the first attempt to observe leading edge

flutter in a controlled environment. The objectives of this experiment

may be summarized as the following :

1.) to investigate the various parameters that are relevant

to leading edge flutter

- 
- 2.) to learn more about the mechanism of flutter

3.) to obtain a set of criteria for the onset of flutter

To achieve these goals, two sets of experiments were conducted in

the ‘~iater tunnels at the C.I.T. lL;idrodynamic Laboratory. The first exper—

imer t was conducted in the Free Surface Water Tunnel (FSWT) and the second

was in the High Speed Water Tunnel (1-ISWT). The High Speed Water Tunnel is

a closed circuit tunnel with variable pressure in the test section.

The models used in these two experiments are shown in figure 6.

They are basically flat plates with a portion of the trailing edge fixed

or clamped to a rigid mounting bar, thus leaving the leading edge portion

flexible. This configuration structurally simulates a typical supercavi’-

tating foil and the 300 wedge at the leading edge ensures a fixed separation

point for the cavity. The overall chord length of these foils is 6 inches.

Foils tested in the FSWT have a span of 14 inches and foils tested in the

2—dimensional test section of the HSWT have a span of 6 inches. These

flat foils were made of aluminum alloy and various thicknesses were tested.

4 --~~ ---- -
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-i tt’m’ Tunue’!

The Free Surface Water Tunnel  (FSWT) Is an open channel  tunne l

with the test section opened to the atmosphere and has a maximum v e l o c i t y

of 25 f ps. The experimental set—up in this tunnel is shown In figure 7.

The foil was mounted to the strut as shown and the height  of the strut

in relation to the water surface could be varied . This effectively

varied the free stream static pressure and, hence , the cav i t a t ion  number

to a limited extent. The drag links shown were used to take the drag

of the foil and to vary the ang le of attack by sliding them back and

forth .

Since the speed of the t unne l  was not hi gh enoug h to c r e a t e’

n a t u r a l  c a v i t a t i o n , a i r  was in jected  to the  suc t ion  side of the foil to

create artificial ventilation . Figure 7 shows the tubes used for m ui r

injection . The lowest ve loc i ty  at  w h i c h  a cav i ty  could be formed w i t h

a i r  inlt± ct i on  was ~ fps. Air in It ’~ t ion was ulecessary to sustain the

cavity up to 16 f ps . Above th i s  speed , the foil ventilated through the

struts and air injection was no longer necessary.

The basic measurements taken in this experiment were the frequency

responses of the foil for various velocities , angles of attack , depths of

submergence , and rates of air Injection . The frequency response was

oftained by applying a constant amplitude oscillating force to the leading

edge of the foil and plotting the response of the strain gages on

the foil as a funct ion of f requency.  The f requency response curve

I- --——
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is an h i d  ica t a r  of the amount of damp I uig of t i m e  foil mind u u u .t y he used to

indicate the onset of flutter. The cxc [tat iou~ force fur the’ f re quen cy

response measurement was provided  by an e l e c t r o mag net i c  shaker mis shown

in f I gur& ’ 7. The shaker was connected to the lead lug ed ge of the  f o i l  by

a t h in  music wi re  and a weak sp r ing  was p laced In series to isolate  the

shaker system f rom the m a i l  i t se l f .  A load cell , am ; s imown In the f i g u re ,

was used to monitor  the  magnitude of the osc [l i m it i n g  fo rce  appl ied to the

f o i l .

To insure a cons tan t  aunpi Itu e te  f ar c e ’ for the frequency response

measuremen t s , a servom oni tor  system was used . Th i s  sy stem is schemat i ca l ly

shown In f i gure 8, and f i gure 9 shows the pho tograph of t h i s  cqul pnmeum t

at the tes t  si te .  In the fo llowing p arag rap hs , the opera t ion  of this sys—

tern w i l l  he de- -- c r i h c d  in order  to poin t  out sonic subtle c h a r a c ter i s t i c s

i t  e x h i b i t e d  when t m s t ’J to m e m i s u r t ’ t he response of the  f o i l  in  a f l o w .

The heart of the systen is the  serv omoni tor .  It  ensures  t h a t  the

o s c i l l a t i ng  for c e  across the lead c e l l  Is constant , regardless of the fre-

quency. This is essent ia l  in order to obtain mu mean ingfu l  f r equency  re-

sponse measu remen t .  The si gnal f rom the load cell is a m p l i f i e d  by the

oscilloscope and then f i l t e r e d  by the t r a c k i n g  f i l t e r .  The ou tpu t  of the’

t rack ing  f i l t e r  is fed In to  the servomonitor .  The se’rvornonitor m a i n t a i n s

a constant RNS value of t h i s  signal  by adj  Lust ing the power to the shaker

accordingly. It  is the re fo re  impor tant  to f i l t e r  the no i se  out of the

load cell sIgnal so tha t  the RNS value malnta ineei  b the servomonitor may

• be In te rpre ted  as the peak to pem ik value of the load across th~’ load ce l l .

The signal f rom the s t ra in  gage on the f o i l  Is also amp l I f i e d  hr

the oscilloscope and then f i l t e red . The f i l t e r e d  signal Is passed through
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the RMS mete r and plot ted against the frequency by the recorder. The re-

sulting frequency response curve Indicates the amount of damp ing present

in the system. The wider the bandwidth the more damping is present In the

system . The bandwidth and the Q—factor are defined below .

Amp litude

~~~~~

:° 

~n
/
~~

— f r equency

For l inear or v i sc ou s  d.e~mp Ing ,  the Q— f a c t o r  is simp ly related to the per-

cent c r i t i c a l  dar ip ing  by ~ l / ( 2 Q ) .

When t h e  fo i l  is f l u t t e r i n g ,  a cer ta in  level of force will appear

across the load cell due to the compression and extension of the isolating

sprIng. If the level of this load is less than the level preset at the

servo, then the servo will add power to the shaker to bring the load up

to the preset value. If the level of oscillating force on the load cell

due to flutter is equal to or more than the preset value, then the servo—

monitor will , turn off the shaker. Hence, the frequency response obta ined

when the foil flutters does not correspond to a constant applied force.

Nevertheless , stuch observations dur ing  flutter still have some qualitative

value. It must be pointed out tha t under this condition , the resulting

Q—faetor is lower than the actual one.
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A t o t a l  of f o u r  f o i l s  of d i  f fe ’r e ’u t  t h icknesses  were ’ t es ted in the

VSWT . Table P l I s t s  these foils and t h e i r  n at  ur.i 1 f requcuc I es in air and

und er w ;u t  er . Both t heor t~t i e m m l  m in d exper  I rne n tm u  I values are presented .

I 11—2 Exj~er i  out  mu s e t — u ~ps and ,pro ecdures  In the  Hi gh_ Speed Water  Tunne l

This  experiment was conducted in the Cmii i fornia lust itute of Tech-

nology Hydrod yn amic  Laboratory  us ing  the  2— D sect ion of t I me 111gb Speed Wa—

ter Tunnel (HSW T ).  Fi gure 10 shows the general  v i e w  of the  tunnel . The

f low is  f rom the r i ght to the left. This  tunnel is a closed circuit water

tunnel with v a r i ab l e  p r e s s u re  In t h e  test sec t ion  and capable of speeds

up to 60 f ps . T i e  ~~~~ inst ion of speed an~ var iabl e 1 russure ha th e test

sect  ion m akes t h i s  tunn e l  an ideal tool  f o r  Inves t  i gat  ing cay i t a t in g  f low

because the  ve loc  I tv and t he  c.ivi t a t  ion nunb er  (or cavity leng th)  may be

varied more or le s s  :ud ’p n d t n t  l y .

The ~‘~e-~ e 1 .‘s ~~ in the  HSWT is shown in f i gure 11 and a phot ograph

of this mode l on i ts  :: oun t  lug base is included as fi gure 12. The model is

a f 1st alu :mIn~:a p I s t -~’ w i t h  a 30~ wedge machined  mi t the l ead ing  edge to in-

sure mi fix ed seasration point for the cavity. It has a full chord length

of 6” and mu span of 6”. The model was a t t ached  to the mounting bar wi th

fiat head screws as shown . The whole assembly of thit ’  foil , the moun t ing

bar and the  base was bolted to the mechanism for chang ing the ang le of

attack. A fairing plate was also installed and adjusted to make It flush

with the tunnel wall. A clearance of 0.025” was maintained between the

foil and both side walls of the tunnel.

The Instrumentation consisted of three semiconductor strain gages

on the foil , one strain gage on the mountiughir and a piezoelectric pressure

L 
transducer . The strain gages on the foil were used to monitor the ampli—
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t tide’ f requemucy and mode S 01 osc II l at  I on (by couuipar in g  t i m e  p Ii ~i~ eu bt t we~’ um

the gages)  . The St ra iui gage on t. tue mount I tug bar was c a l i b a e .d and its

Output is a measure of the~ load n o r m a l, to t I me foil. The piezoelectric

pressure transducer was I i xcd to the  mount  ing bar and used to monitor the

p r e s s u r e  f l u c t u a t i o ns  in s i d e  the  c a v i t y .  Al l  t he  e l e ct r i c a l  si gnal s  were

t aken  out o f the  tunnel t h r o u g h m u cm i v i t y  p r e s s u re ’ probe eu the l u cit e

window and then t h roug h a w at er p r e e l  j u n c t i o n  box; they  wer e  d i sp layed on

osc ii loscopes and rice rde ’d using an I’M tape recorder. The recorded s i g—

nals were processed by. a di gital s i gnal  processor for their spectra and

cross  c o r r e l a t i o ns .

A meri’i .urv u t ~o~ :~’t ci’ was used to  read the d if  fer ence  between the

cavity pr i ’sssr e  and t he f ree ’  st rows st a t i c  pressure .  One leg of the ma—

ui osft’ t~ r s’: ces:~ ‘ c t  &~ 1 ~ the  j  um nc t ion box wh ichi was 
~~~~ 

t o  the  cay ity and

the o t her  t o  ~ic s t e c p r essu r e tap in the tes t  sec t ion  ahead of the

mode l ( sOc th~ l o c : u t  i~ci in f 1 g. 10). This r ead ing  was used to evaluate

the cavitation mitrr~bt ’ r , 0.

During the prelimin ary tests , it was found that the f l u t t e r  am-

pl itude was aost severe when the cavity was relatively short. Hence, an

emergency valve was installed . When this valve was pushed , a i r  was dump ed

into the cavity, creating a larger cavity and reducing the flutter ampli-

tude. This same set—up was also used to supply a steady flow of air to

the cavity at low speeds (below 20 fps). Wi th air injection a cavity may

be formed at speeds as low as 16 fps , thus extending the opera t ing range

of the tunnel.

In add ition to the above instrumentation , a HYCAM hi gh speed , 16mm

mo t ion pic ture camera was used to study the flow pattern . Notion p ic tures
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of the f low were taken  at  a rate of 600 f r anc s  per second on High Speed

Ektachrome color film and black and white f i l m .  Color f i l m  was p r imar i ly

used because of its better gradation. Movies were made of ti flow around

the leading edge of the foil and of the f l ow around t i le  rear end of the

cav ity ,  in addition to an overall view of the tunnel during flutter .

Close—up motion p ictures were also taken of the collapse and rebound of

the bubbly cloud s shed by the cavity during flutter. A motion picture

f r ame anal yz~ r machine was used to determine the rate of collapse and

rebound of the bubbl y region and to make sketches of the flow pattern .

Models tested in the  HSWT

A to t a l  of s ix f l a t  p la te  hy d ro fo i l s  was tested . All foils have

a 300 wed ge at the 1~’sdL ng edge and are made of 6061 T—6 anadoized aluminum

• p la tes .  Table 3 shes s the nu:~her ing system , relevant dimensions and nat-

ural frequencies of these foils. Foils 2, 3A , and 3 are the same as

those tested in the FSWT except that the span has been reduced to 6”. The

thicker foil 4 w as added to the list because of the higher opera ting speed

of the HS~T.

Foils 5 and 6 were designed to test whe ther the f lu tter speed is

dependent solely on the natural frequency of the foil in a cavitating flow.

The test was designed to keep the overall chord length and the na tural

freq uency in a cavitating flow the same as foil 3 and to vary the length

of the flexible chord or the parameter a/b . If the flutter speed is solely

dependent on the natural frequency, i.e. the reduced speed U/ub is al—

h ways a constant , then foils with longer or shorter flexible chord would

have the same flutter speed

To maintain the same natural frequency as foil 3 in a cavitating 

~~~~~~~~~ - - -~~ .- —- - -~~-— —- ---~~~ - 



— 17 —

f low , it was necessary to adjust the thickness of the foil according to

the length of the flexible chord as outlined in appendix B. Unfortunately ,

changing the thickness also changes the mass ratio parameter 
~j  which

cannot be compensated for without resorting to a more elaborate sandwich

type construction .

Foil 5 has a shorter flexible chord length (2.5” instead of 3.5”

as for foil 3) and a thickness of 0.050”. The flexible chord was reduced

by moving the mounting holes forward . However, this leaves another flex-

ible portion at the rear of the foil. Since the rigidity of a cantilevered

plate is proportional to the cube of the length of the flexible part . the

rear part of the foil may be considered rigid in comparison to the for—

• ward cantilevered part. Foil 6 has a longer flexible chord (4.23”) and

a thickness of 0.125”. An adaptor plate was necessary to maintain the

same chord length as foil 3. Figure 13 shows how these foils were attached

to the mounting bar.

~~perimental Procedure

The search for the f lu t t e r  bounda ry was initiated by running the

foil at a low velocity with the lowest possible pressure in the test sec-

tion in order to generate the longest possible cavity. While maintaining

the velocity, the pressure in the test section was gradually increased

to shorten the cavity. This was continued until flutter was encountered .

When the cavity length was less than 1½ chords, the flow became

unstable as pointed out in the introduction . The foil oscillated ran-

domly due to forced excitation. The search for flutter was continued

through this unsteady region until the cavity length was approximately

one chord s and if at that point the oscillation remained random , then the
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search at th is  velocity was t e rmina ted . The scarch at a hither  vclocity

(usually in 2 f ps increments) was then car r ied  out  in the  same manner .

When flutter was encountered , readings of the cavity pressure ,

cavity length and velocity were taken and signals from the strain gages

and pressure transducers were recorded on tape . This procedure was re-

pea ted for  angles of attack of 7
0 

, 100 
, and if . The lowest angle of

attack that a cavity could be formed and still clear the mounting bar was

In an unbounded f lu id , the cavity length has a uni que re la t ion—

ship to the cavitation number in such a way that the zero cavitation num-

ber correspond s to an infinitely long cavity. However , due to the wall

effect in the water tunnel , there is a positive limit on the minimum cav-

itation number that can be achieved ; this lower limit is called the choking

cavitation number.

This limit stems from the definition of the cavitation number it—

self i.e. 0 = (P~ — P )1½ where P~ is the free stream static pres-

sure ahead of the foil, 
~c 

is the cavity pressure and the denominator is

the dynamic head of the flow. When the cavity becomes “infinitely long”

in the test section, its upper and lower walls will be parallel to the

tunnel wall and the cavity pressure will be equal to the static pressure

of the fluid above and below the cavity. However , the static pressure of

the fluid surrounding the foil differs from the static pressure ahead of

the foil due to blockage ; hence the cavity pressure will never be equal

to P and this limits the cavitation number. Fig. 14 shows the choking

cavitation number as a function of blockage ratio taken from ref. 5.

- -—-‘ • •—
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111— 3 Results  and Discussion

The order of presentation of the results has been at ranged so

that the reader will first obtain a more or less complete picture of the

flutter boundaries while other observations are left to the later sections.

III—3~a General observations on the flutter behavior

Before presenting the results, it would be appropriate to discuss

the test conditions in the FSWT since most of the results presented in

this section were obtained using this facility. The test in the FSWT was

conducted with forced ventilation up to 16 fps. Above this speed , the

foil ventilated through the struts. The cavity length varied from about

3½ chords at 16 fps to about 5½ chords at 18 fps and extended well into

the diffusor at higher speeds. Therefore the test above 16 fps corre-

sponded to a near zero cavitation number condition. Figure 15 shows the

• foil with ventilation through the struts and a relatively long cavity.

The results of the experiments in the FSWT indicated that a cay—

Itating foil lost its damping of the first bending mode with increasing

speed . This point is illustrated in fig. 16 where the Q—factor of the

first bending mode is plotted as a function of velocity at various levels

of excitation force. The curves show a general increase of the Q—factor

or decreasing damping with increasing velocity. This loss of damping is

accompanied by increasing amplitude of both forced and self oscillation

cases as shown in figure 17. The no force curve shows a rapid increase

of the amplitude of self oscillation at around 22 fps. The response of

• the foil below this speed is minimal and mainly due to the turbulence of

the flow. Above this speed the oscillation is a self—excited oscillation.

Notice that the variation in the Q—factor of figure 15 does not
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show a similar rapid Increase as the self—oscillation curve in figure 17.

This discrepancy is due to the fact that when the foil becomes self—excited ,

the Q—factor obtained from the measurement is lower than the actual value;

a fact pointed out earlier in section 1.

Besides the velocity, the frequency response curve is also affected

by other parameters ; among these is the angle of attack. In the FSWT ex-

periment, the angle of attack was not a parameter that could be indepen-

dently varied. Changing the angle of attack also changed the cavity

length or the cavitation number . Since the test section was open to

the etmospl’ere, pressure cannot be adjusted to keep a constant cavity

length. However, as pointed out earlier, the cavity length above

16 fps was relatively long and any variation in the cavity length

due to the change in angle of attack did not alter the near zero

cavitation number condition .

The effect of angle of attack is shown in figure 18 for ci 8°

9½~, and 13
°. The case for ci = 11’ was shown in the previous figure.

The two figures clearly show the dependency on the angle of attack. By

comparing the case for 0.2 Lbf p — p excitation force, one can see that

the case for ci = lf has the highest response of all. The other foils

tested , (foil 3A in the FSWT and all foils tested in the HSWT),showed a

similar behavior. This case will be discussed further in the next section.

The rate of air Injection was another parameter that was found to

affect the frequency response. Increasing the rate of air injection in-

creases the cavity length or decreases the cavitation number. Figure 19

shows the effect of air injection on the response of the foil.

1~~~~
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The dashed lines show the case of forced excitation before the foil be-.

caue ventilated through the struts. The curves show that the response

to forced excitation increases with increasing rate of air injection. The

solid lines represent the sell oscillation case after the foil became

ventilated to the atmosphere. It shows that  level of self—oscillation

increases with increasing air injection ; however, for low rates (300—400

SCFH) the e f fec t  is minimal .

One of the physical pa rameters that determ ines the flutter bound-

ary of a foil is its stiffness. This quantity manifests itself in the

form of the natural frequency which was used in the dimensional analysis

for normalizing the flutter velocity and the flutter frequency. Figure

20 shows the variation of the natural  frequency as a function of velocity

for both forced and self—oscillation cases. The decrease in the natural

frequency with increasing velocity is an expected phenomenon resulting

from the existence of an effective negative hydrodynamic spring which de-

creases the overall stiffness of the foil. This negative hydrodynamic

spring is the result of the steady state hydrodynamic load where an upward

deflection of the foil results in an increase of the load and hence acts

as a spring whose “resisting force” is in the same direction as the dis-

placement.

The natural frequency also varied with the level of the applied

force , but these variations were rather ill—defined. If the damping was

non—linear (which was certainly true in this case since the damping was

mainly due to the hydrodynamic loads) and viscous damping was negligible,

then one might expect a natural frequency which decreases with amplitude,

but, If anything, the reverse appears to occur. However, non—linearity

in damping is not the only factor that can cause a shift in the natural

• _ _ _ _ _ _  
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frequency with increasing amplitude; another factor is the non—linearity

In the stiffness which , in this case, would also be of hydrodynamic origin.

From the same figure it can also be observed that the frequency

of self—oscillation is close to the natural frequency of the foil itself

prior to the onset of self—oscillation. This was true for all the foils

tested . One may conclude that the dimensionless parameter w = ~~/w~ is

always constant and may be removed from the consideration of flutter bound—

aries.

The experiment in the FSWT essentially indicated that the follow-

ing parameters are relevant to leading edge flutter : a, angle of attack,

velocity, and cavitation number or cavity length. The effect of the mass

ratio parameter was not investigated in the FSWT experiment; however the

experiment in the HS’~JT demonstrated the effect. This effect will be de—
I

scribed In the next section.

So f a r  in this presentation , the term flutter velocity has

been avoided ht  :t~~s~~ the onset of f l u t t e r  was not well def ined  in the

FSWT experiment. Experiments in the HSWT showed otherwise. The flutter

speed was d i s t i n c t ;  when the conditions were right, the onset of flutter

may be described as a switching process. Flutter started and ceased at

the same conditions ; no hysteresis with respect to the cavity length was

observed . The reason for the more gradual process in the FSWT experiments

will be discussed in the next section.

III—3.b Flutter speeds at a = 0 and parametric study

The main purpose of this section is to correlate the data of the

flutter boundaries with the parametric study in Chapter II. In order to

facilitate this correlation, asymptotic values of flutter speeds at zero

cavitation number or infinite cavity length will be presented along with

_____ ~~~~~~~~~~~~~~~~~ ~~~~~~~ —~. &—-
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other relevant parameters . The Reynolds number at which the flutter data

were taken varied from 106 to 3 x 10~. This small variation In Reynolds

number is unlikely to cause radical changes in the flow pattern,and hence,

it will be assumed that this parameter does not influence the flutter bound-

ary.

It was concluded in Chapter II that the flutter boundary would be

of the form:

f (a , U/u b , ~i , ~~, a, a/b) = 0

The results of the experiment in the FSWT indicate that the ratio of the

flutter frequency to the natural frequency of the foil in a cavitating f low

before the onset of flutter is more or less unity. Therefore the

frequency ratio parameter w may be neglected. The parametric

dependency of the flutter boundary simply becomes:

f (ct , Uf ’~b , ~.i , a, a/ b) = 0

The dependency of the f l u t t e r  boundary on the angle of a t tack ci and the

cavitation number a was demonstrated in the FSWT . Results from the HSWT

experiment also showed the dependence on these two parameters, and this

subject will be discussed further in the next section.

The effects of the mass ratio , p , and the ratio of the flexible

chord to the overall chord , a/b, may be seen in Table 4. The

table shows the values of the reduced speeds, the mass ratio, and the ra-

tio of the flexible chord to the overall chord. The values of the reduced

flutter speeds at infinitely long cavity are taken from figures 23 through

25. These values are tablulated in table 5 for all angles of attack.

Extrapolated values are used whenever data are not available. For

comparison purposes, the values of all parameters are based on the values

- -~~~~ --~~~~~~
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of fo i l  3 at an angle of a t t a c k  of 7° . Since the d~~penc 1ence on the  ang le

of attack is similar for all foils, the choice of the angle of attack

does not make any difference in the table. Two sets of values are shown ;

the~r are based on the overall chord length b as a characteristic length

and the flexible chord length a .

From Table 4, the following may be concluded :

(i) Comparison between foils 3 and 4 indicates that the Increase

in flutter speed of foil 4 is solely due to an increase In the mass ratio

parameter p • For a 40% increase in the mass ratio, the reduced flutter

speed increases by 0.05 when based on the overall chord (or 0.09 when based

on the flexible chord a . Theoretical calculation (Ch. 4) indicates that -

the reduced flutter speed is insensitive to the mass ratio parameters,

This will be discussed later in Chapter IV.

(ii) The trend of decreasing ra t io  of a/b  is to increase the

reduced velocity and vice versa. This trend can be seen by comparing foils

3 and 5. If one assumes the parameter  a/b  is immaterial , then using the

quantitative value of the effect of p as in (i) above , the expected values

of the reduced velocity of foil 5 are UIwb = o,ic and U/c~a = 0,29 ;

however, the experimental values are U/wb = 0.18 and U/ma 0,43, This

fact  indicates tha t the decrease of the ratio a/b of foil 5 has an effect

of increasing the value of the reduced velocity. The effect is less pro-

nounced when the reduced velocity is based on the overall chord length b.

The reversed effect, i.e. decreasing reduced velocity with increasing a/b,

can also be demonstrated by comparing foils 4 and 6,

(iii) It was postulated before that the flutter speed might be

dependent solely on the frequency of the foil, i.e. U/mb is always a

constant. Comparison between foils 3 and 6 which have the same natural

frequency in a cavitating flow proves otherwise.
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From the above discussion one may conclude that the reduced

flutter velocity at a 0 is a function of the mass ratio parameter U

and the ratio of the flexible to the overall chord . Increasing mass ratio

parameter increases the reduced flutter velocity and increasing a/b

decreases the reduced flutter velocity. The dependency of the reduced

flutter velocity on the angle of attack and the c avitation number will be

discussed in the next section . 
-

Although the detail of the dependence of the flutter boundary on

the various parameters is of basic interest , a designer needs only

t o k n o w , a t least for a preliminary design, the range of the reduced

velocity when flutter will occur. From f igs . 23 to 25 one may conclude

tha t flutter would likely occur when U/wh is between 0.15 and 0.25.

These values increase with increasing mass ratio or heavier foil. Also

for a cavitati .i~ flow , one needs not be concerned with leading edge di-

vergence since flutter will occur first. Appendix C discusses the diver-

gence problem .

III-.3.c Flutter boundaries at finite cavity length and at various angles
of attack

As pointed out in the previous section, the flutter boundary is

a function of the angle of attack ci and the cavitation number a or the

cavity length. This dependency is best illustrated by foil 3.

Figure 21 shows the flutter boundary for foil 3 at an angle of

attack of +7~ . It is plotted as a function of the reduced velocity

U/wb on the vertical axis and the nond imensionalized cavity length 2/b

on the horizontal axis. The domain may be divided into three different

regions as shown. Region A is the flutter free region. In this region,

the foil exhibited only a static deflection due to the steady load and

_ _  _ _
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there was no visible or measurable oscillation. Above this region is the

flutter region j
~~. In this region, the foil fluttered with a relatively

steady harmonic motion in the first bending mode. More discussion on this

region follows later. Region C is the region where the foil experienced

vibration due to the unsteadiness of flow with short or partial cavita— —

tion. This region is characterized by hammering actions that result from

the violent changes in the size of the cavity and by random oscillations.

The amplitude of flutter increased with decreasing cavity length.

(This also suggests an explanation for the gradual onset observed in the

earlier FSWT tests. As the speed was increased , the cavity length also

Inc reased and hence the flutter boundary was approached In a “grazing”

manner.) In the cross—hatched region shown In fig. 21 , there were res-

onances of the flutter amplitude at certain cavity lengths. This is

sketched in fig. 22. Notice that flutter may or may not cease between

these “resonance len,~ths” and there is a general trend of Increasing am-

plitude with decreasing cavity length. The points in the cross hatched

region of fig. 21 indicate the cavity lengths at which these resonances

peak, and there are more distinct resonance lengths at higher velocities

as can be seen in the figure. The mechanism of this resonance phenomenon

is apparently connected to the phenomenon of cavity pinching which will

be described in Chapter III—3~h.

The variation of flutter boundary with angle of attack is shown

in f igure 23 f or a = 10° and 130 together with a = 7
0 

for comparison pur-

poses. Unlike the case for a = 7
0 

, the flutter boundary at ~ = 10
°shows

only a small variation In the flutter speed with cavity length. The test

at ci = 13°was not carried out to a shorter cavity length because of the
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increasingly severe flutter amplitude; however , judging from the results

of other foils (for example , foil 6 in fig. 24), it is believed that the

flutter boundary at ci = i’f will also show only a small variation with

the cavity length. No resonances, with respect to the cavity length were

observed for ci = 10° and 13~.

Because of the experimental limitations, complete flutter bound—

aries for all the foils were not obtained . Two foils, 3A and

were destroyed because their flutter speeds were lower than the minimum

speed at which a cavity could be formed . When the cavity was formed,

these foils found themselves well above the flutter speed and the high

flutter amplitude destroyed the foils. From the available results it

may be concluded that all the foils tested would exhibit the similar flutter

boundary. The only difference among them then is a shift in the verti—

cal axis,i.e.the ro luced speed , U/o b , due to the variation in the means

ratio parameter i . Fig. 24 , for foil 6 illustrates this point. By

comparing this figure with that of foil 3 in fig. 23, one can see the

similarity in the shape of the flutter boundaries. Notice that the flut-

ter boundary at ci 7° could not be obtained for foil 6 because the use

of the adaptor plate, which was necessary in order to mount this foil,

raised the height of the mounting bar which then interfered with the

cavity. The difference in the flutter speed , which amounted to a shift

In the vertical axis, was caused by the difference in the mass ratio

parameter, as pointed out earlier.

The effect of the mass ratio can also be seen by comparing the

f lu tter boundar ies of fo il 4 , as shown in fig, 25 , to those of foils 3

and 6 in the previous figures. Foil 4 has the same mass ratio as foil

— -~~~ -- —- — -~~ —~ -- - —— — -- --
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6 and hence the same flutter boundaries. The flutter speed of this foil

is higher than foil 3 since It has a higher mass ratio.

It is interesting to notice a feature that is common to all the

flutter boundaries presented so far; at a relatively long cavity length

or near zero cavitation number , the flutter speed is minimum at ci = 10’.

This is not a mere coincidence. It was also pointed out in the first

section of this chapter that the damp ing of the foils tested in the FSWT

was minimum at ci = if and consequently, so was the flutter velocity.

It must be pointed out that tests in the FSWT we~e done with cavity lengths

that were always greater than three chords , and hence, comparison with

the asymptotic values of the foils tested in the HSWT is justified.

It is difficult to judge the significance of the angle of attack

around ci = id to 11’ without any experimental data on the unsteady by—

drodynarnics itself. The available unsteady hydrodynamic data are for

rigid foils executing heaving or torsional oscillation around one angle

of attack only, thus making any correlation inconclusive. Measurements

of the steady load on the foil taken in the FSWT indicate that the load

remains linear up to ci = 20
1 
and there was no sign of stalling around

10° to 1l~

One important conclusion that can be drawn from this fact is

that leading edge flutters observed in the FSWT and HSWT tunnels are in—

deed the same phenomenon despite differences of the flows in the two tun— 2

nels. This conclusion was taken for granted In the previous discussion.

~ 
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I I I  3 d F l u t t Lr  b o u n d a r i c -. as a f u n c t i o n  of cavit ition number

For a f ixed  angle of a t t a c k  in a steady f l o w , the c a v i t a t i on  nun—

ber has a unique one to one relationship with the cavity length; the

longer the cav i ty ,  the smaller is the cav i ta t ion  number .  Fi gure 26 shows

this  r e l a t ionsh ip fo r  var ious ang les of a t t a c k  when the fo i l  was f lut t e r -

ing. As can be seen , the cavi ty  length becomes very long near  the choking

cavitation number.

During flutter , it was observed that the rear part of the cavity

became periodically pinched off from the main cavity. This phenomenon

will be described in the next chapter. The pinched off part of the cay—

i t y  carr ied w i t h  i t  a considerable volume of gases. Depending on the

cavity volume or length , this process can affect the relationship betwee~

the cav i t a t ion  number and the cav i ty  length to the ex ten t  tha t  th i s  rela-

tionship may no 1on~~~r be uni que . This has been known to be true for a

ventilated cavity at a certain rate of air injection (ref. 7). However,

f i gure 26 suggests that such non—uniqueness does not occur to any signif-

icant degree in the present tests.  Therefore one may replot the flutter

boundary in terms of the cavitation number. Fig. 27 shows the f l u t t e r

boundaries of fo i l  4 as a function of the reduced velocity and cavitation

number.

If one assumes that the reduction in f l u t t e r  speed for short cay—

ity flow from its asymptotic value at 9./b = is caused by unsteadi-

ness due to short cavity or high cavitation number a, then fig. 27 shows

that the case for ci = 7
0 is affected more than the higher angles of at-

tack. This notion agrees with the fact that flow with a short cavity

or high a at a lower angle of attack is inherently less stable than its

counterpart at a higher angle of nttack. If it had been possible to go 

- - - -—-— — ~~~~~~~~~~~~~~~~~~~~~~~~ —--~~~~~~~~~-- - -~~-~~~~~~~~~~~~ ~~~~~ - - _ _ _ _
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to a hi gher a , at n = 10’ or 13’ , a r educ t ion  of flutter speed similar

to the a = 7’ case mi ght  have been observed .

111-3- e ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

At the beginning of this experiment , the effect of the shape of ti~

leading ed ge on flutter was of concern . One of the driving forces of the

flutter was postulated as being the osc illa t ing l if t resul ting from the

oscilla tion of the separation point of the cavity at the leading edge .

Four d i f fe  dnt  leading edge shapes were tested on foil 3A in tht

FSWT . These are shown in f igure 28. In all of these cases the foil

f l u t t e r e d  at the same speed even though hi gh speed movies taken dur ing

f l u t t e r  revealed local d i f f e r e n c e s  in the behavior of the separation pint

near each of the se d i f f e r e n t lead ing edges . The separation point for

the 30° wed~~e remained f i x e d  to the  t i p of the leading ed ge throughout

the entire oscillat!m cycle ..‘h ile o t h e r  leading  edge shapes show an

occasiona l nove icnt  of the sepa ra t ion  po in t .

From t’
~w se ob serva tions , one may conclude that the oscillation of

the separa t ion  po in t  of the cavi ty  is not central to the existence of

leading edge f l u t t e r  and has l i t t le  e f f e c t  on the f l u t t e r  behavior.

111—3 -f Osci l la t ing load and displacement

Although f l u t t e r  should be avoided in the first place, knowledge

of the magnitude of the oscillating lift would help the design engineers

to build structures that would minimize the dam.~~e if flutter did occur.

Data on the oscillating load that is normal to the foil will be presented

in this section. This load was measured by the strain gage on the mount-

ing bar of the foil  in the HSWT experiments.

~
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Fig. 29 shows the magnitude of this load as a function of the

cavity length at ci = 10
0
. The data were taken at a more or less constant

velocity, in this case 27½ to 32 fps. The curve shows Increasing magni-

tude of the load with decreasing cavity length. This behavior agrees

with the fact that for a steady flow, the lift coefficient increases with

shorter cavity. Data at a lower angle of attack were taken at a wide

range of velocities since the flutter boundary shows a wide variation of

flutter speed with cavity length (see fig. 23). Fig. 30 shows that these

data are best when plotted against the velocity. At lower velocities

the oscillating load is more or less proportional to the velocity squared

instead of being dependent on the cavity length as the ci 10° case. The

magnitude of the oscillating lift during flutter has the same order of

magnitude as the steady lift. Note that the steady lift was not measured

during the experiment ; however the calculated lift at, say , ci 7
0 
and

35 f ps is about 120 Lbf. This is of the same order of half the peak to

peak lift during flutter.

Figs. 31 and 32 show the displacement of the foil during flutter.

The displacement shows the same behavior as the oscillating load. As a

matter of fact, the traces of the displacement and load signals are in

phase, i.e. an upward displacement with increasing load. It was pointed

out before that the flutter frequency was the natural frequency of the

foil in a cavitating flow. This seems to contradict the experimental

result since at the natural frequency the load and displacement should

be 9d’out of phase. However one must remember that the foil itself, ex—

cluding the surrounding water , has a much higher natural frequency.

At flutter it is being driven well below Its natural frequency. Hence

-- — — ~~~ - -  — -~-—---—-.-————-— -—- - -—-—--~~~. —~~~~~-——--- ~~-- - - -_— --- — 
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then it should inc r ease with increasing f l u t t er ampli tude. The reverse

seems to be true and indicates that the oscillation in the cavity pres—

sure is the result of flutter . When the same data are plotted against

the cavity length as done in fig. 35, they show increasing pressure with

shorter cavity.  This is because of the fact  that a shorter cavity has

a smaller volume and hence its pressure is affected more by the oscilla—

tion of the foil which acts as a piston.

The phase relationship between the cavity pressure and the foil

disp lacement is shown in f i g. 36. The data were obtained by taking the

• cross—correlation functions between the pressure and displacement signals

using the di gi tal  signal processor . Positive phase means that the in—

crease in pressure leads the upward displacement . Data are scattered

hut mostl y on t h e  n e g a t i v e  p h a s e , i .e .,  the pressure lags the up-

ward displacement of the foil. If the foil truly acts as a piston then

the pressure should be in phase with the displacement. However , the mat-

ter is complicated by the fact that increasing the displacement increases

the angle of attack which causes the cavity to Increase in size and hence

tends to reduce the pressure. Also the waves on the upper cavity change

the volume of the cavity. Furthermore the matter may be complicated by the

thermodynamic effect.. At low cavity pressure, the pressure tends to re-

main constant as the cavity volume changes since the heat necessary to

vaporize the water is readily available at the interface. This might not

be true , however , if the oscillations are of “high” frequency . In view

of tne complex dependency of the cavity pressure on the various parameters,

it is not surprising that the data are scattered .

— -~~~--z — -- ———- 
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Summarizing , one f inds :

a. Cavity pressure oscillation decreases wi th  Increasing ampli-

tude of oscillation.

b. The cavity pressure oscillation ranges from 0.05 to 0.5 psi

p—p ; this is about an order of magnitude lower than the pressure required

to generate the observed oscillating load (typically 1.5 to 7.5 psI p—p).

The above summary reinforces the conclusion drawn from the FSWT experi-

ment that the oscillation of the cavity pressure is not central to the

exis tence  of leading edge f l u t t e r .

111—3 -h Observation of the Flow l’attern

When the foil was f l u t t e r i n g  in the HSWT , it was observed that

the rear end of the  cav i ty  was periodical ly pinched off from the main

cav i ty .  The p i n c he d — o f f  cavity collapsed and rebounded in synchroniza-

tion wi th  the o s ci l l a ti o n  of the f o i l .  The collapse and rebound process

created pressure  pulses  which might have an effect upon flutter itself.

In this section, investigation of this periodic cavity pinching and its

role in the f l u t t e r  phenomena will be discussed . The investigations

Involved taking high speed movies and monitoring pressure fluctuations

around the fo i l .

The flow pat te rn  when the foil was fluttering was radically dif.-

ferent from the steady case. Figures 37 and 38 show the photographs of

the cavities when the foil was fluttering and in a steady flow . The

- — --—~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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first figure shows the flow with a relatively short cavity and the second

figure shows the flow pattern when the cavity is relatively long. In

the steady case, the cavity surfaces are free from waves. By contrast

in the fluttering case, waves of high amplitude can be seen on the upper

cavity surface. These waves are created by the oscillation of the lead-

ing edge of the foil and propagate to the rear end of the cavity. As

the waves travel along the upper cavity surface , they grow in amplitude

and become distorted as they reach the rear end of the cavity. The ac-

tual shape of the cavity surface was difficult to photograph because of

the presence of small bubbles which masked the view. Figure 39 is a

sketch of the cavity wall of fi g. 38. Waves are also present on the low~

cavity surface , but their amplitude is small compared to the upper ones

as can be seen in  the  photographs . When the waves on the upper and lot~~r

ca vi ty  surfaces meet at the rear end of the cavi ty,  they cause a por t ion

of the cavity to become pinched off from the main cavity forming a sep-

ara te  bubble.  This is clearly shown in f i g. 37 and the process will

be described later in detail. A similar flow pattern was also observed

when the fo i l  was put  at a negative angle of attack. Figure 40 shows the -

flow pa t t e rn  when the foil was inverted . Both photographs show the cay—

it ies at the leading edge collapsing due to the severity of the flutter

ampli tude.  I t  must be pointed out that at a lower flutter amplitude , the

cavity remained attached to the leading edge as described in section I I I—

3e .

The flow pattern in the FSWT experiment was somewhat different.

Although the waves on the upper cavity surface due to the leading

edge oscil lation were present , they did not cause cavity pinching.
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Tb Is w.is ap p ar e n t  I y due t o  t he  fact t h a t  the waves in  the  FSWI th Id not

become so d isto t- t e_d as in the- llSWI - Oue may conc I tide f ron t  the  expet - t t i t e l t t

in the  FSWT that t let cavity p tewhting pe-oce,-sr ; is not ccii  t i - i l to I hi t-  ex i t ;  —

e of h-ad lug  e d ge f l u t t e r  ; howe ver i t  s I of 1 ue-nce cannot be ne -g i ect  eel -

The ci f e c  t o  of c a v I t y  p inch ing  w i l l  he (lescr I bed l a ter .

The- p hie-i toinenon of c a v i t y  p in ch  Lug f or a f orced vent  I t a t  ed f l o w

r at h e -r t ban a t av It at lug flow has bee-ti r t t p o r ted p rev I ()U S I V In I it era t nrc

(re-is  - 7 and 8) .  However c a v i t y  p Inc i t i ng  h its not been r epor ted  before-  f o r

a ‘~apot- ouo cay I l e t  i o n .  Al thoug h t h e  t W c) I )henc)Inena are ! sin t  l i a r  In app ear-

ance • t h e i r  m e c h t u  s:us are cu t .  I re l y d ii ferent . In thL- fo re - c -cl v en t i lat e d

case - , t h e  I or; t ab  i i  i t  v i s  caused by t lie et c- Ill at lot-i of t lie c-nv i t y pr e- o t-~tre

at  th e  nat ur n  1. 1 re ~n~’uc y of the ye lume - of t i l e -  cay I t .y - In the vaporous

• cavi t y c ute • t I re  ~ i n i t  in g  is cau sed by I lit esc i i  Ta t  ion of the leading edge

and l ia r ;  not bee: ’ re~s -‘:  ed for a i- i g i J ii ’ 11 . In the’ forced vent I latc’d

case’, t he’ cay ~ \ pr ’e ;~~u r e -  o s c i l l a t i o n  is the driving force’ of the pht ’nom—

cuon whil e in the v a p or o u s  case . t u e  c av i l  V pressure ’  it ;  a consequence

of the  ye ! u :: ret r Ic Ll ~ tnges  of the c a v i t y  dur ing  f l u t t e r .  Furthermore’, in

the for c e d  V ent  i l~~t c d  case , the f req uen cy  of the  o s c i l l a t i o n  depends on

the  cavl r s iz e  and the ra te  of a i t  I nj  cc t ion , while in t h e  vaporous Ca~ -—

i t at i o n case , the f requency locks to the na tura l  frequency of the foi l  in

a cavitatiug f low . The wa ve length of the’ waves In the forced vcnt i  lat e ’d

case is  an in teger  f r a c t i o n  of the overal l  c a v i t y  length and the length

of the c a v i t y  t h a t  is p inched o f f  is any i nt eg er  m u l t i ple of the  waVe’

• l eng th . By c o n t ra s t  in  the vaporous case , the wave length is more or less

• equa l to  U / f  wht ’re Is the p ar t  I d e  y e - l e e  [ty  on the  cavity su r f a c e-

and I Is the f l u t te r  f r e q u e n c y .  The leng th  of t he p inc h e d — o f f  c a v i t y

I s ic - o t t  than ‘~ wave len g t h .  The c l o t t i  I i  of the c a v i t y  p l n - h i n g  In th~-
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HSWT experiment will be’ described next.

As pointed out earlier , the waves crc-ate- el by t h i ~’ osc 11 Lit ion

of the leading edge grow in amplitude . The growth of these- waves is

linear with the distance near the leading edge. The amp l i f ica t ion

factor , based on the amplitude of leading edge oscillation , is pres-

ented In fIgu re  4 1. As can be seen , over a distance’  of onl y 3” (
~~

chord ) ,  the ampl i t ude  grows f i v e  t imes.  Apparent l y the a m p l i f i c a t i o n

becomes non—linear beyond this distance. By the time a wave reaches

the closure region . i t  has become so c l [st or t c - d  t h a t  It looks like a

t r a i n  of spikes .  When one of these sp ikes gets  to the’ end of the

-avity, it causes Iliet cavi ty to become p ine-lied and I I tc-ral ly c u t s

loose the end of the cavity - Th is process is repeated when the  next

spike arrives.

Fi gure 42 , t ak en  f rom a hi gh speed movie- of the cavity when

the foil was fluttering, shows the s tep  by s tep process of the p i ix- h—

ing The time interval between each f rame is 1/600 see - • , corresponding

to the 600 frames per second at which the movie was taken . Because

of the very Intense  unsteadiness of the flow at the rear end of the

cavity, the pinched off cavity soon becomes more like a bubbly cloud

ra ther  than  a single bubble. This bubbly cloud grows in size , col—

• lapses and then rebounds. The collapse and rebound process continues

with ever weakening intensity as the bubbly cloud is swept downstream

by the flow . The shape of this so—cal led bubbly clOud is shown below.
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Bubbly cloud s

Tth’ uppt’1 ;ineh l owe’r co r e -s n e r d  a c tu a l l  a pa I r cii  vortices rotating

in  t lie’ e plios i t  e ’ e l i  r e ct  ions , as shown . Fac- h bubb 1 y ci OCt et is dOf lne~d tech (ci

tie i l e x I  one - wit ii w h at  ; ip pe ’ a 1r ;  1 rem t h e  side’ vi e’w to tie’ an ‘‘umb III e’ni 1

• cc’ Rd . 1h Is i - - c he at I v shown In  I i  .~ - 31 - The tippe r v o r t e X  10 t ;ite’ S In

he- c e ’ t i f lt  e r — c  I o~-kw I se - d i  re ’C t ion and ( l ie  1 owt’r one’ in  I lie’ c l o c k w i se  eli —

l e e  t I oil . l i i i  v~’t c \ r - ~- t r e - e’t Is of con r s a maul  f est  a t  i~~n ol (he  osc ii

Lit  lu g  lift on t lte~ ii - Fre in i he h i g h  Spe’e’el met ion  
~‘ icture it I s  e l  ear

th _ i  t h~ e in ’~ ’~ ’i  v .’; ‘ cs ret i t  e a t  .e I ,lot er r a t e  t h a n  ( h - c’ lowe ’r C i t i e s .

pr ox  I m a t  e r i I e -~ e f :‘ ‘ i t  io n  of t h e ’ tippe ’ i ~i ieI lower vor t ices are abon t

-‘.0 ; te l  -~~~~ R e v  r r  t -~ ~ l ie F n i l  nu t  c , r ’spec t  I v e t  y (at abou t 30 f ps ) —

lii i pair e’f ee r t I .e -s is  s [ml inn - to the ’ Karman v o r tex  st rect itch m e t  a

blunt l’OC!V txc e ~i ( t ~te’ e’or es a l e ’  hubhl  v and t i lt’ buhbls vortices e e ’  I lapse’

and rebound in s vite Ii ron I .~n t ion  wIt ii t he ose I l l  at Ion of t h e ’ foil . S liii I l  zti ~

vor t e’x St re - c’ to hnive’ been ohserve’eI t or I oils wit hi s her I e-av I t Ies  and hi gh an~

g t e  of a t t  n t -k hu t  w i t  lieu t ( lie’ c c i  it a p Se’ and re’bounel of the ’  btihb 1 y c i  e ttiel

(ref - 9) .  The two — el (mensleinal it v of the ’ fleiw disappears  at about It1 inches

• belt 1n~I the’ rear c u d  of t he cay it v - [ts 1mg strobe li ght s ( ‘t i e ’ can see the

su r f ace  eil (t i l t ; bubbly eleitid covered wit ii small bubble’s ~d th i an ave’rage’

r ad ius  of api’ t’e’x I tin t e l  v ~.
“ 

- i t  is  n~~t known Wi le ’ the’r the Fe’ are  I zirge’i beth—
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bles inside th i s  bubbly reg ion .

Three different t ime intervals were observe-ti between pinching—off

and the first collapse. They are :

Case I. Immed!.itely after the bubble becomes t;e-para te ’ d from t lit’

main cav i ty .  This occured w i t h  f o i l  3 at 31~ fps , a =

~7° and a cavity length of 2 chords .

Case 2. One period of o s c i l l a t i o n  after the se-par at ion . This

occure-d with foil 3 at 33 fps~ a = 7 , ~/b = 2.

Case 3. One and o n e — h a l f  periods of ose ill at ion after the sepa-

ration. This case’ was observed for foIl 3 at 36½ fps,

a = 7
)
, £/h 4.

For e’;iSeS 1 aticl 2 • t l i ~- p lease re’ 1 a t  fo nsh i p  betwce- n f o i l  d isp i acement

p i n c h — o f f  ari d c o l l ap s e  are I hiusti-ated be low.  The phase relat b ush ip

w i t h  the d i s p l t c ’c~ of the  f o i l  i s  unknown for case 3. I t  must be’

e:npha slzed th.~t tl~ ’ e~~ise’ t; stated above arc three isolated case- s and the

condi t ions  fe;- whi ,-~ :hose case -s occur  may not  be unique . It  is con-

ceivable tha t ather periods a l s o  e x i s t .

upward displacement
of the’ foil

t

i 

/#
/

_
~\~ 

oll pine h~~~~ f f

pinched off collapse

CASE 1 CASE 2

-t
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Figure 43 shows the growth and collapse of the bubbly cloud as

a function of time for case 3. This graph was obtained from analyzing

the high speed motion picture of the reg ion near the end of the cavity

taken at 600 frames per second . The horizontal axis is the frame number

and the time interval between the frames is 1/600 sec . The vertical axis

is t he average radius of the bubbly area as projected on the tunnel ’s

window . The collapse and rebound of the bubbly cloud create pressure

pulses whose magnitude is proportional to the rate of the change of the

volume of the bubble. The typical shape of this pressure pulse is shown

in fig. 44. The sharp positive spikes are caused by the rebounds of the

bubbly clouds. Also shown is the spectrum of the pressure pulses which

contain odd and even harmonics of the f l ut t e r  frequency. During f lu t t e r

one can hear a very loud buzzing noise coming from the rear end of the

cavity.

It was pointed out earlier that the pressure pulses generated

by the collapse and rebound of the bubbly clouds might have an effect

upon f l u t t e r  i t s e l f .  To understand the -interaction between the bubbly

cloud and the foil , one must examine the magnitude of the pressure

pulse and its phase relationship with the oscillation of the foi l .

For the purpose of estimating the order of magnitude of the

pressure pulses acting on the wetted side of the foil, the following -J

will assumed :

1. The bubbly cloud is a single spherical bubble.

2. The bubble collapses and rebounds at a constant rate.

The term R~ of eqn (1) in appendix D is neglected .

For the case in fig. 43, the pressure acting on the foil during the 
-

__ 
_ _ _  ~~~~--- -
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collapse cycle is 0.9 psi and during the rebound cycle the pressure is

0.2 psi ( please see appendix D for details of the calculation). These

figures are in the same order of magnitude of the observed pressure

pulses. Fig.45 shows the component of the pressure pulse at the flutter

as a function of the distance from the rear end of the cavity. The pres —

sure is in the same order of magnitude as the pressure required to gener-

ate the observed oscillating lift ( ± 3 psi) and certainly will have an

influence on the flutter amplitude. It is expected that the effects of

the collapse and rebound of the bubbly cloud will not diminish as they

would in an unbounded fluid because of the presence of the tunnel wall.

A f t e r  a certain distance from its source (say one or two tunnel heights),

pressure pulses will be transmitted as in a tube. Furthermore, as the

cavity becomes longer , the collapse and rebound of the bubbly region be-

come more severe si ace  the s ta t i c  pressure increases in the diffuser .

The effects of the pressure pulses generated by the collapse and

rebound of the bubbly cloud are best understood if one examines the pha~

relationship with the displacement of the foil. Cross—correlation betw~~

the pressure pulse and displacement revealed that they could be either

exactly in or out of phase with each other . (See also case 1 and 2 dis-

cussed previously.) Since these pressure pulses are transmitted to the

foil with almost no delay at all, they could either reinforce the unsteady -

hydrodynamic load that causes flutter or subdue it. This was apparently

the reason why in the cross—hatched region of fig. 21 the flutter ampli-

tude resonated with respect to the cavity length as shown in fig. 22.

Flutter amplitude is reinforced when the pressure pulses are in phase with

the upward deflection of the foil and vice versa.

111—3-i The Effect of C.ravitj’ on the Flutter Boundary.

• It could be suggested that gravity might have an effect upon the 

• • • - •~~ •~~~~ - • • -  - • •-
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upper cavity surface- and )‘encc upon the f l u t t e r  boundary .  The effect of

gravity was tested by turning the foils upside down so as to put t h e - e n  at  a

negati ‘e angle of attack. The resulting flutter boundary for a =

was exactly the same as that for positive angle of attack. No other ti~st

was carried out. However , there is no reason why t h i s  should not be ~ ue

for other foils or angles of attack in the same ve loc i t y  range . The ratio

of the cen t r i fuga l  force  due to the c u r v a t u r e  of the cavity wall to the
2

gravity force may be approximated as U /Rg where U is the free stream

velocity, R is the average radius of the cavity wall, and g is the grav-

ity acceleration. In this test , the t y p i c a l  ope ra t ing  speed was 30 fps

and the radius of curvature at the leading cdge was about 0.5 it. ,

giving a ratio of about 55. In view of t h i s  r a t i o  , it Is not -.

surpr i s ing  at all  t i u tt  the gravity does not affect the flutter boundary .

1II—3-j Non-Ca’-itat~ ag Wake Flow

Since a n~- ’~—cavitating wake flow over a foil is in some respects

similar to th~ su~~:cavitating flow as shown below , the question arises

as to whether lcad L~~ edge fluttor can also occur for a single phase flow.

shear layer

-a---- flow

WAKE FLOW CAVITY FLOW

Frequency response measurements were made in the FSWT for the ~ike

flow case. The result did not indicate any change in th e amount of dam~~ng
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with increasing velocity. However , the test was not carried very far -

above the flutter speed because the formation of a ventilated cavity could

not be prevented . In the HSWT, foil 3 which had a minimum flutter speed

of 21 fps at a = twas tested all the way up to 35 fps with a non—cavi—

tating wake. The formation of the cavity was suppressed by increasing

the pressure in the test section up to 8 psi. No indication of flutter

was observed and the foil remained stable. A similar test was also per—

formed on foil 3A with the same result.

Fig. 46a presents a typical trace of fluctuating pressure in the

wake behind foil 3A at 18 fps and a = 7°. Fig. 46b shows its correspouf—

• ing power spectrum . The vertical scale of the spectrum is the square of

the magnitude of prensure. The upper trace is the spectrum of the pres-

sure and the lower trace is that of the displacement of the foil. The

natural frequency of this foil in a cavitating flow is 44 cps; it is 1o~~r

in the wake flow (about 36 cps) due to the higher apparent mass. Even

though the spec~ ruci of the pressure fluctuation has components around the

• natural frequency of the foil in a wake flow, the response of the foil is

minimal.

With regard to the question posed at the beginning of this secticn,

one may conclude that leading edge flutter in a non—cavitating wake flow

is unlikely. Leading edge divergence is probably the primary hydro—

elastic interaction for a flexible chord foil with a-.non—cavitating

wake ( please see appendix C for a discussion on divergence ).

Flutter is a phenomenon that is highly dependent on the unsteady

hydrodynamics. Even though in a steady flow the cavitating and non—cavita—

ting wake flows are similar , the unsteady loads for the two cases are 

-~~- ---~~ --- ~~-rn ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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d i f f e rent  fo r  the fo l lowing  reasons.  Thee first is thee contribution of

• the apparent mass. The apparent mass of the non—cavitating wake flow is

approximatel y twice that of the cavitating flow. The second f a c t o r  comes

f rom the d i f f e r e n c e  between the dynamics  of the shear l a yer  and the cavity

s u r f a c e .  In the  shear layer case , the d i s t u r b a n c e  created by the leading

• edge oscillation is damped by the viscos i ty, whi le  in t h i t -  c a v i t y  f low , the

lead ing edge oscillations create waves on the cav it y surface. These wa’~ s

are amp l ified as they propagate to the rear end of the cavity. The dif-

ferences in tlw flow geometry for the two cases could conceivably make a

diff tr ez~ :e in ~~~ w~~: t t -ady hy drodyre amic  load. This difference together

with the contribu r ~or of the  apparent mass may exp la in  the differences

in t h ~ hy d ro—e1as~~! rc~~ onse of cavi tating and non--cavitating foils.

111—3 . k Mi S~ t l I ~~~~ - Ob st ’rvat ioi:s

In t h~ a ~-n ni scl’i la!~~ou~ observations are reported. ‘th e

relatioaab i ps of ~~~~~~~~~ observat ions to the l e a d i n g  ed ge f lu t t t - r  phenom-

enon are  n ’t  c~~e:i r a t  this t i n t - .

During the ~~:periment w i th  fo i l  5 in the HSWT, it was observed

that the foil fluttered with the flow conf igurations as shown in f i g. 47.

The first case was a flow with a bubbly partial cavitation which extended

to the middle of the chord (fig. 47a). The foil fluttered at 17 fps and

a = 7~ w it h  a stead y f requency of 53 cps. When the speed of the tunnel

was increased , the bubbly partial cavitation disappeared and a cavity was

formed on the mounting bar. This caused a high pressure to be imposed on

the upper surface and with further increases in velocity, another cavity

was formed on the lower surface. The final flow configuration is shown

in fig. 47b and the foil fluttered between 17—20 fps at  a = 7°.

— -~~~~~~~~~~~~ — --—~~~ ••-- • • -  _ _ _  _ _ _



— -~~~~~~~~~~~~~ -•~~~• - - - -- 

-45 -

The first case points out the connection between the unsteadiness

associated with a partial cavitacion flow and leading edge flutter. It

demonstrates that the randomness of the flow could be altered by the flex-

ibility of the foil. In this case the randomness “locked” to the natural

frequency of the foil. The second case illustrates that leading edge

flutter is also possible fora.flow configuration that is radically differ-

ent from that of a hydrofoil.

A f l u t t e r  mode other than the f i r s t  bending mode was also observed

during the experiment in the FSWT. Foil 2 f lu t t e r ed  with the f i r s t  baiding

mode as soon as a cavity could be formed at 4.3 fps and with a frequency of

12 llz.When the tunnel speed was increased to 7.2 fps, the mode of flutter

could change to the first torsion mode with a frequency of 20.5 cps (please

see table 2). This mode is actually the same as the first bending mode

except for  the phase variation in the spanwise direction. Notice that

the reduced f l utt er speeds are the same for both modes , i.e., U/ub = 0.11.

• One may make a conjecture that higher order modes can also be excited at

the same reduced speed. Higher order modes of flutter are reported in

refs.2 and 3.
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i s  in~~Jt - 1 h ~‘d as cii e—a I I l i t  iou o t a r i  .~, I.! foi l It itigeel at t h e e I t.i ii I teg ed ge

Th~- second ia .! t • a t h e e ’ I t i t  i d — ~. t e t a -  t u ta  I u te -  t a c t  ion of a ft cx IbI ~‘

c hor d  t~ ’ ii ~- a a t  i t \  ~~~ .-d at the t r a i l  i i i .  e~ l~’~’ _ F i n a l l y at  tIt ~ cud ot t h e a

i~l~ e p t  o r , a ~~~~ I I be made- t o  e~~~p~ a i n  wh y t h e ’ Ieo l l— -a v  i t  a t  I t ig wak e

tloe’s n ot  f i t :  0

IV— I S i e t ~ I c  •~ Ft -  of Fr t - e - e lceete  I’ hit  Ie~F t’Iode I

The t-f oct of th e  de-forma t Lou of tht’ chord durIng f t  ut I t t  is to

change- the  ef f e e t  I v t ’ ang le of at t ack  of he foil . The’ ose it hit ion of

lee ang le of at tack may be’ s Imettut eel by an o s c i l l a ti o n  of a rigId 11 .et

f oI l  h i n g e d  c the trailing edge as shown bellow .

/.crc’ 1 (ft I Inc of
I le e ’ ac teal lot 1
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This model fal ls  under the classification of single degree of

freedom flutter which is generally believed to be impossible except under

very special circumstances. It will be shown here that for the case of

a supercavitating foil hinged at the trailing edge , flutter is always

possible. However before the analysis is outlined , a brief historical

sketch of single degree of freedom flutter will be presented in order

to put the leading edge flutter problem in proper perspective.

The early analysis of flutter was done using quasi steady aero-

dynamic derivatives. Within the context of this analysis, a single de—

gree of freedom oscillation, i.e., heaving or pitching oscillation with

the axis of rotation located on the foil itself, is stable at all speeds.

In 1934 Theodorsen developed the linearized non—stationary airfoil th~~ry.

Using this theory, in 1949 B. Sm u g (ref.lO) showed that single degree

pitching oscillation flutter is possible when the axis of rotation is

• located between the quarter chord point and the leading edge. However

• an additional condition exists; the foil must be unreasonably heavy. As

an example , a 157~ th ick  a i r foi l  hinged at the leading edge will f l u t t e r

only if it is riade of solid steel! The notion that single degree of

freedom flutter was impossible persists. In the mid 50’s the unsteady

hydrod ynarn ic theory for heaving oscillation was developed by Parkin ( r e f .  11)

and Wu ( r e f .  12 ) . However the solution for pitching oscillation was

not available until 1962 when Martin (ref. 13) and Parkin (ref .  14)

solved this  f l o w .  P r i o r  to this ,supercavitating flutter analysis was

done using the unsteady aerodynamic theory for an a i r foi l  f i t t ed  with

a spoiler . This theory was developed by L.C. Woods (ref. 15) who did

notice that a single degree of freedom flutter was possible for a fully
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st~e I h~’el a L I  I e ( 1  w i  t Ii I tee ax I a ccl l e c t at  I e’u 1 or al  eel at I lee itc h thrIc e’ ret . W i t h

t he ava I Lab I l l  t y of t o  l i l t  i o c e s  I or hee t\ ’ I h g  an t i 
~ 

it t - l i  I cig met ions , it I

theor e t  I c a t  I v  p o s s I b l e -  t o  in v e s t  i g a t e ’ t h e  at  ~eb l i L t  V of pi t e t c hug osc l I I.e -

t ton about any ax is on f lit’ toil h~’ supe-rpos It ion of thee se t we’ cast-s.

The Ioss  Lb (L i t v ot  a s in g l e  degree- of free-item iii p i I t.li Lug t’se III tel ieee

was appa re- elI ly o v ’  r I eeeke -~l by reseat re - l ee~i s In t l t  It; 11e ’ Eel .

~\n~e Ivs is

I t ier  a u 1 Id fo i l as shown be.h ow.

~~O5 i t  i \‘ C sc~ -~~i e t  M -~

1 • 1 p t lc I t tecinel l

~~~~~~~~~ ~ 
abou t  t h e -

The foil hi i n - ~ t -J at  a d i s t a n e -~- ~‘.b away f r on t  thee leach lug  ed ge . A l l  pos-

i t  I vc q uan t  I t  I es ar t ’ cl ef  Ine ’el ab ov e .  The e’qei et t~ n of met I o~i may be we- it—

ten ditee - t lv - t o ;

let + K~e — H

For a harmon Ic mat ton , one - may yr I It’

~ ~i&et ~~~~‘t-e (ti (it + ~ (it

and N = ( H
R + ) N~) 

jwt 
I

Suhst itut ing into the eqiltet Ion of met ion and se’par e t lug the t~~’a I ant I

ima g i n e  ry p~~:t ei , one ol’t ci in s

-
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r e - at  part: I (ue~ — ) — K (1)

iniag [e ta  ~ ~ pa r t  : 2 l tdl
R

(dt
l —H 1 ~~~ ( i i )

The oscillatory angle of altat-k n grows in temp I it:ude~ when I) -

Since 1 and ierc p o s i t  [Vt ’ (hU ant t i l e s , equal ion II Implies that .  I he

cond itIon for tustabi I tty It ; H
1 
“ 0. The polar j’lots of the complex

( ‘o c f f i c ( en t  of moment d e r i v a t i v e  CN n  arc pr e ’se-eetett In f i g. 48 as a

• fun d tern of the reduced frt~quene -y fo r  v a r  iou~ locat i o n s  of tice h inge

• point - The deL .c [led calculations of these qce:int it l en  are  left to ap—

pcn(l ix E. The reg ton above the horizontal axis, 1 . e. H
1 
“ 0 , is the-

i n s t a b i l i t y  r egion . In this r eg ion , tile- oar ii tat Ion of th e’ foil will

cause the foil to ext rae t energy from th e’ f l ow and In-nt - c’ cause the em;—

cli lotion to ci iv t r~ t ’ - The I l gcei - e - shows that when flit’ foil Is h inged at

a pa lot lee 1t ~d between nppro_x lu_i I el y 0. 6 chord and t :tie I e’;c l l  ing ed ge ,

there  is  a ran ’;~- of \ -a lues  of k where’ tile’ o s c i l l a t i o n  is unstable.

When t he f r e e  st rean v e l o c i t y  in relatively low , the value’ of

the’ retleiced f r - a ~ -a . -v k wb/E7 is relat i~’eiy large. WIt h increasing

ye toe I tv , t h I s  va lice doe reason and i~-heu it r&’ache-s the’ cr1 t t eal  value ’

flS ShOWn in fi.~. 43, tht~ foil, will theore- t Leolly become u n s t a b le .  The

quest ion of whet  her  the foil will or will not f l u t ter  can on1y  be te n—

swereel by e- x a : n in l n g  the v or i a t  ion of k wi th  increasing  ve l o c i t y .  I f

the value of k can reach the’ critical value of k then the foil wi l t

f l u t t e r , o t h er w i  tie ’ it will, remain stable. The natural frequency may be

obtained by art! ftc tally fo rc ing  the fa l l  to o s c i l lat e  at: a constan t

ampl ttude or setting Idl
i 

= 0 in equal Ion I . The f requency equat ion

simply becomes:

X - !‘t~/ct K - C ‘~p U 2h7
1 ( 0  

____ 
MR~~ w (Il l)

R I I



r
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Where C is the real, part of coefficient of moment derivative . The-MR ,
static divergence speed Is reached when te 0 or K — C ½ pu 2b2=0.R MR ,u w
Therefore the divergence speed i~ g iven by

2 2K
C (0) p h2MR ,ct

Equation I I I  may be non—dimen slonalized by the - ci iv e-r g t - ucc- ~pet-d . If one

def ines  the fol lowing quant i t i es  as:

U = flUd . velocity

• I I p tb 3 moment of inertia , and
O s

PS
t

• ‘—s mass r a t i o  parameter

then equat ion I I I  may be w r i t t e n  in d in i en s io t i i e ’st; forn s:

2 1 p  C (k)
= ° — +

t) cM R n
(O) Cl1R c~

(O)

The value of C • ( k t  /C - (0) is avai lable  f r o m  appen dix  E or f romi-i-I , Ct

fig. 4~ ; thus the  v a r iation of k with 1) m a y  he calculated.

Fig.  49 shc.; s the var i .et  ion of tIed re-dueeel n a t u r a l  f requency  w i t h

• velocity for variea— value-s of the parameter C
M R U

(0)  I ( 2 1 p ) .  It

shows that the ’  red -aced frequency decreases monotonicatly front a large

value at low v~-locity to zero at the divergence speed . However , before

the divergence’ speed is reached , the f o i l  w i l l  f l u t t e r  when the

rducL
~
d f r equency  equals the c r i t i ca l  va lue .  In con t ras t  to the  super—

cavi ta t ing  h y d r o f o i l  case , an a i r f o i l  hinged at the leading  edge possesses

a l imit  on the  value of k tha t  can be achieved . This is shown in fig.

50. The l imi t  of k decreases w i t h  Increas ing mass r a t i o  and vice

versa . Depending on the value of p and 
~~~~
‘ 

this limit may or may not

reach the critical value of the reduced frequency of k 0.36. This

is the reason why a very heavy foil can fitet ter and a very light one
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cannot flutter.

Several conclusions may be immediately drawn from fig. 49, they

are: 

1.) The flutter boundary at ~ 0 is dependent only on

the parameter k and U/Udjv or (iJ/W

2.) Flutter always occurs before divergence since the

value of r~ = U/ U dj v is always less than unity .

3.) The thinner the foil ( i.e. the smaller p ) the

closer the flutter speed is to the divergence speed .

The agreements and discrepancies between theory and experiment

are immediately apparent from the above list. First of all, the experi—

• • 
ment confirmed item 2; flutt.er always occurs before divergence. Item 3,

of course , cannot he proven experimentally since the foil will be damaged

• by flutter before ti-me divergence speed can be reached . However, very

• • thin foils are not of practical interest since they diverge before a cavity

could be formed. The highest practical value of the parameter

is approximately 30 (corresponding to foil We with p based on the flexible

chord length). 
-

• The theory predicts that there is only one reduced flutter

I 
velocity for all of the foils tested. For the case of a foil hinged at

• the trailing edge, this value is 1/k = 1/7 or 0.143. The experimental

results show that at a 0, the vale~t of the reduced flutter speed is

• dependent also on the angle of attack and the mass ratio parameter. The

experimental values of the reduced velocity range from 0.15 to 0.25 for

all values of the angle of attack and mass ratio. Although the theoreti-

cal value is in good agreement with the lower end of the experimental

• value, there is a serious disagreement as far as the parametric dependency
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is concerned . The dependency on the angle of attack obviously indicates

that  the u n s t e a d y  hydrodynamics is a funct ion of the angle of attack

itself. This dependence is beyond the scope of the linear theory used

here. The effect of varying the thickness of the foil and thus the mass

ratio parameter is to vary the natural frequency of the foil and its

mode of oscillation. Since the single degree of freedom model fixes the

mode of oscillation , the critical value of the reduced frequency is de-

termined immediately from the hydrodynamics. The variation of the crit-

ical reduced frequency with mass ratio is again beyond the scope of this

simple model. Further discussion on the mass ratio parameter will be

delayed until the next section when the eigenvalue model is discussed .

The above paragraph discusses the correlation between the theore~—

ical and experimental reduced velocity. A more urgent question that

needs to be ans;;ered from a designer’s point of view is “how well does

this theory pred mi c t  the f l u t t e r  speed and frequency?” If one knows the

value of the pararmetei r C
M~~

(O) /(21 p) in fig. 49 then the ratio of the

flutter speed to the divergence speed is determined. The calculation of

the divergence speed is outlined in Appendix C. The value of CM a (0)~
is available from Appendix E and its value is (1 — 5116) 11/2. The value

of p may be calculated from the known parameters of the foil and

I = 1/3 for  u n i f o r m  thickness foi l  tha t  is hinged at the t rai l ing

edge. Knowing all these parameters, the theoretical flutter speed may

be calculated . The theoretical flutter frequency is calculated from the

definition of the critical reduced velocity, Le., U/Lob = 0.143. Two

cases are considered . The first is the case where the divergence speed

is calculated by taking into account the presence of the rigid portion

of the trailing edge. The second case neglects this portion and the foil

_ _ _ _ _ _  

- •~~~-. - -~~- - -~~~~~~~~ •~~~~~~~~~~~~~~ • - . -~~~~~~~~~~~~~~-
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is assumed to have an overall chord length equal to the flexible chord

length. The tables below list the experimental and theoretical values

for these two cases.

b -i’
CASE I:

VELOCITY , fp s FREQUEN CY , eps U/wb

FOIL // EXP AT 100 THEORY EXP THEORY EXP AT 100 THEORY

3 28 16.0 60.6 35.0 0.15 0.143

4 52 26.7 83.3 57.9 0.20 0.143

6 36 21.2 60.0 47.3 0.19 0.143

.—~~~~~~ a - ~
CASE II :

VELOCITY , fps FREQUENCY , cps EXP AT 100 THEORY

3 28 18.8 60.6 71.8 0.26 0.143

4 52 31.4 83.3 119.7 0.34 0.143

6 36 23.6 60.0 74.6 0.27 0.143

The theory consistently predicts lower values of the flutter -

velocities. In case I it underestimates the flutter velocity by an

average of 44% and in case II by 36%. The agreement between the theo—

• retical and experimental frequencies seems to be better . The theory

underestimates the frequency by an average of 31% for case I and over—

estim ates by an average of 28% for case II. Overall, case II seems

a better model for calculating the flutter velocity and frequency. 

~~~~~~~~~
__
~~~~ —_ -.----- ~~~ ~r - - - ---- ---- —
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It is difficult to pinpoint the exact cause of the discrepancies

between the experiment and theory ; however its sources may be identified

by the following :

1.) Experiments on the unsteady loads of a supercavitating

foil (for example, ref. 16) indicate that there are dis-

crepancies between theory and experiment. This is especially

true for the phase angle between the displacement and load

which is the determining factor in the instability.

2.) Experimental conditions are different from the idealized

conditions of the linearized theory. For example, in the

water tunnel, a truly zero—cavitation number condition

cannot be achieved .

3.) Since the cavity length in the experiment is finite,

complicated flow phenomena such as the pinching of the

cavity and the collapse and rebound of the bubbly coulds

may influence the flutter boundary .

One would be te:rpted to list the general inadequacies of a single degree o~

freedom model as a cause of the discrepancies between the experiment and

theory. However, a more sophisticated treatment of a cantilevered foil which

will be presented seems to produce larger discrepancies between theory and

experiment. The tunnel wall effect for 2—D unsteady choked supercavitating

flow has been studied theoretically by J. H. Kim (ref . 23). His result

indicates that if the tunnel wall is taken into consideration , the reduced

flutter frequency would increase and therefore increase the discrepancies

between theory and experiment.

IV—2 Cantilevered Foil Model (ref. 6)

Consider a supercavitating foil cantilevered at. the trailing edge

as shown below.
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w — disp lacement

t L (x/b)~

E1)•~

If one considers only the chor dwise d e f o rm a t i o n , then the equation of

motion of the fo i l  m :ey be wr i t t en  as a beam equat [on :

(
~ ~~~~ 

+ 
~~~ p ( x , t )

where

EtD l2 ( 1-v ~~)

and p(x,r) = the  hydrodynaniic loading.

The unsteady part of the mot ion may be separated from the steady

state part arid assuming a harmonic motion, one may write the equation

of motion as:

I
d2 ( d2w\  2~cj~

2 I~,
D~~~~ 1 P 5

tWW p (x)

The boundary conditions are:

At the root x = b:

No displacement 
~ 0

Zero slope = 0

A -~~~- - ~~-- ._~~.~~~
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At the tip x = 0

d 2’
~No moment D ~~~~~~~~ 0

d d 2”~No shear ~~
— D~~-4 o

The above equation is an elgenvalue problem since the hydrodynamic loati—

ing ~~(x) is a function of the 
deformation ~~(x) itself. This problem

has been solved by H. Murai (ref. 6) and S. Shimizu (ref. 17) for the

case~ of a foil with 
thickness distribut ion of the form~

• t(x) t (xfb)~

where ~ ranges f rom 0.5 to I. The case of ~ 1 corresponds to a

wedge and ~ 0 cor r ~ spouds to a f l a t  p l a te .  The r esu l t  a t  ~ 0

presented  hcr c  is :tu e x t r a po l a ti on  of their ca l cul a t i on  . Fig. 51 shows

the critical vj 1 uc ~ the reduced fr e quen cy k as a function of the

shape f~mcto r ~. For i flat plat &- , the c r i t i c al  value of k is 11.5.

The flutter v t 1~~~i~ is g iven by :

Et 3

5.37 + lO.67p

The table below lists the theoretical and experimental, values of flutter

velocity and frequency. The theoretical values are obtained by neglect-

ing the ri gid rear portions of the foils and using the flexible chord

length as the overall chord .
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vELocIr~ , fps FREQUENCY , cps U/wa

FOIL 1/ EXP AT 100 
THEORY EXI’ THEORY EXP THEORY

3 28 13.9 60.6 87.2 0.15 0.09

4 52 23.1 83.3 145.0 0.20 0.09

6 36 17.4 60.0 90.4 0.19 0.09

Compared to the single degree of freedom model , this model re-

sults in a larger discrepancy between the experimen t and t h e o r y .  Exp lana-

t ions of the d i screpanc ies  g iven previously are also generally app l i ca—

ble to this model.

The mode of oscilla tion of the fo i l  dur ing  f l u t t e r  is an cigen—

vector of the equation of motion and it is of course affected by the

parame te r ~~t(x) i.~ the equation of motion. Once the  mode of oscil—

• l a t ion  is known . c r i t i ca l  value of k is a de t e rmined  q u a n t i t y .  The

para~1eter ~‘t  is ~ircc tiy rela ted to the mass ra t io  parameter  p = p t /

p b  and its cffc-~~t on the cr i t ical value of k is shown in fig. 51.

The curves  shz~-: that  the cr i t ical value of k is not sensitive to the

mass ratio . According to the theory , two foils with identical geometry

but d i f fe r e n t  thicknesses , i.e. foils 3 and 4, should have the same re-

duced flutter frequency. Experiments show otherwise, however. If one

assumes that the theory is correct then the discrepancy can only be ex-

plained if the unsteady hydrodynamics is not solely a function of the

reduced frequency k. This implies that other parameters such as the

Reynolds number and Weber number might be important in the experiment.

____________ — ‘~~~~~ :~~::1 • ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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IV-3 Imp rovement  of the Models

The two models discussed in the preceeding sections assume that

the foil is either hinged or cantilevered at the trailing edge. In reality ,

a super—cav itating hydrofoil has a considerable ri g id chord at the trailing

ed ge. I t  was demonst ra ted  in I I I — 3 .b  that  the ri g id por t ion  of the chord

at the trailing edge has an influence on the flutter velocity.

The first step toward understanding the effect of the rigid

trailing edge portion is to include it in the Single Degree of Freedom

Model. The new model i.s shown below.

f i x e d  j wt  f ixed

= 

n e  

+ 
~~~~~~~~~~e

3Wt

pitching motion flapp ing motion

The eq u a tion  of ~~ t~~cn  is , of course , the same , the onl y d i f fe rence  is the

reduced flut:~ r f •~ !ency. The motion of an oscillating foil with fixed

trail ing ed ge :~av b~ ob tained by superposition of pitching and flapp ing

motion as shown above. The l inearized potent ia l  f low solution for the

pitching m o t i o n  is outlined in Appendix E. The linearized potential flow

problem for  the  f lapping motion has been solved by C. S, Song (ref.22).

The moment at the hinge due to the leading ed ge port ion of the chord may

be obtained by superposition of the solutions for pitching and flapping

motion .

IV—4. Noncavitating Wake Flow

It is well known that  a noncavitat ing wake flow is similar to the



r

— —

supt ’r e ;lv i t  at lug f l ow at  least  as I a r  as t lie st e a d y  st  a t  e li ft is!

art’ concerned . For an use 11 Ia t I iig Ic I I , t lit ’ two I lows a t•e d i l l  e rent  In

some res jn~c t . 1” 1 i s  t of  a 1 1 t lit ’ iippa I cli  1 iii:l of t lit ’ uoncaV I t at  ug I low

a I m i s t .  L w  [ci ’ as g r e a t  as I lie apparent mass of a supe r eav  It at  lu g  foil

• I)yuam I cal 1 y t 1w none av I tat I ng wake flow shun 1(1 b ’ I intl zir to t lie noi i—

scpariit ott a t  i f o [I I net ’  In  hut h east’:; the ost I I  t a t  ion ci the lot I result

Iii por t i i  rha t I on:; of t 1w flow ovt ’ F and under  t he fo I i t  so I f .  l i t  con t rast

an use I l l  a t  I ug slipe reav I tat l ug  fo I w i l l  e rca t e pert u rb;t t I on of t li~ f l o w

that i s  m i  t n t  y iOU I I ned to  t Iit~ Fog I on b et  ow tlii~ f o i l  . 11 out’ acc e p t

Ii i: ; (~ I I~~ I i t  at I Vt ’ ar~~iimt ’fl t , t h en t Ito U O I I O ; I V  It at  lug wake I low case slion Id

not 11 i t t  t t ’ I s i t u c ~ Id a i r f o i l  Ii (t i g i d at  the tr aIl l ug  t ’tl gt’ does not

l in t tt ’F (t ’xp ei - i m ~- u : - i l  l v  or  w i t h i n  t l i t  c o n t e x t  o1 p o t e n t  t a l  f l o w  t h eo ry ) .  

: T - - . ’ • •
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V. FLI TL !R E EXI’EI ’t IMENTS

Tht~ single degree of f reedom model demonstrated that a rigid

foil pivoted at an axis beyond 0.6 chord f rum th e lead l ug  edge can

f l u t t e r .  It would be inte r es ting  to test this model exper  [m en t a l l y .

• The mat iva t ion fo r  th is  exper linen t comes f rum t lie ’ f a c t  t h a t  t h e ’  f o i l  s

tested bert ’ exhib i ted  a depend ency on the mass rat, to par aniet  or wh li t ’

the s tu g  h e  degree of freedom model and the cant lie ye rod model p red it ’ t s

othit’rwise. The dependency of the’ er It t e a l  val  ut ’ of t h e  reduced f re q u e n c y

on the mass rat io could  come f r o m  the  d I f  ft’rt’nees In t h e  exper imt ’n t ;i  I

• mode of osc i l lat  i~m or t I i t ’ fac t  t hat  the  u n st e ad y  I low i s  not .

dependent solely on he reduced f r e q u en cy  (or both ‘1 . By tes t  Ing a r i g id

chord foil , tue f t  V ~. c8use’ is  i s o l a te d  and t he second cause may be

inves t i g a t ed .  Tb s :iay be e.is i i  y done by add ing  mass to thit ’  f o i l

i t  ~~ ts  ok -a I ont ’d In t h e  lot roduc t ion t h at  .1 ead lug  ed ge ft L it teSt

can a l so  occur  in .~upercav 1 t a t  :Lng pump s.  Bt ’caust ’ of the c lost’ p r o x i m i t y

of the  blades , i t  i s  expected that,  the f lu t t e r  boun dary  w i l l  t i l t  Icr f rom

an iso lot ed blade case. An exp er iment  vi ti t  ca  sc a t i e  f l ex i b l e ’  f o i ls  in

t:hit -’ 2—P test sect ion of the 1ISWT woul ci I cad the way In unders t and  lug th e

more complex prob lem of the sup t ’r cav it a t  ing pump .

- -  —• -• • • .•- • - - • - - • • - • -• • -- • •~~ • • - - • • ••
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VI. SUMMA RY AND CONCLUSIONS

The problem of leading edge flutter of a supercavitating

F hydrofoil has been studied experimentally and theoretically. The exper—

Iments were carried out in the Free Surface Water Tunnel and in the High

Speed Water Tunnel of the California Institute of Technology Hydrodynamic

Laboratory.

The experiment determined the flutter boundary of an idealized

flat plat hydrofoil. The f lut ter  boundary was very distinct in the High

Speed Water Tunnel. The study assumed that the problem of leading edge

flutter could be ~-epresented sufficiently well by the reduced velocity,

cavity length or cavi ta t ion  number , mass ratio , ratio of flexible chord

to overall chord and the angle of attack. For “infinitely” long cavity

• case or zero cavitation number, the mass ratio and the chord ratio have an

opposite effect on the reduced velocity over the range of parameters tested ,

Increasing mass ratio increases the reduced velocity and increasing chord

ratio decreases the reduced velocity. Flutter velocity was observed to

be dependent on the angle of attack and minimum at lO~~ll
0
.

• At a moderate to short cavity length (say, less than 5 chords),

leading edge flutter phenomenon was influenced by the cavity closure

condition. During flutter, leading edge oscillation caused pinching of

the rear end of the cavity. The resonances of flutter amplitude with

• respect to cavity length could be a manifestation of the role played by

• the cavity closure. The Inherent unsteadiness of flow with short cavity’

also influenced the hydra—elastic response of the foil , Flutter velocity

of a foil with short cavity was lower than its asymptotic value at an 

• • . • • • • • • •—-~~~~ --•~.-—-—.— - _
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infinitely long cavity. The reduction of flutter velocity could be as

much as 50%. For all the foils tested , the reduced ve loc i ty  l ies  between

0.15 to 0.25. The reduced v e l o c i t y  ii; defined as U/wb where 1) Is the

free stream velocity, w is the angular flutter frequency and b is the

chord length.

• The analytical study models the leading edge flutter problem

as a rIgid chord foil hinged at the trailing edge. The linearized problem

was stud ied for the zero cavitation number flow , For the Idealized

problem , the reduced flutter velocity is not a function of the mass ratio ;

angle of attack and the  chord ratio. The theoretical value of the

reduced flutter velocity is 0.143 and somewha t lower than that obtained

experimentally. The calculated flutter velocity is approximatel y 36Z

lower than that  observed and the theory overes t imates  the f l u t t e r  f requency

by an average of 28~.. The analy sis also predicts tha t  flutter occurred

before divergence which was confirmed experimentally.
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Frequency Mode __________

(cps ) I I
I leading ec~ge

210 1
5t 

bending 
_________(possibly a sub—harmonic

excitation ) 
____________— —

410 1st bending _

~

• 
. — — _____________ — — -

530 chordwise deformatio n

#Y ~f~/~Wf/f~.4 ‘7

$60 1st torsional mode I

“I,,,

1725 chordwise deformation

2600

Note: solid lines are contour lines
dashed lines are nodal lines

Table 1 • Natural frequencies and modes of CIT 35-435 mod II  fo il
in air.
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APPENDIX A.  THE R I t I I O  OF THE RADIATED ENER GY TO KINETIC ENERGY
OF THE FOIL

The ratio of acoustical energy rad iated due to vibration of

the foil to the kinetic or potential energy of the foil is a measure

of the importance of acoustic in affecting the leading ed ge flutter

problem . If the acoustical energy radiated is small compared to the

kinetic energy of the foil , then leading edge flutter problem may be

treated strictly as a hydroelastic problem

Consider a i rcular  plat e of radius a , wetted on one side

only as shown below . Thi s could be a model for an u n d e r w a t e r

speaker or an osci l lat ing supercavitating hydrofoil .  According to

ref. 18 , p . 247 , tht~ average energy radiated per unit time is

2 4  ~ —

E = p c k  a max 2 
za _ _ _ _ _

where p = densi ty of wa te r

c r speed of sound in water

k = wave number = —
~
- = —

~~~
—

A Z7rc
a = radius of the vibrating plat e

= velocity of the plate

Energy radi ated per cycle of oscillation (period = 
~~~~~~~~ 

is

- 1 p ~~~b -
E = Ek — 

w 
~ J 2 

~~~~~~~~~~ 
has been substituted foro~ 8 c max 2,rc k a n d a = b )

2Kinetic energy of the foil is KE ~ mass 
~max - Typical foil

has an average thickness of 10% chord and if we assume low aspect

ratio foil then the span may be approximated by the chord , hence
Z b• mass of the foil is m = p5b -j -

~ 
where p = density of foil. Thu s

the ratio of acoustically radiated energy to the kinetic energy of

the foi l  is E/KE = (5p wb) / (2 p C)

- — - --
~~~~~~

.- —— --~~~~~~~~~~~-- 5 ---5 S ~~~~~~~~~~ ~~~~~~~~~~ —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-5
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APPENDIX B. A SEMI-EMP iRICAL FORMULA FOR THE NATURAL FREQUENCY OF THE
FOIL IN A CAVITATING FOIL

In this appendix, a semi—empirical formula for calculating the

first bending natural frequency of a supercavitating foil of arbitrary

chord length and thickness is derived. The figure below shows a super—

cavitating foil with all relevant parameters.

E: Young’s modulus

t:  thickness

p~~ density of the foil

a: flexible chord length

b ~~~~~~~~~~~~~~~ b: overall chord length
z

The Lagrange’s equation of m otion of the foil is:

2

[
~a ot (afl (x)) dx + j

a 
ac(x)(afl(x)) dx]~~ 

~a Et ~~~~~~~~~~~

where: afl(x): mode of vibration and f~~~
2 (~ ) d ~ 1

ac(x): the dIstributed apparent mass and ~~c(~)d~ = -1

Since we are only interested Inhow the frequency varies with a and t,

the above equation may be written as:

[P9
ta 3

.ç~ n
2
~~~~d~ + ~~

‘. f ’~ (~) = Et /

The integrals on both sides of the equation are just constants that de—

pends on the mode of vibration and the distribution of the apparent mass ;

hence the equation may - be simplified to:
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The i-on t ant  C may be eval uat t~d u t t~ m i s  of t~ t let- f rvqut ’n c it .

In V~’mCUUmfl and In  a nu p e r t a v  I tat tug flow ar t -  known for  at  I t~~ts t  oiw foil -

‘Flit ’ e V.L I uat ton of C In t em of p Is vat Id only If we a ssuin~’ t hat  t he

m odes of vthr at [on in vacuum and In t ln~ f l o w  ar e  the  saint- . For ft ~l 1 3 ,

t be’ t xpe r m it- n t ~ I f r  m ue ~ui - I es in air and In a seip ercav I t a t  tn 1. f low ar t -

4 7 cp~ and 60. 6 c-ps, respect Ivel  y - Th e’ st ’m1 e-iiip ir  Ical f o rm u l a  be-comes

I . 1782 x ~~~ [ 
+ 0.23 9 7

-where I I z - e~lucnc  I U liz

a f I cx ih l~- ~ ) i~)F ~t In I ctw:;

t ~
— t h ~~~~~~ i n  i n c h

It ~lt ~ u l~ I b~ p~ m t  t’d out  t h a t  c h i i i ~ log C Icc flex ihi e’ chord le n g t h ,

a , c~-~ i lit ’ i d I o t  a in  t on  t 1cc’ oVe’ ma I I t-horel  I engt im , h , a l t  t-rs the  dint r (hut Ion

of t i c  add~’J ~~i . -  . ‘I ’~i is d i s t r i b u t i o n  I~ asstimt-d to  he f ix e d  regardless

of t h e’ rat ia .c/t~ }1~ wt- v e -m , Slf l ct ’ th e ’ d is t  m (bu t  (on of added mass is con—

cen t ra ted  na in i  y at the leading edge’, it is tic & pect eel t ha t th e va t - Ia—

t ion In a/b w i ll I n t roduce a s i gn If Icaict error.
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AP PENDIX C. it I VEIWI-:NCE

Ft ci t  t r 1 s a d y nammm Ic  p iit ~ne~meueu I LIVe lv I cig t ime ’ I i t t e ’ t a c t  ion be’t ~~ei~

t i m e’ e ’I . i s t  Ic st r u c tur e ’ , the ’ lmveiroei y t m a t u ( c  load and time In er t  Ize of time- foil.

F L  ut It, r is at Sec called d y n. tmmm It . I m i s t  ab I i i  t y . In  comm I r~1s C to f l u t t e r , d l  —

y e r g e u e - c- or st  .et I • ( l e s t  .eb L i l t  y LOVe I yes out y ( itt ’ l ot  c r a e ’ (I on  1w twt ’t’ii the

t ’last  Ic re -st  ma I u t n g  f o r e - c’ o t t tie ’ a t  t tmc  C L I F e  at ,, I I l ie .  hy dro d y n a m t c  load -

I) tvt’Fgciii - e ed d f l e x  I t ~i t clIO r ( l  l i d  I t ’lL’ ii l i t  wit  h i t  C lie lead i mig edge’ of the

Ce c Il t e’[els bat -k is  a p o t e n t  I i i  p r o b l e m  e.- i t im i l i u m  su p e r c z m v t t e t I n g  f o i l s  tu~d

h ence- it mime r i t  a spec - l , m  I c - c -h a I ~i e - c . i t  b i t

C o n si de r  a I ie ’~~I t ’ l c  e~t t e ’ t c t  tc ~-~(r ~’ t c c t I em i c n t e ’d in (lie ’ f l ow  ~ma sIs~~n

he lOW — ‘l’ime I c ’ I h a  a .c eh ~ I ci t 1 eim gt Ii b am id p ar t  of t h e ’ f o i l  f r o m  A

t o  it Is r i g 1,! (1. - . I o i l  I a ,~~m it II ~-~-er -~i at  P0 j u t  R)  . i f t he’ f o i l  ~vre

__ 
U

it -5_I
h —~~~~~~ I

m i t  b a t t y set at an ang le - of attack u w i t h o u t :  flow , then when the f l o w

is tu rned  on , t im e fle ’ x Lb [ t  p a r t  of t h e ’ fol I will def led upward - h owever

time-  u pward dc l  h’e~t [on of the  f o i l  changes t i t t ’ t ’ t  l e~~t (V t ’ ang le of attack

anti he-nec ’ Increases liii ’ I oael on the fol 1 whIch e , l t l a e ’s f cur t  her deflect ion.

The f o i i  w i l l  com~’ I t’  an equ il l  hr I t im posit I on wlie-n I he’ t’ last Ic resist lug
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force  (say , t he’ moment at  11) ba l ances t ime S hy d r odynaunic  load. Since t i~’

s t r u c t u r a l  r i g id I ty  Is constant  and t ime ’ hy dr odynaum it’ loading is pr~ por—

t lonal to veloc I ty  squared , t lit- r e’ w i l l  be a Ce’1 C a In ye toe It y where ’ the

— d e f l e c t  ton becomes unbounded . Th e’ velocity, when ti m is occurs , is called

the d Ivergc-nce speed .

Two cases of pr a c t t - a l  in te res t  w i l l  be’ conside red . The f i rst

case Is a f u l ly  wetted , non separat  e’d f low over the f o i l  and the second

is the  case of sup e r c av i t a t i n g  f low . The f i r s t  case Is , of course , not

r e a l i z a b le  in pra~-t  i ce  si n ce  the- f l ow  ov er a f l a t  p late at an angle ’ of

at tack will separate  at the icacl i 1mg edg e . Fl gcmr c52 ,  f rom re - f .  19 , shows ti lt ’

pr essure  dint r I but  ions on tiit.’ Upp &’ r and l ower sur faces  of a f lat p late ’

w i t h  separated f l o w  - C~~~p ,cre ’d to the  case of nonsep ar ated f l o w , th is

e-a~ e sh ows tha t t hi - i’d- n c m  of i’~
- ’~~~u me- is located e loscy to the  mmm i dehord

t ind er  the  same ’ t o t a l  i i t  condi  t ion th e ’ c isc of separat ed f l o w w i l l  in —

duc e 1 e’S5 c i ior ~!w i st ’ - - t e rna t. ion ami d w i l l  the  m e  f o re  have’ a hi gher d Iv t ’r — -

gence sp~’~-J . Fti r t I ~c : : ’ :c’ e’ , a t  th e ’ sasc amig i c of at tack  and v e l o c i t y ,  t i m e

separ ated  f l e w  pr~~thm -: t ’a less I.l[t; hence ’ ti m e’ ana l  sis with nonseparated

cases is u s e f u  in e-~~t a b i  i sh ing  a L~~we’r l i m i t  for  the d ivergence  speed .

The case of supe ’I c a v i t a t i o n  is more r e levant  to (lit’ present s tudy.  This

case is app l [cab! e t o  bo th  t he  supercavi  tat ing  f low and non—cav. it at  ing

wake f I ow. The thc’ort ’t h-a l  an ;m I ysi  s of time’se two  t’ mse’s Is presented be-

low and followed by a discussion  on the  experimental observation .

C—i N on— Sepai’a t  e’d Case ’

In t h is case l i n e - a r  pot t~m mt m l  ~ l r f o i l  t i ieom -y is used fo r calcula-

ting the imydr od ym mam Ic load. F un he’r memr e ’ , t h e ’  f l o w  is assuune-d to he two—

d Imemu; tonal  and beam t h e o ry  itm useei f or cal cu l  at lug tim e clef lee’ t ion of t he

-5
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hence the calculation will not be outlined here,

The proper way to define the angle of attack is to define it as

the angle between the zero lift line and the free stream. Finding the

zero lift line means taking into account the effect of camber or curva-

ture of the foil, and the relationship between the tip deflection and t1~

angle of attack becomes nonlinear. However if the camber line resulting

from the loading is assumed to be fixed in shape, the relationship is

liziear If one assumes that the camber line to be a x2 and the foil to be

cantilevered at 58% of the chord from the leading edge (as in this exper-

iment), then the angle of attack is &t = 0.25 
~
y
~j

/b or C = 0.25.

The divergence speed in fig.5~l may be properly corrected by inserting the

constant C in (I).

C—2 Supercavitaring_Flow

The prcmcs~dmar~’ for finding the divergence speed is the same as be-

fore and hence w i l l  not be repeated here. Linear theory for calculating

the hydrodynamic load ; as described in ref.20 is used , and,as in the pre-

vious case, the defcrm.mtion of the foil is calculated by using the load

distribution over a flat plate foil.

A note on the linear theory pointing out its assumptions, proper-

ties and limitations would be appropriate at this time. For those who

are familiar only with airfoil theory, the term “linear” is slightly mis-

leading since the quantities such as lift, drag, and pressure distributia~
are neither linear in angle of attack nor the cavitation number a . In

our case here, the hydrodynamic load is calculated by fixing the cavity

length and letting the cavitation number float. Then the coefficient of

pressure is related to angle of attack cc by

‘-5
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where s2 = 2./b — 1 and 9./b is the nondimenslonalized cavity length

with respect to chord length b. Note that the pressure profiles are

different for different cavity lengths. In the interest of avoiding an

iterative procedure for solving the divergence speed , we have made a fur-

ther assumption that cc/s<<1 , which is true for small angles of attack

and long cavity lengths.

Figure 54 shows the divergence speed of a cavitating flat plate

foil as a function of the location of cantilevered point and cavity lamgth

wh~n a value of C=1 is used . The effect of a c±rcular sr-c camber line

has been investigated in ref.21 . If one assumes that the camber of the hy—

drof oils tested in this experiment (including the rigid part) is a circu—

lar arc with art arc angle twice the angle of attack, then the value of

C is 0.13.

C—3 Correlation with the Experimental Data

First of all it must be pointed out that none of the foils tested

in the FSWT and HSWT were observed to diverge in a cavitating flow, lead-

ing edge flutter occurred before divergence and several foils were de-

stroyed by flutter .

Table 6 shows the theoretical and experimental values of diver-

gence speeds. Foils 1 and 2 diverged in the FSWT with a non—cavitating

wake flow. Since a non—cavitating wake flow is similar to a cavitating

flow ( at least in the steady case ), it is expected that the experimental

values will be closer to the values from the supercavitating flow theory

than to the values from the airfoil theory. In the experiment, the

ex tent of the wake behind these foils was not known .

L k -5 -5
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Comparison with the theoretical values should be made with regard to

this fact. The load on a cavitating foil could vary by as much as a

factor of 2 between the long and short cavity flows . Therefore the

divergence speed could vary by a factor of /2.

The experimental value for foil 1 agrees reasonably well with - ‘

the airfoil and supercavitati ng theoretical value s without camber line .

The divergence speed of foil 2 was obtained from a plot of the natural

frequency versus velocity as in flg .55 . This value is lower than the

airfoil or supercavitating flow prediction . No divergence was observed

for foils 3A and 3; only flutter was observed for these foils. From the

availab1e exper1m2nt~ l data , one may conclude that the theoretical

supercavitating values are conservative .

- ,
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A I ’PE N DI X U .  Fs FLMA ’ r i t ) N OF ‘fI lE PR ESS U RE CREATE !) BY THE COLLAPSE OF
THE BUBBLY CI.OW)S

During flutter it was observed that the bu bbl y r eg ion behind the

cavity collapse’d and rebounded in synchronization with the oscillation

of the foil. Th is bubbly region is actually two—dimensional in shape t

however it is well known that 2—1) potential solution for the collapse of

a “cylindrical bubble” is singular in nature.

Here it will be assumed that time bubbly reg ion is a single spher ical

bubble with the same pro j~ ctt’d area as the actual bubbly region when

vlewcd from th e  s id e .  The consequcmmc’es of the above assumptions are:

1. Undere’st f m - it-ion due to the  fact that the,’ a c t u a l, volume of the

bubbly region is larger  than the cor re sp ommding single sphere.

2. PvC ~:ea:  - i on due to a s s u m i ng the bubbly reg ion is a single

bubbl e.

3. 1~n.~ i’~-s: ~~,iL ion due t o  u s i n g  the 3—fl model. It is well known

that in :—d model any pc’rtuh .mtion dies off slower than the

corresponding 3—1) model .

Th e pu r pose o f t h i s  ca lculation is to obtain the order of magni tude of the

pressure pulse and in view of the consequences stated above , th is  calculation

seems to be justified .

The solution for a spherical bubble is well known and will not he

repeated h ere. All relevant parameters arc shown below.
S
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— ~~ R R ~ 2Rk 2 11. R2 l 2
The equat ton . is ‘—i---— = ——i— + — -

~
- 
[R 

_-
~
-J

Fi g 43. shows the typ ical average radius of a bubbl y cloud as a funct ion

of time . Dur ing  the collapse cycle , the rate of change of the bubble size,

i.e. R , is approx ima tel y 216 in/sec and R 0 . In this particular

example the di st~ r~ee fr~ pi the bubble to time f o I l , i.e r, is approximately

17 inches. The change in pressure may be calculated from the above equa-

tion and its value is maximum at the begining of the collapse cycle. The

max imum change in pressure P — P~ is 0.87 psi during the collapse cycle

and 0.18 psi during the rebound cycle.
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APPE NDIX K . NONSTEA DY HYDR OI)YNAM ICS OF A RI G iD FOIL IN PITCHING
OSCILLATION AT o = 0

In this appendix calculations of the unsteady hydrodynamic mam~nt

for pitching oscillation are discussed . Within the context of the lin-

earized theory of unsteady supercavitating flow, the pitching motion

about any axis on the foil may be obtained by superposition of pitching

motion about the leading edge and heaving motion as shown below.

n = a  ~~~~ I
1 —-—

~~~ 
+h It ejWt ~~~~~a = c t e 0 0

0

where:  c~ = the amplit-’mde of the oscillation a is always less
0 0

than the steady state angle of attack to insure that

the instantaneous angle of attack is always positive

a = angle of attack , positive nose up

Ii = heaving displacement , positive downward

h = -zct
0 0

L = lift , positive up

M = Moment at the leading edge, positive nose up

The moment coefficient is given by Parkin (ref. 14) as:

CM 
= M/½ p

~~
U 2 = ~~ {[c~a) + -~ jk - 

~~
.. ~~ k2] a0e

j
~
t

_z[ikw k - .~~ k2] ~~~
iw
t}
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The lift due to pitching and heaving may be obtained by combining the

lift coefficient due to heaving given by Martin (ref. 13) and the lift

coefficient due to pi~,,
ching from Parkin ( ref 14 ). The result is:

C
L 

L/½pU 2 =~~~a~~~
[
~~(k) 

i~8 
k21 

_z [JkW(k) 
_
~~~~k

2
~~je

303t 
F

where W(k) and ~l(k) are frequency response functions for heaving and

pitching, respectively. They are tabulated In ref. 14.

k = ta/U the reduced frequency

The coeff ic ient  of moment about the axis of pitching is simply given by

total 
= C~ p i tch + ZCL

The polar plot of C~ , a is presented as fig. 48.

______ 

-5 - -5-5— 4’-



V

— 139 —

REFERENCES

1. JANE ’S Sur f ace_Sk in~~e!~~ ] 97 5— 76 .

2. Waid , R . and Linberg, Z . ,  “Experimental and Theoretical Investigation
of a Supercavi ta t ing Hy drofoil ,” CII’ Eng ineer i ng Div i s io n Report No.
47—8, April 1957.

3. Spang ler , P.K., “Performance and Correlation Studies of the
BUSHIPS Parent hydrofoil at Speeds from 40 to 75 Knots ,” DTMB
Hydromechanics Laboratory Research and 1)evelopment Report No. 2353,
Dec . 1966.

4. Personal communication with Dr. John English of the National
Physical l aboratory, England .

5. Ai , D.K. and Har rison , Z .L . , “The Wall Effect In Cavity Flow ,”
C.1-T. hl ydr odyma m ic Labora tory Repor t No. 111.3 , April 1965.

6. Murai , Ii., “Theoretical Study of a Flexible Supercavitating Ilydro—
fo il ,” Jap~mne .~e Society of Mechanical Engineering 91st Conference.
Paper No. 218 (in .Japanese) .

7. Song , C.S. an-s ~~~~ J .,  “An Experimental Study of the Hydroelastic
InstahiU:’. of v-o rcavita tlri g Ilydrofoils ,” University of Minnesota
St. Anth3ny F~~~1~ Hydraulic Laboratory. Project Report No. 89,
Feb . 1967.

8. Furuy a, 0. am~ ~costa , A . J . ,  “An Experimen tal Study of a Super—
ventil ate d : ‘ia te Aspect Ratio Hydrofoil Near a Free Surface,”
11th Sv . m i u m  on Naval h ydrod ynamics, London , Eng land ,].976.

9. Ne ijer , ‘.C. . “Pressure Measurements in Flapped Hydrofoils in
Cavitating Flows and Wake Flows,” CIT Hydrodynamics Laboratory
Repor t No . E-133.2 , Oct. 1962 .

10. S m u g ,  B . ,  “The Instability of Pitching Oscillation of an Airfoil
in Subsonic Incompressible Potential Flow ,” Journal of Aeronautical
Sc iences , Nov. 1949 w pp. 69 1—696 .

11. Parkin, B.R., “Fully Cavitating Hydrofoils in Nonsteady Motion,”
CIT Engineering Report No. 85—1 , 1957.

12. Wu , T. Yao-Tsu, “Unsteady Supercavitating Flow ,” CIT Engineering
Report No. 85—11 , July 1959.

13. Martin , Milton , “Unsteady L i f t  and Momen t on a Ful ly Cavi tating
Hydrofoil at Zero Cavitation Number ,” Journal of Ship Research,
June 1962 , pp. 15—25.

- _ _ _  
- -~~~~~~~~~~~~ i~~~~~- - -5- - -5 _ _ _  _ _ _  _ _



-5—  - -~~~~~
- 

~~~
— —

~~~
--

~~~~

-

— 140 —

REF F.R Ei~CES (continued)

14. Parkin , Blam e R., “Numerical Data on Hydrofoil Response to
Nonsteady Motions at Zero Cavitation Number ,” Journal of Ship
Research , December 1962, pp. 40—42.

15. Woods, L.C., “Aerodynamic Forces on an Oscillating Aerofoil Fitted
with a Spoiler ,” Royal Society of London Proceedings , Series A ,
February—April 1957, pp. 328—337.

16. Kiose , C. J. and Acosta , A. J., “Unsteady Force Meas urements on
Superven tilated Hydrofoils in Heaving Motion ,” Journal of Ship
Research , vol. 13, No. 2, pp. 92—102 .

17. Personal Communication with S. Shimizu , Institute of High Speed
Mechanics , Tohoku University, Senda i , Japan .

18. Stewart , C.W. and Lindsay , R . E . , A c o u s t i c s;  A Text on Theory
and Aj~p~~~cat ion s, 1). Van Nostrand Co., 1930.

19. Caul t , Donald F~. ,  “An Invest Igat Ion at Low Speed of t h e  Flow Over
a Simulat ed Fl a: Plate at Small Ang le  of At tacks  Using the P1 to t—
Static ard Hot ~- i re Probes ,” NAC A TX13876 , March 1957.

20. Wu , T. I~ o—T -~t , “A Note on the Linear and Nonlinear Theories for
Full y Cav ~~t a : - . Hv~1rofo i i s , ” C I T  Hy d rod ynamics  Labo ra tory  Report
No. 2 1—2 2 . :~u~~~ t 1956.

2 1. Wu , T. Y~~ —Tsu . ‘ A Free S tr e a c ~l i ne Theory for  ~~o Dimension al
Ful ly Cavitatcd I l y d r o f o i l s , ” C U Hydrod ynamics Laboratory Report
No. 21—17 , J u l y  1955.

22. Song, C.~~. ,  “Supercav i ta t ing  Flat  Plate With an Oscillating Flap
at Ze ro Cav i t a t ion  Number ,” Journal  of Shi p Resea rch , March 1967 ,
pp. 23—50 .

23. Kim , Jong i i . ,  “The Wa ll Ef f ect  fo r  Unstead y ,  Choked Supercavi ta ting
Flow ,” Jou rnal of Ship Research , vol. 16 , No. 4 , pp. 240— 247. 


