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ABSTRACT 

Two two-tlimensional foils (a wrdge and a modified Tulin two-term foil) 
were used to study th~ ventilation of foils with sharp leading edges at low 
Reynolds number. Flow visualization by dye injection techniques and by 
tufts was used to determine the reattachment point of the separated stream· 
line In nonvcntilatcd flow. 

The results indicate that if air is forl:cd into a separated region, it is 
po~ible to achieve a fully developed cavity. l11is can be accomplished at 
speeds too low for any cavitation to o~·cur by resorting to relatively high 
angles of attack . Hence, it is J)Ossiblc to go directly from noncavitating 
now to fully developed cavity flow. Results of pressure measurements over 
thl' surface of the curved foil cue included . 

ADMINISTRATIVE INFORMATION 

Funding for this. work was provided under Naval Ship Systems Command (NAVSHIPS) 

Subproject S-46-06X. Task 1722, Work Unit 5 26-123. This material was originally puhlishcd 

for limited distribution as Hydromechanics Laboratory Test and Evaluation Report 243-H-01 

in April 1968. 11te present report was prepared under Work Unit 4·15()(}-()()1. 

.. 
INTRODUCTION 

Ventilation, the lilling of a cavity with air, is one method to achieve transition from 

noncavitating to fully cavitating operation of propellers and. hydrofoils. Such a transition is 

relatively stable since there is cs..'lentially instantaneous trunsition with no period of partial 

cavitalinn Hence, the propeller or f01l passes from one "stable" condition to another. In 

practicu • .:nses, the pammetcrs which cnn be varied are limited to section shape, section angle 

of attack, section speed, air pressure, and the size and pattern of the air supply hole. When 

all the proper conditions are met, an air-filled cavity spring.s from the sharp leading edge and 

extends beyond the trailing edge. Ventilation inception cun be defined, then, as those condi· 

lions of static pressure, velocity, orientation, and airflow at which a given section sustains an 

air-filled cavity from the leading edge past the trailing c..-dge. If the conditions are not suffi

cient, air simply flows from the air supply opening and streams back. . 
The ventilation of sharp--edged hydrofoils at speeds of about 85 fps (50 knots.) requires 

angles of attack in the order of 6 dcg, with 20- 60 psig air pressure. Propellers which have 

relative section velodties us high us 600 fps operate ut angles of attack around 2 deg. Nor

mally 2Q-psig uir is sufficient to cause ventilation if the air is admitted into either a separated 

region or a reg.lon of sheet cavitation. The desirability of ventilatlna before cavitation starts 

indicates that ventilation into 11 separated region is required. 

1" 11-41• • . 



Separation on foils with sharp leading edges is of the laminar type (also called "thin 

airfoil" type) in which the length of the separated region is mainly a function of the angle of 

attack. 1•2 lt is important to know the location of the reattachment of the separated stream

lii1e (I) because in order to achieve low drag, it is necessary to keep the angle of attack as 

low as possible and (2) because it is desirable to inject ventilation air int.J the separated 

region . It must be remembered, moreover, that because of structural requirements, the air 

ad 1nission slots cannot be at the leading edge and so should be toward the rear ol the sepa

rated region. Hellce, this investigation was performed to determine where the reattachment 

occurs on realistic foil !>hapcs and thus enable predict ions on where to supply air. 

An experimental investigation was carried out since there is presently no adequate theory 

which preciicts ventilation inception. Furthermore, theory cannot be used to accurately pre

dict the reattachment of a separated streamline. 

PROCEDURE 

1lle experimentul work was carried out in two parts. First, flow visualization studies 

were made with a wedge-sha;>ed foil and a m<Xlified Tulin two-term foil to determine the 

reattachment point of the separated streamline at various angles of attack. Ventilation tests 

were then conducted with the modified two-term foil. Air was admitted from a slot in the 

suction surface of the foil and the angles of attack necessary to achieve a vtntilated cavity 

were determim!d . Cavity pressures were measured by me<1ns of flush-mounted pressure 

transducers. 

TEST EQUIPMENT 

Foils 

The two foils studied were a 10-deg wedge and a modified Tulin two-term SC(~tion.3 

Cross-section drawings of these foils arc shown in Figure l. The Tulln section is typical of 

one that would be u~d for propellers. Both foils had a IU-ln chord and a 7 .625-in spun. 

The curved foil was calculated from Equations (3), (S), and (7) of Reference 3 with 

CL ~ 0.408 and Q • 3.25 deg. The lower surface o[ the wedge and the nose tail line of the 

curved foil are the reference lines. 

For part of the tests, the cum.'<! foil was modified to provide air passages at 0.6 in 

from the leadina ed~t (6-pcrcent chord). Several pressure glllJes were ulso mounted on th" 

upper surface. nle foil with theN modifications Is s.ho¥ 1. in Flaurc 2. 

1 WcO&Uo\lah, G. ft. and D. C Gault, "Exampb ol Threa lte~nlltlvo Typua of AltfoU Soctlon Stall at Low ~." 
NACA ~nlcll Nolo 2.SOl (S.p 19.51). 

2aan, R. A., "Vtntlllllkln lnteptlon," HydrollllUIJca ~chrllcal Report llH (Mar 1963). 

3Tadlmlndjl, A. J. et &1., "Tht ~ and l'a..Otrul1c~t of Superc~ovtullna Propellora," David laylor Model &J!n 
Ropocl OH07 (f:eb 1957). 
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Pressure Transducers 

The pn .. -ssurc transducers. usco were l /4-in..Oiamt ·u!r, Oush-mountL't.l d:aphragm type. The 

sensitive clements arc semi,:onductor ~;train ga1~cs. moulltcd in a f<'~'r-arm bridge. 11lL'Sl' gages 

were developed at the Naval Ship Research and Dcvdopmcnt Center (NSROC) for me:tsurilig 

cuvitation pressui'C!) and illl."'rporJte a spedalnoncbstic bonding for mountir.g them to the 

diaphragm. In addition. the ch~mber behind the diaplmsgm is cvucuatcd to very low pressures. 

These gages will measure 0- SO ps.ia within 1:0.1 psi or about :t:! ft of water. 

FACILITIES 

TilC NSROC 9- x 12-in blowdown water tunnel was usr.:d tor the now vtsualization work. 

Water is supplied from a 6-ft-diameter t:mk with a maximum head of I:! ft. For short periods 

of observations. the llow is assumed const :" . lk'\·ausc of large bl01.:ka~c and tunnel wall 

cff,-cts. this facility wa.'i used only for ob~rvations and no pr'-'SSUrl! or air now an\!asurcments 

were made. 

TI1e tests in which air wus admith:d lind l'f\.'SSU~~ mcasurC\.1 W\.'re l."'IHJuctccJ in th-: 

NSRDC towing hllsin. l11c speetl rc,ulation on th~ towing carriag~ (!0.02 fps) aJiow'-~ accu· 

rate S(X'L'\ls to be set and maintaintd. Th~ foils Wl!rc mount~d hctW\.'\!1\ c1w plal\.'S at u d~plh 

of 2 R (Figure 3 ). Surflt4.-c ctTects should be """ligiblc at this depth t~.4 chordS). Till' ".>st 

rig a.llowed angle of aatt<~ck to bl.: adjU$tcd from ··4 to +:!4 t.l\!1 and was su~nded undl.'f the 

tow~ng ~:miaa~. 

i\ESUL TS AND DISCUSSION 

FLOW VISUALIZATION 

~vend dye injeclion t"-chniqucs wen: tr~ll c.lurlng the wutl-'f·tunncl tluw Yiswalla.:atkm 

stU\lles. Other techniqm"S such as hydrogen bubbl\!s w~N nos us-:4.1 sine.: it wu11 f.:lt thilt llu: 

buoyancy of tho bubbi~JS would distort the downwurll &l:lrth ol' tlu: solr~~mlino. Fi&urc 4 shows 

the emission of dye from a single tubt 111 the h::tding alii! uf the -:urvtd tOil. Nut~ thllt u 

sepanatcd rcslon formed at 10 und 14 cka. lloW\:v.:r. diSill:mon or tho d)'~""'""' thhi tcdmtquc 

cumoorsmnc and imaccurutu. Fhwlly, ufter several t.lye inJection ll'Chnl'lucs hud b\.-cn tried, 

tuns W\:CC attach~.'d to the UPilCr surf3~.: of tl~ foil and ~Hil with liJ'C. The tufts w~ 

pluccd pcrpcntJicular tn the now <Fasures S ~and c,; tlu: rou le;u.llna cdac is on the l(!fl uml the~ 

now is from left to ;ilhl). nto ~parutcd rc,!ion ls roughly dcRnc:d .as that in whic:ll lh~ tuns 

point rorWIU\1 and Indicate rcYCrsed now. Tufts that ptlint toward tho trallln, cdcc ln.Jiculc 

attached now. Sin'-'t th_, tufts :at the side of tho foil were In the s.:lM~ Jt!n«nl dlre~tion :as 

th~ contur tufts, thu indiQUon ls that thr&»dlmclUion.al "ffcds wcr.: rc:btivcl) small . 

l 



Figure 7 shows the locution of the reattadunent of the separated streamline :..sa function 

of angle of attack. The data are for Reynolds numbers 1.0 to 3.0 )( 105 . The slope of the 

tunnel curve increased slightly with Reynolds number but was not inl'ludcd since wall cffeds 

were larger. The tunncl uatu show that rcaltachmcnt occurred right at the leading edge at an 

angle of attack of 7 ucg and moved progn .. -ssivcly aft us the angle increased. However, there 

was consiucrable scattt" .. , the data. A line x/c = 0.065 (a - 7) approximates the data ; l11.:re 

x/c is the nondimensional chord length and a is angle in llcgrecs. Results or tests with tufts 

performed in the- basin are included in Figure 7 for purpost.>s of comparison. The difl ~rcnces 

au: attributed to wall effects in the srnaU 9 )( 12-in tunnel. 

VENTILATED TESTS ON CAMBERED FOIL 

In the towing l'asin inv~-stigation. air was injectcll into the tlow through a slot at 6 per

cent 1>f the du.>rd. The angle of attack wus varied from 0 to 20 dcg and the air pressure 

from 0 (nonwntila t"-d) to 30 ps.ig. llte lcoou\S edge of the foil was. submerged 2 ft (2.4 

chords). One would I)Xpt..'Ct from Fl&urc 7 that ventilation, as delined in this report. would 

not be a~:hicn-d .at an angle of attack l.:~ than IS dcg when uir was ad1nitteu ut x/c • 0.06. 

In f.sct. ventilation was achieved at a 14-d\.,; anale of allack but could not be achicv"'CJ at a 

I :'·d\.-g a.ll;lc. With relatively th k:k ~;~vi ties. ~·ntilation was achieV\.-d at angles greater ti"UAn 

14 d\.'g. 

A fai!ly thick stablc ~:uvity wuultl oo ~:x.pcch.-d at ~0 \11.-g. 'llowtwr. air bubbh~) Uluil.'lltc 

U1c P''-'SCI\\:C ot' tluld m:ar the rcoac of the foil und ubov~: ils surface (Figur\.'5 8 and 9). • In 

uthcr wunh:. tl\1: lower outllne of the cavity was partially ubovc thc surface of the foil. Fig

UN l 0 illustr;atcs this type of cavity; it is stiU \.'Onsid"'f\XI ventilation sin~ the ah O'Jntinucs to 

fuctl f~· r ...W from tlu: air slut to the lca.di~ edge. ln contr.ast. Figur"' II shows uir bclnc 

1\lmtttoo ilfl of th1.• NlltltH:hmcnt &lOlnt and str~aminu hack, so thut vcntihltion is not .achicv\.'C.l; 

for llUfllUSCS of ~omaurbon. G phot()Jraph or v~nlilatcd flow is also shown in a:ll:un: I'. 

lk\."UU~ the buoyant for\.'t of the alf UIU."\:Cdl.'\1 the drllg due to tluw, l.hcro Wll~ ll rise of th~ 

tow~r "·uvit)' bound:ary nl."llr th~: :art t.md of the c:uvity. lk:n~. th~ r"'Sultunt v.:loclty of tlkl 

;air in the cavity had l1nlc v~rlh:.&l \.'Utnt)QttCnts. lli&hur $lk'WS would lwvu 1\\tpt lhu c:wity 

low.:r bounduf) ~ttadted. 

Titc llbo~t. dcs'-'fi&,Uon of Oow i.s of '""'\:rul interest; however, th" significant fuct to be 

rtmcmt~rc:d i~ th:u \-.:ntlh•Uon. :&S duflnc:d hl.'r(lin. \Wid uot be &\!hh:vl.'\1 ut ungl1.-s of utcac~ 

luv.'l•r than l 4 dca. It was !ttatcd in the introduction tll31 the t•UflMl'se of this work was to 

d~~lop flh!lhods or lthlcVh'l wcntiblion b4)fure ~vlbalion s.WlS. From tiLis point of vi~w. 

·1~ rflof"'',...._ "'..,.. ui!Wall....-~ • ..-.4-' "*'.,..,. ut lhc llulqllllil~. l\11 -&xda ., tltf 109 ot 
dM pkt\lrn ., cdkl;lMaL 

4'"''"'· ... •ftll ft. •~ O.Cr, MT«~ .... "' Vtlllill14011 •• low ~or lb'dlof4Ua "'"' 'i:&&rp ~ f.dcft.., .. ~· 
M'C' .W. ~ ptetn~~.S a1 ASMt AMIAIIIbUIC. Nfw Yut• tHew 1966). 



the investigation wus not successful. ll1c required 14-deg angle of attack is not reasonable 

for 11ydrofoils nor for propl"Jicr sections which normally opcratc at auglt.~s of attack to the 

tlow of around 2 to 6 lleg. For lhis. reason, either (I) the separated region will have to be 

made longer at lower angles of attack by increasing the Reynolds number or (2) ventilation 

will have to be dcluycd until some leading edge cavitation occurs. Until more information is 

availahle, the latter method will be more reliable in achieving ventilation. 

Concurrently 'Nith these latter tests, pressure tntnsducers were mounted on the surfa~'C 

of the foil so that cavity pres.-;urcs could be measured (Figure 12) when ventilation was 

achieved. 1l1c cavity pressures measured along the chord were approximately 35 ft of walt' r 

which mc11.ns that ventilation reduced the operating cavitation index from about 2.5.0 to i.G. 

The pressures were relatively independent of gage location anu angle of atta..:k within the 

r.mge of the test ;. 

Direct l.'Omparison with a similar study by Wetzel and Focrster5 is not feasible because 

of dissimilarities in geometries, e.g., wedge angle, design C L, aspect rutio, etc. It is of interest 

to note, however, that the slopes of the curves for bubble ll'ngths versus angle of attack arc 

\.>ssentially similar in the two studies. The n.'Sults of air injection from tubes along the surface 

were rtported to be unsatisfactory even thouah some of the air cnh:rcd the separated region. s 

These results support the present NSROC data which indicate that air must be introdiJcell 

11110 Ute Sl.>paruh.~ region in order tu u~hicve ventilation. 

CONCLUSIONS 

11tis stully hu.s wrih\.'C.I t hut If uil' is injcct~o'C.I into 01 separate\! n.'l,tion when: $epantiun 

~ from the lcudins cllge, ventilation from the le;~\lin~ &.:dgc will o"-cur. 

At ~ow spc1.'C.Js, the buoyancy of tho ~.·uvity may (UUSU the truillniJ onu or the cuvlty to 

rise off thu full. Ncvcrthelc~. Information on tbe location of ulr p:assut;1.~ is vulid for hi!;hcr 

•..:us where buoyant forces arc ilPl""~lubly lc~ than llros fo~'Cs on the cuvity. llle l''"~"urcs 
uml u.ir now r;~h.:s mcasuK'C.J llurina& tltUSI.' \lxpcrinu.-nh ur,· not tlei.'Cuarily valid ut high st,~o'C\Is. 

Anttlcs of attack in the ordur of 12-14 llct; ure r"oquircd to achieve v~utilutlon at low 

Ruynolc.hi num~rs. Since t"'OI~Ih.'N nornwlly 0&1Crat~ in the 2· to CHJ~s runa;u. cllh..:r hi,h.:r 

Reynolds numl~r.; whk:h lcn~&thcn the scpur11tlon bubble will he Nt~Uil'cd or in~~:ption or 
\'tnlilt~tion ~houkl be attempted ooly urtcr tending edge ~uvitutlon bas o~:cun""d. Until more 

d3lll ;an: uvMilublc, th~: Iutter tlfCX:NUN should ~ US(d. 
Tile USC of tufts lit low ~cdll b ll r.:llSOtl:lbl~ IC\.':hll.lUC to help ph:dlct logi'-~l locatiuns 

of v~ntilulion :air ~~~ 

S.·tud, J. 'f. an4 1\, 1i. l«utn, "t.k»Urt~ntntt or lilt' h·~.._·t~ ~I'II.Jdoe ~bbk tut ~~~...JaN IINICitoU 
.. ~ .. St. Altt*t l:all..lb~ l.ab4M.ai1MY r.~1 ~11U UuaiWa. 
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Figure 6 (Continued) 
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