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ABSTRACT

Two two-dimensional foils (a wedge and a modified Tulin two-term foil)
were used to study the 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 nonventilated flow.

The results indicate that if air is forced into a separated region, it is
possible to achieve a fully developed cavity. This can be accomplished at
speeds too low for any cavitation to occur by resorting to relatively high
angles of attack. Hence, it is possible to go directly from noncavitating
flow to fullv developed cavity flow. Results of pressure measurements over
the surface of the curved foil are included.

ADMINISTRATIVE INFORMATION

Funding for this work was provided under Naval Ship Systems Command (NAVSHIPS)
Subproject S-46-06X, Task 1722, Work Unit 526-123. This mauterial was originally published
for limited distribution as Hydromechanics Laboratory Test and Evaluation Report 243-H-01
in April 1968. The present rcport was prepared under Work Unit 4-1500-001.

INTRODUCTION

Ventilation, the filling of a cavity with air, is one method to achieve transition from
noncavitating to fully cavitating operation ot propellers and hydrofoils. Such a transition is
relatively stable since there is essentially instantancous transition with no period of partial
cavitation Hence, the propeller or foil passes from one ‘‘stable™ condition to another. In
practica, cases, the parameters which can be varied are limited to section shape, section angle
of attack, section specd, air pressurc, and the size and pattern of the air supply hole. When
all the proper conditions are met, an air-filled cavity springs from the sharp leading edge and
extends beyond the trailing edge. Ventilation inception can be defined, then, as those condi-
tions of static pressure, velocity, orientation, and airflow at which a given section sustains an
air-filled cavity from the leading edge past the trailing edge. 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 specds of about 85 fps (50 knots) ;equircs
angles of attack in the order of 6 deg, with 20-60 psig air pressure. Propellers which have
relative section velocities as high as 600 fps operate at angles of attuck around 2 deg. Nor-
mally 20-psig air is sufficient to cause ventilation if the air is admitted into either a separated
region or a region of shect cavitation. The desirability of ventilating before cavitation starts
indicates that ventilation into a scparated region is roquired.
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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."? It is important to know the location of ihe reattachment of the separated stream-
liae (1) 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 into the separated
region. It must be remembered, morcover, that because of structural requirements, the air
ad.mission slots cannot be at the leading edge and so should be toward the rear ot the sepa-
rated region. Hence, this investigation was performed to determine where the reattachment
occurs on realistic foil shapes and thus enable predictions on where to supply air.

An experimental investigation was canvied out since there is presently no adequate theory
which predicts ventilation inception. Furthermore, theory cannot be used to accurately pre-
dict the reattachment of a separated streamline.

PROCEDURE

The experimental work was carricd out in two parts. First, flow visualization studies
were made with a wedge-shaped foil and a modified 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 ventilated cavity
were determined. Cavity pressures were measured by means of flush-mounted pressure
transducers.

TEST EQUIPMENT
Foils

The two foils studied were a 10-<leg wedge and a modified Tulin two-term section.’
Crosssection drawings of these foils are shown in Figure 1. The Tulin section is typical of
one that would be used for propellers. Both foils had a 104n chord and a 7.625-in span.
The curved foil was calculated from Equations (3), (5), and (7) of Reference 3 with
C, =0.408 and « = 3.25 deg. The lower surface ol the wedge and the nose tail line of the
curved foil are the reference lines.

For part of the tests, the curved foil was modified to provide air passages at 0.6 in
tfrom the leading edge (6-percent chord). Several pressure gages were ulso mounted on the
upper surface. The foil with these modifications is show i in Figure 2.

lucwlou;h. G. B. and D. C. Gault, “*Examplos of Thres Repeosentativo Typus of Alrfoll Soction Stall at Low Spoed,”
NACA Technical Noto 2502 (Sep 1951)

2Bau. R A, “Ventilation Inception,” Hydronautics Technical Report 127-4 (Mar 1963),

31id\mlndjl. A. L. ot al,, “The Design and Pe..ormance of Supercavitating Propetiors,” David Taylor Model Basin
Roport CG-H07 (Feb 1957)
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Pressure Transducers

The pressurc transducers used were 1/4-indiameer, flush-mounted diaphragm type. The
sensitive clements are semiconductor strain gages mounted in a fonr-arm bridge.  These gages
were developed at the Naval Ship Research and Development Center (NSRDC) for measuring
cavitation pressures and incorporate a special nonelastic bonding for mountirg them to the
duaphragm. In addition, the chamber behind the diaphragm is evicuated to very low pressurcs.
These gages will measure 050 psia within £0.1 psi or about 2 {1 of water.

FACILITIES

The NSRDC 9- x 12-in blowdown water tunnel was ustd tor the flow visualization work.
Water is supplied from a 6-ft-diameter tank with a maximum head of 12 ft. For short periods
of observations, the flow 1s assumed vonst .. Because of large blockage and wnnel wall
eftects, this facility was used only for obsurvations and no pressure or air flow measurciments
were made.

The tests in which air was admitted and pressures measured were conducted in the
NSRDC towing basin. The specd regulation on the towing carriage (20.02 fps) allowed accu-
rate speeds to be set and maintained. The foils were mounted between cnd plates at v depth
ot 2 ft (Figure 3). Surface eflects should be negligible at this depth (2.4 chords).  The wst
rig altowed angle of attack to be adjusted from -4 to +24 Jdog and was suspended wder the
towing carriage.

RESULTS AND DISCUSSION
FLOW VISUALIZATION

Scveral dye injection technigues were tried during the water-tunnel low visualization
studies. Other techniques such as hydrogen bubbles were not used since it was felt that the
buoyancy of the bubbles would distort the downward paeth ol the streamline.  Figure 4 shows
the emission of dye from a single tube at the lading edge of the curved toil. Note that o
separated region formed at 10 and 14 deg. However, dispersion of the dye made this techinique
cumbersome and inaccurate.  Finally, ufter several dye injection techiniques hud been teled,
tufts were attached to the upper surface of the foll and wedge with tape. The tufts were
pluced perpendicular to the Now (Figures S and 6; the foil leading edge is on the left ond the
flow is from left to sight). The separated region Is roughty defined as that in which the tults
point forward and indicate reversed flow. Tulls that point toward the tralling edge indlcate
attachod flow. Since the tufts at the side of the (oil were in the same general direction as
the conter tufts, the indicstion is that threodimensional ¢ffccts were relatively snull,



Figure 7 shows the location of the reattachinent of the separated streamline us a function
of angle of attack. The data are for Reynolds numbers 1.0 to 3.0 x 105, The slope of the
tunnel curve increased slightly with Reynolds number but was not included since wall effects
were larger. The tunnel data show that reattachment occurred right at the leading edge at an
angle of attack of 7 deg und moved progressively aft as the angle increased. However, there
was considerable scatter 1o the data. A line x/c = 0.065 (@ — 7) approximates the data; here
x/¢ is the nondimensional chord length and o is angle in degrees. Results of tests with tufts
performed in the basin are included in Figure 7 for purposes of comparison. The difterences
are attributed to wall effects in the small 9 x 12-in tunnel. .

VENTILATED TESTS ON CAMBERED FOIL

In the towing basin investigation, air was injected into the Now through a slot at 6 per-
cent of the chord. The angle of attack was varied from O to 20 deg and the air pressure
from O (nonveatilated) to 30 psig.  The leading edge of the foil was submerged 2 1t (2.4
chords). On¢ would expect from Figure 7 that ventilation, as defined in this report. would
not be achieved at an gngle of attack iess than 15 deg when air was admitted at x/c = 0.06.
In fact, ventilation was achicved at a 14-deg angle of attack but could not be achieved at a
12 angle.  With relatively thick cavitics. ventilation was achieved at angles greater than
14 deg.

A fairly thick stable cavity would be expected at 20 deg. "Howcewver, air bubbles undicate
the presence of fluid near the reaz of the foil and above its surface (Figures 8 and 9).* In
othuer wordy, the lower outline of the cavity was partially above the surface of the foil. Fig-
ure 10 illustrates this type of cavity; it is still considered veatilation siﬁpe the it continues to
feed forwand from the air slot to the leading edge. In contrast, Figure 11 shows air being
admitted aft of the reattachmoent point and streaming back, so that veatilation is not achicved,
for purposes of compuarison, a photograph ol ventilated flow is also shown in Figure 11,
Because the buoyant force of the ale uxceeded the drag due to Qow, there was a rise of the
lower covity boundary near the aft end of the cavity. Hence, the resultant velocity of the
ait in the cavity had large veetical components. Higher specds would have kept the cavity
lower houndary attached.

The above description of Now is of gencral interest; however, the significant fact to be
remembered is that ventitation, as defined herein, could not be achicved at angles of attack
lowur than 14 deg. 1t was stated in the introduction that the purpose of this work was to
develop methods of achieving ventilation before cavitation starts.  From this point of view,

* Thewe photagraphn are dlowups of Rghapecd am«‘ and hence ate st of the besd qualily.  Tho apecks at the 1op of
the pictutes gre tefiatioas

Yscher, & ond 6. 1. O, “Teuhniques of Veatlation st Low Speeds of Hydsofoils with Siuarp Leading Fdges.” ot
panc? with mowie prescatad al ASME Asaual Mocting, New Yok (Nov 1946)
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the investigation was not successtul. The required 14-deg angle of attack is not reasonable
for hydrofoils nor for propeller sections which normally operate at angles of attack to the
flow of around 2 to 6 deg. For this reason, either (1) the scparated region will have to be
made tonger at lower angles of attack by increasing the Reynolds number or (2) ventilation
will have to be delayed until some leading cdge cavitation occurs.  Until more information is
availahle, the latter method will be more refiable in achieving ventilation.

Concurrently with these latter tests, pressure transducers were mounted on the surface
of the foil so that cavity pressures could be measured (Figure 12) when ventilation was
achicved. The cavity pressures measured along the chord were approximately 35 ft of water
which mcuns that ventilation reduced the operating cavitation index from about 25.0 to 1.0.
The pressures were relatively independent of gage location and angle of attack within the
range of the tests.

Direct comparison with a similar study by Wetzel and Foerster® is not feasible because
ot dissimilarities in geometrics, e.g., wedge angle, design C, , uspect ratio, etc. It is of interest
to notc, however, that the slopes of the curves for bubble lengths versus angle of attack are
essentially similar in the two studies. The results of air injection frem tubes along the surfuce
were reported to be unsatisfactory even though some of the air entered the separated region.’
These results support the present NSRDC data which indicate that air must be introduced
imo the separated region in order to achicve ventilation,

CONCLUSIONS

This study has verified that if air is injected into a separated region where separation
is from the leuding cdge, ventilation from the leading cdge will oceur.

At stow speeds, the buoyancy of the cuvity may cause the trailing end of the cavity to
rise off the foil. Neveetheless, information on the location of uir passuges is valid for higher
speeds where buoyant forces are appreciably tess than drag forces on the cavity. The pressures
and air Mow rates measured during those experiments ore not necessarily valid at high speeds.

-

Angles of attack in the order of 12—14 deg are required to achicve ventilution at low
Koynolds numbers. Since propellers notmally operate in the 2- to 6-deg vange, cither higher
Reynolds numbers which lengthen the separation bubble will be required or inception of
ventilation should be attempted only after teading edge cuvitution has occurred.  Until more
data are availuble, the lutter procedure should be used.

The use of tults at fow speads is a reasonable techuigue to help predict logical locations
of veatilation alr oponings.
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Figure 3 - Nounting of Curved Foll for Towing Basin Expesiments
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Figue 3 - Curved Foll with Single Dye Tube at Leading Edge



Figure S -- Wedge with Tufts
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Figure § (Continued)
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Figure 6 ~ Curved Foil with Tufts
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Figure 8 — Side View of Curved Foil in Towing Basin at 14 and 20 Degrecs
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Figure 9 —~ Top View of Curved Foll in Towing Basin at 14 and 20 Degrees
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