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ABSTRACT 

Measurements were made of the length of the leading edge separation 

bubble for sharp-edged profiles of finite span submerged below a free 

surface. The~e hydrofoils were tested under a fully-wetted flow condition. 

Flow visualization techniques were 'used to determine the separation region 

primarily as a function of velocity, chord length, p~ofile shape, aspect 

ratio, and angle of attack. The bubble length increased with increasing 

angle of attack and aspect ratio. An increase in the wedge angle for wedged 

shap~d profiles required an increase in angle of attack to attain the same 

bubble length. Variation of the chord length and leading-edge thickness 

had little effect on the ratio of bubble to chord length. 
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MEASUREMENTS OF THE LEADING-EDGE SEPARATION BUBBLEEQB 

SHARP-EDGED ~ROFOIL PROFILES 

I. INTRODUCTION 

The desirability of operating hydrofoil craft at high speeds has led to 

the design of lifting surface profiles that are relatively efficient under 

supercavitating conditions. These profiles generally derive their efficiency 

from the shape of the under (pressure) surface, as the upper (suction) sur­

face is enclosed in the ensuing cavity for this type of operation. The theo~ 

retical force coefficients have been found to be in reasonable agreement with 

the experimental force coefficients as determined in the laboratory. Optimum 

performance characteristics for a given profile are dependent on the angle of 

attack which is generally required to be quite low. As the prototype craft 

will attain high speeds, the cavitation number will be correspondingly low. 

The low speed capabilities of many test facilities have thus required that 

the model cavitation number be controlled by adjusting the cavity pressure. . \ 

This is commonly accomplished by either artificially ventilating the foil with 

an external gas supply source, or by naturally ventilating the foil to the 

atmosphere by means of a base-vented strut. Current laboratory experience has 

indicated that it is difficult if not impossible to attain ventilation incep­

tion by either means at low angle'S of attack. 

For the prototype craft during the acceleration period previous to 

take-off, the foils will probably be operating in a fully wetted flow. The 

speeds may not be high enough to ensure fully developed cavitation, and thus, 

it is desirable to attain ventilation at as low a speed as possible for stable 

operation. 

From the present knowledge of the ventilation inception phenomenon, it 

is necessary that at least two conditions be satisfied; these are: 

a. that there be a separated region near the leading edge, and 

b. that there be provlslon of an air port in this region capable 
of supplying sufficient quantities of air at the proper pressure. 

Previous tests in low speed towing tanks have been conducted at relatively large 

angles of attack to provide a large separated zone encompassing the air supply 

port or the region near the trailing edge of the base-vented strut. As the 

angle of attack is decreased, the region of flow separation is also reduced; 



thus, it is necessary to supply air to a region extremely close to the leading 

edge of the foil. As typical supercavitating hydrofoils have a thin leading 

edge, in practice this becomes difficult to accomplish without disturbing the 

entire flow field with the injected air. Various schemes have been tried to 

enhance ventilation inception at low angles of attack and low velocities, with 

various degrees of success. For example, use has been made of the hysteresis 

effect by initially setting the angle of attack high to create ventilation 

inception, and after the cavity has been established, reducing the angle to a 

lower value. This method proved to be useful in many instances in the labora­

tory, although it is admittedly circumventing the actual problem of ventilation 

inception. 

Some attempts have been made to assess the thickness and length of the 

separation bubble on fully wetted hydrofoils by utilizing experimental data 
*. 

taken with a double-wedge profile typically used in supersonic flows [lJ • 

These data were taken with a two-dimensional foil, and as far as is known, no 

similar experimental-data exist for a sharp-edged hydrofoil of finite span near 

a free surface. Complete information comparable to that previously obtained in 

wind tunnels is difficult to obtain for the hydrofoil due to the reduced size 

of the test body and limitations of the available test facilities. In an 

attempt to obtain some qualitative information relative to the length of the 

separation bubble for sharp-edged foils and various flow conditions and thus 

arrive at conclusions concerning the optimum location of an air port, a series 

of flow visualization studies were conducted in the Laboratory towing facility. 

The results of these studies are presented in this report. 

II. TYPES OF BOUNDARY LAYER SEPARATION 

The type of boundary layer separation that occurs on airfoils or hydro­

foils in fully-wetted flow generally falls into three categories: (1) thin 

airfoil separation (also called long bubble separation) or stall, (2) leading 

edge stall, and (3) trailing edge stall. The thin airfoil separation is 

generally observed for sharp leading edge foils, such as supercavitating type 

foils under fully-wetted flow conditions, and thin, rounded nose airfoil sec­

tions. For these foils laminar separation is forced, and thin airfoil stall 

occurs regardless of the Reynolds number. It is characterized by the separation 

* Numbers in brackets refer to the List of References on page 15. 
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of the laminar boundary layer at the leading edge. Whsn the laminar boundary 

layer subsequently becomes turbulent, it spreads and reattaches itself to the 

foil surface. In the Qubble thus formed under the separated boundary layer, a 

circulatory flow is set up with the direction of circulation being forward to .... 

wards the leading edge along the surface of the foil. The fqremost part of the 

bubble near the leading edge is more or less stagnant. The separated zone in­

creases in length as the angle of attack is increased. Although thin airfoil 

separation has generally been considered as a separation of the laminar bound­

ary layer, flow surveys on a simulated flat plate in a wind tunnel have indi­

cated that turbulent separated flow originated so near the leading edge that 

no separated laminar flow was detected [3J. 

The other two categories of airfoil stall were not encountered in the 

studies described in the present report and are, therefore, mentioned only 

briefly. Leading edge stall occurs on moderately thick airfoil sections. It 

appears as a small bubble near the leading edge at some given angle of attack. 

As the angle of attack is increased, the bubble moves forward towards the 

leading edge until it suddenly bursts, and the flow becomes separated over the 

entire chord. The trailing edge stall takes place on very thick sections and 

is a result of the separation of the turbulent boundary layer near the trailing 

edge. Further increase in incidence causes the separation point to move to­

wards the leading edge. 

Several methods are commonly used in the detection of boundary layer 

separation: (1) measurement of the pressure distribution over the surface, 

(2) measurement of the velocity field near the surface, and (3) flow visuali­

zation techniques. From pressure distributions, separation is generally 

'characterized by a region of essentially constant pressure followed by a rapid 

pressure increase. The pressure increases more gradually over the remainder 

of the chord. The point at which the rapid inorease of pressure ends is usu­

ally taken as the point of reattachment of the boundary layer. As the separa­

tion bubble is very small at small angles of attack, presSUre measurements must 

be made in the immediate vicinity of the leading edge. Unless foils with large 

chord lengths are used for these studies, the difficulties associated with fab­

rication of thin sections become considerably amplified. 

Direct measurement of the velocity distribution also provides a detailed 

study of the boundary layer flows. However, perhaps the main disadvantage of 
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this method is that the tubes used for the velocity probe may influence 

the flow pattern and therefore modify the boundary layer development. 

Flow visualization techniques have proven to be useful in locating 

regions of flow separation. Various methods are available; however, the 

following discussion will be limited to the method employing a film of 

liquid on the surface. If a mixture of oil and some suitable powder is 

applied to a surface, the mixture will be more or less completely 

scrubbed from the surface by a non-separated flow. When separation occurs, 

the mixture will remain in the separated region and the extent of the 

separation may be estimated. This procedure does not give a detailed 

description of the separation bubble as the height of the bubble cannot be 

determined. Only the gross result of the velocity and pressure distribu­

tions are indicated by this method. However, it has been found that the 

liquid film technique does give realistic values for the separated region. 

It has been reported that by a comparison of the results using flow visuali­

zation methods and boundary layer probes, good agreement has been ob­

tained [4J. Where discrepancies were found to exist, more confidence has 

been placed in the results obtained from the flow visualization methods. 

For the studies described in this report, the flow visualization 

method was adapted as being the most suitable for the particular tests 

and available facilities. 

III. EXPERIMENTAL APPARATUS AND PROCEDURE 

A. Towing Facility 

The experiments were conducted in the Laboratory towing facility. 

The towing carriage is capable of attaining speeds up to 25 fps, although 

the nature of the particular tests generally reduces the maximum speed to 

about 18 fps to permit a sufficient length of constant velocity test run. 

B. Foils 

A number of foils of rectangular planform with various profiles, 

chords, and spans were used for the tests. The foils are listed in the 

table below. 
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TABLE I _ FOIL CHARACTERISTICS 

Leading Edge 
Foil Profile Thickness-in. 

A 60 wedge 

B 60 wedge 

C 6° wedge 

.002 

.002 

.018 

D 60 wedge .035 

E 60 wedge .053 
F 6° wedge 

G 6° wedge 
. 0 

H 11 wedge 

I 60 wedge 
o 

J 6 wedge 

K Tulin, 
CL = 0.1 
. d 

L Tulin, 
CL = 0.1 

d 

M Tulin, 
CLd = 0·3 

N NACA 16-509 

.003 

.003 

.008 

.004 

.004 

.005 

.005 

.009 

Aspect 
Chord-in. Span-in.. Ratio 

3 

3 

:3 
:3 

3 

5 
5 

2-1/2 

2-1/2 

2-1/2 

3 

62 
7-1/2 2.5 

12 

18 

7-1/2 

10 

10 

4 

6 

2.5 

2 

2 

11-1/4 4.5 

11-1/4 

11-1/4 4.5 

18 6 

.5 

Remarks 

16° trailing edge flap, 
flap/chord = 0.25 

Circ~lar end plates 
attached to foil tips 

The foils were attached at mid-span to a single supporting strut. This 

strut was a parabolic base-vented strut for foil A, an 8,50 wedge for foils I 

and J, and a streamlined shape (NACA 0012) for all other foils. 

A definition sketch showing the reference lines for measurement of the 

angle of attack for wedge and cambered foils is shown in Fig. 1. Note that the 

nose-tail line was used for cambered foils. The separation bubble of interest 

is shown as a darkened area near the leading edge of the foils. 

C. Procedure for Flow Visu~lization 

The foils were painted black. A mixture of oil and aluminum pigment 

powder was spread over the upper (suction) surface of the foil with a soft 

brush using spanwise strokes. The oil medium was SAE lOW, 20, and 30 lubrica­

ting oil. The particular oil used was dependent on the water temperature and 

towing velocity and was selected to generally provide a good pattern during one 
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test run with a few exceptions. In some cases, duplicate runs were made 

using different oils. No appreciable changes were generally noted in the 

flow reattachment points. However, it may be possible that the viscosity of 

the oil altered the length of very small bubbles, as scatter of the experi­

mental data was found for small bubble lengths. Immediately before the start 

of the test run, the foil was lowered to the desired depth. Photographs of 

the flow pattern were taken during the run after a stable pattern had devel­

oped. For the cases in which the pattern developed rapidly, photos were 

taken both at the middle and at the end of the test run. No change in the 

location of the flow reattachment was observed from these photos. For some 

of the tests with the foil at a low angle of attack and low velocity, it was 

necessary to make two test runs before a readily distinguishable pattern was 

developed. 

The above procedure for photographing the flow pattern was modified 

for foil I. This foil was withdrawn from the water at the end of the test 

run before photographing. Care was required in that the oil had a tendency 

to spread out, thus partially 9bliterating the details of the flow patteru. 

These effects were minimized by taking the picture immediately after the foil 

was removed from the water. 

IV. DISCUSSION OF RESULTS 

A. Typical Flow Patterns 

The surface flow patterns were generally photographed at the end of a 

particular test run. However, much information was obtained by the observer 

riding the towing carriage relative to the actual development of the flow 

pattern. It was possible to observe the actual motion of the oil film over 

the foil and the establishment of the separation bubble and the influence of 

the tips and strut on the flow characteristics. The results of these observa­

tions were extremely useful in the final analysis of the photos. 

Some representative photographs of the flow patterns are included for 

reference purposes. Further discussion of the information extracted from 

these photos is found in the next section. Some details of the flow pattern 

have been lost in the reproduction process used for printing. In all of the 

following photographs, only a half span of the foil suction surface is shown. 
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The leading edge is at the top ~nd the center supporting strut is at tbe right 

hand side of the picture with flow from top to bottom. The foil t~p is at the 

left edge of the photograph. 

Fig. 2 shows flow patterns for various aspect ratio foils with a 3,..;in. 

chord at an angle of attack of 100 and a velocity of 12 fps. The wedge angle 

was 60 , and the angle of attaok Was measured from the underside of the wedge. 

The reattachment point of the separated flow is located approximately at the 

25 per cent chord point on tbe aspect ratio two foil and increases to about 

the 60 per cent chord point on the aspect ratio six foil. The heavy acoumu­

lation of deposits near the leading edge represents the previously mentioned 

stagnant region of the separation bubble. The effect of the tip vortex and 

the influence of the strut on the flow pattern is clearly visible. The 

appurtenances protruding from the rear halvl'ls of the aspeot ratio four and 

six foils are a construction feature of these foils which were originally 

fabricated for other studies. 

In Fig. 3, the effect of the angle of attack on the flow pattern is 

shown for one particular foil. (The photo for the foil at a relatively large 

angle of attack was included primarily for illustrative purposes, as the sur­

face flow characteristics are more readilY discerned.) At an apgle of attack 

of 80 , the reattachment point is no longer clearly evident. It shows up as a 

slightly heavier deposit of aluminum particles whioh were presumably picked 

up by the separated flow from the accumulation in the stagnant region of the 

separation bubble and in turn re-deposited at the reattachment point. The 

effects of the tip vortex become increasingly visible as the angle of attack 

is increased. 

Typical flow patterns for 60 wedge profiles with leading edge thick­

nesses varying from 0.002 to 0.053 in. are shown in Fig. 4. The leading edges 

were of semi-circular shape. The most noticeable. effect of leading edge thick­

ness appears as an increase in size of the stagnant region as evidenced by a 

relatively heavy accumulation of oil near the leading edge. The relatively 

clear areas at the leading edges in some of the photographs are swept clean 

during the acceleration run before separation is achieved. Because of the 

stagnant nature of this region, further deposition does not readily take place 

once a full separation bubble has been achieved unless large amounts of oil de­

posits are pushed forward. Variation in streak pattern lines result from the 

different viscosities of oil and al~inum powder concentration used for various 

tests. 
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The variation of flow patterns with angle of attack for a wedge angle 

of 110 is shown in Fig. 5. The profile shape of this wedge is an isosceles 

triangle so that an additional separation zone is noticeable downstr.eam of the 

apex at the mid-chord. For a = 60 , the reattachment point is clearly indica­

ted by the heavier aluminum deposit. However, at the next two angles of at­

tack, the reattachment point is less evident because hardly any excess oil 

deposits are available at the leading edge for transportation backwards by 

the separated flow. 

The accumulation ofa relatively large deposit near the leading edge 

for many of the foils was of some concern. It was felt that this accumulation 

might influence the flow pattern and therefore lead to questions concerning 

the validity of the results. An additional series of tests were thus con­

ducted in which the oil mixture was not applied to the upper surface of the 

foil in the immediate vicinity of the leading edge. Observation of the re­

sulting flow patterns indicated no appreciable difference in the length of 

the separation bubble. The accumulation of liquid near the leading edge was, 

of course, much smaller in these tests, and therefore, it was assumed that no 

significant errors were introduced from this source. 

B. Effect of Foil and Flow Parameters on Bubble Length 

1. Aspect Ratio 

Bubble lengths were measured from photographs as discussed in the 

previous section for foils with various aspect ratios. The foils used were 

foils A, B, F, and G, providing aspect ratios of 2, 2.5, 4, and 6. The chord 

length was the same (3 in.) for all foils. These results are plotted in Fig. 6 

as a function of the angle of attack measured from the underside of the foil. 

Tests were run for four velocities, and the foils were maintained at a one­

chord submergence. In general, the bubble length appears to be shorter for 

the lower velocity at a given 

the larger angles of attack. 

data for velocities of 12 and 

angle of attack and aspect ratio, especially for 

Very little difference can be noted between the 

16 fps. The length of the bubble was very short 

at angles of attack less than about 80 , particularly for aspect ratios less 

than four. As the aspect ratio is increased, the bubble length also increases 

for the same geometric angle of attack and velocity. It should also be noted 

that the aspect ratio two foil was supported with a base-vented parabolic 

strut, whereas the other foils were supported with a streamlined strut. As a 

result, in Fig. 6a the data at the higher velocities were limited to small 



angles of attack. At the higher angles o;f' attack,ventilation from the 

atmosphere took plaoe sporadioally. 

9 

This result was unexpected, as the bubble length before ventilation 
I 

took place was only about 30-per cent-ofthe-ohord.Thetrailing-edge oi'the 

base-vented strut was looated at lOO'per oent of the chord. Thus, pr~sumably , 
the separated region was not connected to the strut oavity. However, visual 

observations of the flow for these conditions indicated that the air appar- • 

ently passed from the strut cavity to the separated region along the un­

filleted intersection of the strut and the foil. The interaotion of the 

botmdary layers of the strut and foil provided the necessary air path and 

ventilation immediately occurred. 

A more direct comparison of the effect of aspect ratio is shown in Fig. 

7a. Data were taken directly from Fig. 6 for a velocity of 16 fps for 3-in. 

chord foils with aspect ratios of 2.5, 4, and 6. As the data for the aspect 

ratio two foil were limited to only the 'smaller angles of attack at a velo­

city of 16 fps, data were used for an'aspect ratio two foil with a 5-in. 

chord.' (It will be shown later that chord length had no influence on the 

dimensionless bubble length.) It was possible to obtain data with the 5 ... in. 

chord foii at higher angles of attack even though this foil also wal!; supported 

with a base-vented strut. However, th~ strut for the 5 ... in. foil was of a 

wedge shape,'whereas the strut for the 3-in. foil was of a parabolic shape. 

Also, as both foils were submerged at the same submergence ratio, the actual 

submergence of the 5-in. foil was greater than that for the 3-in.foil. Both 

of these differences undoubtedly contributed to the particular, ventih.tion 

behavior mentioned. 

The data in Fig. 709. clearly indicate the effect of aspect ratio on 

bubble length. The greatest differences are noted at the larger geometric 

angles of attack. The trend of the data for various aspect ratios suggested 

that the dala may be reduced to a common line if the effeotive angle of attack 

was used. Lift ourve slopes for a 6° wedge of various aspect ratios for a 

fully-wetted flow were taken from Ref. [2J. The experimental data of Fig. 7& 

were then referred to the angle of attack for a two dimensional foil and 

plotted in Fig. 7b. These data for the 60 wedge form a common line, indicating 

that the effect of aspect ratio can be removed by this procedure. The data 

from Fig. 6a for foil A at low angles of attack have also been included. By a 

comparison of the open and filled ciroles, no effect of chord length can be 

noted. 
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With regard to the above mentioned correlation, it should be emphasized 

that the measurements of the length of the bubble were made in regions away 

from both the foil tips and the supporting strut. -As indicated in the photo­

graphs in Section IVA, the influence of the strut and the foil tips may be 

quite large for some conditions. Therefore, such effects must be also con­

sidered in interpretation of the results. 

2. Reynolds Number and Wedge Angle 

It has previously been noted that the bubble length varied with velocity 

for the lower velocities. Data for two foils with an aspect ratio of two and 

chord lengths of 3 and 5 in. are plotted as a function of the Reynolds number 

based on chord in Fig. 8a. The data for the 3-in. foil are shown with filled 

symbols, and the data for the S-in. foil with open symbols. Thus, for a given 

foil, the variation in Reynolds number was achieved by changing the velocity. 

More data points are shown for the Type I foil than for the Type A foil, as a 

wider range of velocities were used in this case. It can be seen that for a 

given angle of attack, the data for the 3 and S-in. chord foils are essentially 

the same, and the bubble length reaches an essentially constant value at the 

higher Reynolds number. The latter result is apparently in contradiction with 

aerodynamic data, as Ward [SJ reports that a long bubble .wr._ll diminish with an 

increase in Reynolds number, until eventually a short separation bubble is 

attained. 

The effect of wedge angle on bubble length is shown in Fig. 8b for two 

wedges with an aspect ratio of 2.S and a J-in. chord. Only the data for veloc­

ities of 4 and 16 fps have been plotted. The 110 wedge had a different shape 

in that it was in the form of an isosceles triangle rather than the simple wedge 
60 o. 

form as used for the wedge foils. For the 11 wedge, a larger angle of attacl 

was required to obtain the same bubble length than for the 60 wedge. Such a 

behavior has also been previously mentioned by Barr [lJ, where he made a pre­

diction based on limited data for airfoils that the angle of attack for a given 

bubble size increases with wedge angle. 

3. Flap Angle 

A brief series of tests were conducted to determine the influence of a 

deflected trailing edge flap on the length of the separated region. These tests 

were carried out with a 60 wedge foil of S-in. chord (Foils I and J), whereas 

previous tests were conducted with 3-in. chord foils. 
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For reference purposes, tests were first made with the ~oil having a 

zero degree flap angle. The results for four velocities are shown in Fig. 9a. 

These data are simila.r to those for the foil with a smaller chQrd length in 

tbatthebubble lengths for the12 and 16 fps velocities are essentially the 

same. The data for the foil with a 160 flap (flap-chord ratio of 0.25) are 

shown in Fig. 9b. By comparison of Figs. 913. and b, it can be seen that the 

effect of the flap is to lengthen the separation bubble, particularly for 

tbe larger angles of attack. Not muoh difference in bubble length has been 

observed at the small angles of attack; however, the bubble lengths for this 

condition were extremely small in any case and diffi~ult to determine with 

rnucl;l aocuracy. 

4. Camber 

A series of tests were run using cambered foils with sharp and rounded 

leading edges~ The foils used for these tests were modified Tulin-Burkhart 

profiles and also a NACA 16-509 profile, aq these foils were readilY available 

from Previous experimental programs. Data for cambered foils with a design 

lift coefficient of 0.1 are shown in Figs. lOa and b. The Type 1 foil in 

Fig. lOb consisted of the same foil fitted with large circular plates at the 

tips to reduce the effects of finite span. The Same general trends of the 

data are observed as were previously discussed for the wedge profiles. Only 

small differences were found in the bubble lengths for the two foils. Data 

for a cambered foil with a design lift coefficient of 0.3 and an aspect ratio 

of 4.5 are shown in Fig. lOco For smaller angles of attack, the bubble length 

was about the same for both the smaller and larger cambered foils. At larger 

angles of attack, the separation bubble was shortened as the camber was in­

creased. It should be noted that the angle of attack WaS referred to the nose­

tail line in all cases. If the angle of attack would have been referred to the 

reference line, the ordinate for the C1 ~ 0.3 foil would be reduced more than 
d 

than the ordinate for the C1 ::: O~l foil, however, the same general trend would 
d 

still exist although to a lesser degree. 

Some data were also taken with a NACA 16-509 section typically used for 

non-cavitating flows. The results are plotted in Fig. lOd for four velocities. 

The general shape of the curves is the same as for the other profiles previously 

discussed, although this section had a much larger leading edge radius than any 

of the other profiles. 
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5. Leading Edge Thickness 

It was of interest to briefly investigate the effect of leading edge 

thickness on separation for a particular profile. The profile selected was 

a 60 wedge of aspect ratio 2.5, as it was possible to easily vary the nose­

radius for this shape by cutting back and reshaping the leading edge. The 

results are shown in Fig. 11 for various angles of attack and velocities. 

The data are plotted in a slightly different form than previously used in 

an attempt to better illustrate the general trends. For essentially all 

velocities and angles of attack, the bubble length increased slightly as the 

leading edge thickness was increased. It was originally anticipated that a 

much larger change would be found, as the magnitude of the velocity peak on 

the upper surface is proportional to incidence and nose radius. Barr has 

shown for airfoil sections that the increment of local velocity due to inci­

dence was reduced quite rapidly as the nose radius was increased. 

C. Air Injection into Separated Region 

In previous tests with forced-ventilated foils at this Laboratory, 

ventilation at lower angles of attack was achieved by injecting air near 

the leading edge at the centerline of the foil. It was possible to obtain 

a stable cavity at an angle of attack of 70 for a velocity of 12 fps. If 

the angle was reduced to 60 , sporadic air pockets were observed along the 

leading edge. A full cavity no longer existed. With knowledge of the extent 

of boundary layer separation on the sharp-edged profiles, a few tests were 

carried out to determine whether or not air injection into this region would 

result in a well defined and stable cavity. Modifications were made to foil B 

to incorporate various systems of air injection. 

Two additional tubes were placed on the upper surface of the foil so 

that a small quantity of air was blown toward the leading edge. It was found 

that ventilation was poorer than in the previous case, perhaps due to a dis­

ruption of the normal flow pattern by the additional air jets. To further 

investigate this effect, a thin-walled tube was flattened and located about 

0.2 in. behind and parallel to the leading edge. A number of holes were 

drilled into this tube for blowing air towards the leading edge. Again, full 

ventilation was not observed until the angle of attack exceeded about 100 • 

It thus appears that the addition ofa small quantity of air near the leadirig 
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edge thrDugh a very narrovi. .opening at the fDil centerline may have been the 

best methDd .of attaining ventilatiDn inceptiDn at IDW velDcities. 

V. CONCLUSIONS 

Based on the results .of the flDw visualizatiDn studies, the following 

statements may be made cDncerning the length .of the leading edge separatiDn 

bubble fDr fully-wetted, sharp-edged pr.ofiles: 

1. At IDW angles .of attack, the separated regi.on was very 

small, Dr could nDt be .observed. FDr all profiles tested, 

an increase in angle .of attack resulted in an increase in 

length .of the bubble. 

2. Bubble length increased with velDcity for the smaller 

angles of attack until an essentially constant length 

was attained at the higher velocities. The bubble 

length divided by the foil chDrd was constant at the 

smaller angles of attack for chordal Reynolds numbers 

greater than 4 x 105. 

3. FDr a given geometric angle .of attack, the bubble 

length increased with fDil aspect ratio. The ratiD 

of the bubble length tD the fDil chDrd was essentially 

independent .of chDrd length fDr a given velocity. 

Influence of the fDil tips on the bDundary layer flDw 

can be quite large fDr certain cDnditiDns. ThrDugh 

cDnsideratiDn .of the effective angle .of attack, 

effects .of aspect ratiD cDuld be remDved. 

4. VariatiDn .of the leading edge thickness fDr a parti~ 

cular prDfile had minDr effect .on the bubble length, 

althDugh a slight increase in length was noted with 

the thicker leading edge. 

5. DeflectiDn .of a trailing edge flap tended tD increase 

the bubble length, particularly fDr the larger angles 

.of attack. 
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6. An increase in wedge angle resulted in a larger angle 

of attack being required to obtain the same bubble 

length. 

7. Various schemes of introducing air into the region 

of the leading edge bubble at low angles of attack 

have met with limited success. Best results were 

obtained by injecting air forward of the leading 

edge of the supporting strut. 
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(0) AR = 2 (b) AR=2.5 

(c) AR=4 (d) AR=6 

c =3" a =100 V= 12 fps 

Figo 2 - Typical Flow Patterns for Foils of Various Aspect Ratios, 6 Degree Wedge 
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(0) a = 8° (b) a = 10° 

(c) a=12° (d) a = 14° 

"" d 3 x 7.5 x 6° We ge t=.002" V= 16 fps 

Fig. 3 ~ Typical Flow Pailerns for Foil B at Various Angles of Attack 
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(0) t = .002" (b) t = .018" 

(c) t = .035 11 (d) t =.053" 

3"x 7.5"x 6° Wedge V=12fps 

Fig. 4 - Typical Flow Patterns Showing Effect of Leading Edge Thickness, 
Foil s B, C, D I and E 
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(0) a = 6 0 (b) a = 8 0 

(c) a = 10 0 (d) a = 12 0 

3 11 II 
x7.5 xll o Wedge V=16fps 

Figo 5 - Flow Patterns for Foil H at Various Angles of .Attack 
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