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Abstract 
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California Institute of Technology 

Pasadena, California 

FINAL REPORT 

Contract Nonr 220(54) 

SELECTIVELY VENTILATED RING WINGS 

Experiments were made on a ring wing having a chord-diameter 

ratio of one-half with a profile section consisting of a 10 percent 

Clark Y airfoil. Measurements were made of the force characteristics 

of this ring wing in fully wetted flow for several Reynolds numbers 

and angles of attack; in fully wetted flow these observations agreed 

with similar previous results on fully wetted ring wings. A portion 

of the circumference of the ring was also ventilated by the controlled 

injection of air to provide a cross-force. The magnitude of this 

cross-force varies with extent of ventilation and with the rate of 

injection of air. With less than approximately 11 percent of the 

trailing edge of the wing so ventilated, the cross-force corresponds 

to the wing in fully wetted flow having an angle of attack of nearly three 

degrees. Experiments were also made on the rapidity with which this 

cross-force could be built up at the start of injection or terminated 

after the ventilation had been established. The termination of the 

cross-force is very quick and amounts to a time approximately 

required for the flow to travel a distance of a few wing chords. The 

build-up process on the other hand is considerably slower, and it 

appears to be a dynamic one but the scaling laws for this phenomenon 

are not yet established. 
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The present work is a sequel to that of Reference 1 in which 

experiments were carried out on fully wetted and fully ventilated ring 

wings having conical sections. Preliminary experiments were also 

carried out in Reference 1 on the effect of selectively ventilating only 

a portion of a ring wing. It was found there that appreciable cross

forces normal to the oncoming flow could be developed by such selective 

ventilation and that the magnitude of these forces was clearly enough to 
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provide a force for a control function comparable to that of some 

existing underwater torpedos. The present work continues the study 

of selective ventilation but on a ring wing having a profile section 

more suitable for ventilation. This study together with that of 

Reference 1 stems from the work of Lang, Daybell and Smith (Ref. 2), 

in which selective ventilation on a series of two-dimensional hydrofoils 

was carried out in an attempt to develop control forces other than that 

of conventional movable surfaces. The present work is thus an 

extension of that of Reference 2 to wings of revolution. Like that of 

Reference 2, the magnitude of the steady forces caused by the 

ventilation process is of concern here, but in addition the time

behavior of the forces that are developed on the ring as the ventilation 

process is started and stopped is examined. The mutual influence 

between adjacent ventilating regions on the ring wing is also briefly 

investigated. 

The suggestion of Smith that ventilation could be used to 

generate a possible control force is spelled out more specifically 

in a patent assigned to him (Ref. 3). However, other groups have 

been concerned with this same principle and although no engineering 

data have been published to our knowledge, the ventilation principle 

seems now to be applied to hydrofoil boat stabilization (Ref. 4) and 

has been considered for the control of underwater bodies (Ref. 5). 

The present study should then be helpful to other workers concerned 

with the development of ventilation as a control technique and it 

provides some quantitative data on the magnitude and speed of response 

of the effect. 

The concept of using controlled injection of a non-condensible 

gas to change the external flow of an otherwise fully wetted body is 

in itself extremely simple. In two-dimensional flows the effect of 

such ventilation can be worked out fairly completely (Ref. 6) because 

in the steady state a ventilating flow closely resembles a free stream

line flow, and well-known mathematical techniques are available for 

handling this type of problem in two-dimensional potential flow. 
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However, if surfaces of low aspect ratio or if lifting surfaces of 

revolution such as the ring wing are considered, then this type 

of analysis becomes exceedingly complex, and so far as is known 

there have been no theoretical attempts to treat the problem of 

selective ventilation with these configurations. Even so, practical 

problems arise in the application of the ventilation technique for 

which theory alone cannot provide the answer. These include the 

already mentioned dynamic process of the build-up and decay of 

the force when the ventilating supply is either commenced or 

terminated and other problems of application of the ventilation 

procedure to a hydrofoil in a real fluid flow. 

One key to the successful application of this concept is 

found in the work of Lang (Ref. 2) in which it is pointed out that 

the ventilation will start at and take place entirely downstream 

of the gas injection point when the liquid flow over the profile 

shape is not separated. This is highlighted also in the experiments 

of Reference l where the ventilation was effected behind a conical 

ring wing. In fully wetted flow a conical ring which in profile 

shape is simply that of a flat plate inclined to the flow is 

usually separated at the leading edge. This separation bubble 

may reattach itself to the profile surface downstream of the 

leading edge if the Reynolds number is sufficiently high as was 

shown for the 12 degree included angle cone of Reference l. 

Axisymmetric ventilating flows were easy to establish there 

although in order to produce a selectively ventilated flow on this 

ring, fences had to be mounted on the ring to prevent the ventilating 

gas from flashing around the circumference of the ring, thereby 

defeating the intent to ventilate only over a selected portion of the 

ring surface. Another essential consideration in using ventilation 

for a control force is in determining the response time. It may be 

recalled from aerodynamic experience that if an airfoil is given a 

sudden increase in angle of attack, half the subsequent change in lift 

occurs instantaneously and the steady state lift is achieved after the 
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time that it takes for the flow to travel a distance of about six chord 

lengths. In the present work it will be shown that ventilation 

termination is easily accomplished if the hydrofoil is normally 

unseparated. In fact the decay time for this process is just about 

that required for the freestream velocity to travel a few chord 

lengths. The build-up of the ventilating force, as we will see, is 

somewhat more complex but for successful operation to be obtained 

the injection process must again take place on a normally unseparated 

profile. 

In the following paragraphs, the ring wing selected for 

experimentation will be described as will the associated instru

mentation. Several different modifications were made to the 

ventilating gas supply system; they will be described chronologically 

as they occurred throughout the experimental program. To begin 

with, measurements of the forces in the steady ventilation condition 

will be discussed in which the effect of the pattern of the ventilating 

orifices will be treated and then we will pass on to a description 

and discussion of the transient measurements. 

2. Experimental Apparatus 

2. 1 Water Tunnel Facility 

The present experiments, like those of Reference 1, were 

carried out in the Free Surface Water Tunnel of the Hydrodynamics 

Laboratory at the California Institute of Technology. This tunnel 

provides a flow ranging from about 2 to 2 5 feet per second in a 

working section approximately 20 inches square and 8 feet in length. 

Normally it has a free surface exposed to the atmosphere; the tunnel 

may be made into a closed working section by adding a rigid plate 

on the top surface. For the present work, however, the upper 

surface was left free. The range of velocities actually used in the 

present work was from 10 to 22 feet per second. The chord of the 

ring wing finally selected for use was 4 inches. As a result the 

maximum Reynolds number based on the chord length was only about 
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6 x 10 5, a value which is rather low for the present type of work. 

The turbulence level of the tunnel is by aerodynamic standards 

rather high. Though no precise measurements of this quantity 

have been made, it is estimated to be on the order of one percent. 

2. 2 Experimental Model 

To fit within the confines of the tunnel and yet provide forces 

sufficiently sensible for the readout equipment, the dimensions of 

the ring wing chosen for study are 4 inches chord and 8 inches 

diameter. The chord-diameter ratio of one-half is probably some

what high for a conventional torpedo application and perhaps 

somewhat too low for a pump-jet application, yet with these 

proportions the three-dimensional effect is significant so that the 

results obtained should be representative. 

The gist of the ventilation concept lies m changing the lift 

on a fully wetted profile to a much lower value by the injection of 

gas on the normal suction surface of the profile shape. Thus to 

provide the cross-force effect on an axisymmetric ring wing would 

require that the elements of the ring have a radially outward lift 

force. Such a lift force can be obtained either through angle of 

incidence to the oncoming flow or through camber, or both. The 

ultimate magnitude of the cross -force developed will of course then 

depend upon the magnitude of the original fully wetted radial force. 

Yet for the reasons mentioned above one cannot have too high a 

radial fo r2e coefficient or the profile shape will run the risk of 

separation and if the radial lift force is too low the effect of ventilation 

will be too small. As a choice between these extremes, the present 

wing was designed to have a radial force coefficient of approximately 

0. 5. For manufacturing and experimental convenience it was decided 

to make the inside of the ring cylindrical and parallel to the oncoming 

flow. The natural choice for a profile section would then be either 

one of the Walchner type or a Clark Y profile. A Clark Y profile of 

10 percent thickness was finally chosen for this application; in a 

two-dimensional flow this section would produce a lift coefficient of 
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0. 52 which seemed satisfactory for the present experiments although 

the pressure distribution is not the best one for the relatively low 

Reynolds numbers used. The ring is supported by two interior struts 

which are vertically oriented in the tunnel. The struts in turn are 

attached to a 2-1/4 inch diameter cylindrical hub. This hub is then 

clamped onto a centrally mounted strain gage sting balance, the same 

one described in Reference 1. Provision for supplying the ventilating 

gas, turning it off and on, and measuring the pressure of the subse

quently formed ventilation cavity is made in the lower strut, the location 

of the ventilating holes. The coordinates of the Clark Y profile shape 

used for manufacture of the present ring are given in Table A-1 of 

the Appendix. Some of the details of the ring assembly and internal 

passages in the original model are shown in Figure A-1 of the 

Appendix. 

As previously mentioned, the Reynolds number for this work 
5 

is relatively low, being a maximum of 6 x 10 , and for tests at 
5 

lower speed the Reynolds number actually gets down to 3 x 10 . 

It was found, as could be anticipated, that a laminar separation 

bubble existed near the leading portion of the profile and that this 

had a deleterious effect upon the selective ventilation scheme. A 

trip wire 0. 01 inch in diameter was then installed one-quarter of an 

inch from the leading edge. The effect of the trip wire was to 

eliminate the presence of the separation bubble and satisfactory 

ventilation patterns could then be observed at all velocities. 

2. 3 - Ventilation Provisions 

The ventilating gas used in all cases was regulated house 

air which had a maximum pressure of approximately 80 psig. The 

air supply was filtered and passed through a reducing valve to the 

model and model support assembly. The model and support 

assembly are shown schematically in the tunnel in Figure 1. For 

the first set of experiments provision was made to admit the air 

into a small plenum chamber placed within the profile of the ring. 

The details of this may be seen in Figure A-1. Provision was also 
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made to start and to stop this ventilating air by incorporating a 

pres sure actuated shuttle valve within one of the struts supporting 

the ring, as can be seen in Figure A -1. Another orifice on the 

surface of the wing, downstream of the ventilating orifice, was 

provided so that the pressure within the cavity could be measured. 

The supply air, the control air and the air cavity pressure measure

ments were all brought through one of the struts and let out of the 

ring assembly through the model support assembly to the outside 

of the tunnel. The air flow rate passing through the ventilating 

orifice was measured with Fischer- Porter flowmeter and the cavity 

air supply rate was then determined at the ambient conditions in the 

tunnel by applying the proper corrections for line pressure and 

temperature. Some ten different arrangements of ventilating orifices 

were finally used. These are tabulated in Table A-2. 

The air pres sure within the ventilating cavity was measured 

with an external water manometer. Before each cavity pressure 

measurement was made, the line connecting the manometer to the 

cavity was purged with gas to free it of any water droplets. 

2. 4 Force Measurements 

The forces acting on the ring wing were measured with the 

centrally mounted strain gage balance. This balance, made by the 

Task Corporation, is a six-component electrical strain gage balance. 

In the present work, however, only three force components were 

used: lift normal to the upstream flow, drag, and pitching moment. 

For use in this application the strain gage balance had to be water

proofed and protected against extraneous forces which could be 

introduced by the tubes transmitting the air supply to the ring wing. 

This turned out to be a simple problem for the present experiments; 

the air lines connecting the model support to the ring wing were made 

with flexible "Tygon" tubing and no appreciable interaction from this 

source was observed. The interior of the strain gage balance was 

maintained at a pressure approximately one ft. H
2

0 higher than the 

ambient pressure in the tunnel. This pressure was monitored on 
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an exterior water manometer and was maintained constant so that 

a spurious drag tare would not be encountered. 

2. 5 Tunnel Corrections 

As can be seen from Figure l, the force balance and model 

are pitched to go about the tunnel center when the model is set with 

an angle of attack. The force balance in this arrangement measures 

forces in body axes rather than tunnel axes, and variable contributions 

of the weight of the model and balance are experienced for different 

angles of attack. These forces were measured with the complete 

assembly submerged in still water for the various angles of attack 

used and the results were then used to correct the observed forces 

to tunnel axes. No determination of any possible tare force due to 

the model support strut was made. No tunnel blockage corrections 

were made to the subsequently calculated data. 

3. Results 

3. 1 Fully Wetted Measurements 

Lift coefficient, drag coefficient and moment coefficient in 
5 fully wetted flow at a Reynolds number of 6 x 10 are shown on the 

ring as a function of the angle of attack in Figure 2. Two sets of 

points are shown. The open ones are those which have the trip wire 

in place and the closed ones do not have the trip wire. It can be 

seen that the effect of the trip wire significantly increases the slope 

of the lift and moment curves. The drag coefficient is also affected 

somewhat. It will be noticed that zero lift does not occur precisely 

at zero angle of attack. The primary reason for this is that the 

adjacent free surface permits a distortion of the flow which is 

dependent upon Froude number. Nevertheless, the offset is 

relatively slight, being less than one-half degree, and the value of 

the lift slope agrees closely with the theoretical predictions of 

Weissinger (Ref. 7). In fact, the measured lift-slope is 1. 43 and 

the theory of Weissinger including the effect of the central body 

gives 1.44. 
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The data shown in Figure 2 are corrected for the tare forces 

on the sting balance. These were obtained by removing the ring 

wing assembly and measuring the lift, moment and drag on the sting 

balance alone as a function of angle of attack. 

3. 2 - Steady Ventilation Measurements 

As mentioned before, some ten different ventilating orifice 

patterns or configurations were used in this work. The first four 

of these (see Table A-2 of the Appendix) consist of a varying number of 

ventilating holes drilled into the original plenum provided in the ring 

wing. The planview of this plenum chamber can be seen in the upper 

diagram of Figure A-2. These four different configurations consist of 

1/32 inch orifices being drilled into the rather small plenum chamber. 

In configuration No. 1 such holes spaced at one inch intervals are used. 

In the three subsequent arrangements using this plenum nine, five and 

three 1 /32 inch orifices are used. In these cases the spacing between 

the orifices is 1 /8 inch and for all cases the orifices are 1. 2 inches 

from the leading edge. 

The effect of ventilation with these four configurations in steady 

flow is summarized in Figures 3 through 7. In Figures 3, 4 and 5 are 

plotted the lift coefficient, drag coefficient and moment coefficient res

pectively for the various fixed angles of attack and for various ventilation 

parameters. In each case and for all the angles of attack, the introduction 

of the ventilating gas gives an increase in lift coefficient with a decrease in 

ventilation parameter K. Typical cavity lengths range from two to 

thre e chords and the length of cavity increases with decreasing 

ventilation parameter. No measurements of cavity lengths were made, 

however. The drag coefficient shows a slight increase with the presence 

of a cavity, although not an appreciable one, and the moment coefficient 

for each angle of attack decreases with ventilation. The lift results 

are smoothed and faired and are presented in summary in Figure 6. 

There it can be seen that the effect of ventilation, especially for 

configuration No. 1, causes an offset in the angle for zero lift on the 

complete ring wing of approximately three degrees, though this 
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amount decreases for smaller cavities (larger ventilation parameters) 

and also decreases with hole spacing having a smaller peripheral 

extent, i.e., hole patterns No. 2, 3 and 4. The slope of the lift 

versus angle of attack line is somewhat reduced for selective 

ventilation. 

The ventilation parameter K is often used to characterize the 

flow in cavitation and ventilation experiments. However, in the 

present case it is perhaps of greater concern to a possible user to 

know the amount of ventilating gas required. The ventilating gas 

requirement is expressed in terms of the dimensionless flow 

coefficient, c
0

. This coefficient is a kinematic quantity being in 

essence the ratio of two velocities, that of the ventilating gas speed 

through the reference area to the freestream tunnel speed. There 

is undoubtedly some effect of gravity and other fluid properties in 

the present experiments on determining the magnitude of this flow 

coefficient, but separate experiments to determine these effects 

were not carried out (see for example Reference 8). Air flow rate 

coefficients for the first four ventilating hole configurations are 

presented in Figures 7a, 7b and 7c. It can be seen there that the 

amount of ventilating gas corresponds to a flow coefficient, c
0

, of 

approximately l or 2 X l o- 3 
(Coefficients larger than about 

2. 5 x l o- 3 
were unable to be obtained with the original plenum 

chamber design.) Nevertheless, a flow coefficient of l x l 0-
3 

is 

still sufficient to cause a substantial lift increment. As indicated 

abov e this value of c
0 

can be interpreted as a flow of gas through 

the disk area of the ring at the ambient pressure of the ring at a 

speed of l 0-
3 

times that of the freestream speed. From this it may 

be judged that a very small mass of ventilating gas would be required 

if the ambient pressure is not too much greater than atmospheric 

pressure. 

It is of interest to observe the cavity formed by the various 

patterns of ventilating holes. Figure 8 shows three photographs of 

the selective ventilation on the ring wing at zero angle of attack for 

hole configurations No. 2, 3 and 4, with a ventilation parameter of 
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0. 055. It can be seen that in each case a smooth gas cavity is 

formed and that the only significant difference between these three 

configurations is that the width of the cavity is increased with 

increasing number of holes. The angle of spread of the cavity in 

each case was approximately 2 5 degrees from the centerline. 

This is in agreement with some of the observations made in 

Reference 2, though the latter are on two-dimensional foils. It 

was also interesting to observe that the first hole configuration 

which has the ventilating orifices spread over a distance of two 

inches gives a substantially greater lift increment than any of the 

subsequent configurations. From Figure 3 we can see that at the 

lower ventilation parameter the configuration No. 2 gives a slight 

increase over that of configurations No. 3 and 4. It thus appears 

that the size of the ventilated cavity is thereby related to the amount 

of lift increment obtained through the ventilation. 

3. 3 - Magnitude of the Ventilation Effect on Lift 

It would be a formidable problem to treat by means of lifting 

surface theory the effect of the presence of a ventilated cavity of 

the type seen in Figure 8 even on a two-dimensional hydrofoil of 

infinite aspect ratio, let alone to treat its effect on a ring wing which 

in itself is already reasonably complex. The ventilated cavity gives 

rise to strong local gradients of induced velocity and of trailing 

vorticity as can be seen in Figure 8 where sharply defined trailing 

vortices can be seen streaming downstream of the cavity. Though 

a complete theory may yet be developed, it would still be useful to 

have an estimate, however rough, of the magnitude of this effect 

for purposes of preliminary design. For the present one must of 

necessity rely upon empirical or semi-empirical approaches; even 

these are sparse and only Reference 2 deals with this problem. 

There, it is stated that the lift experienced by a partially ventilated 

hydrofoil of finite aspect ratio is equal to a fraction of the lift 

of a two-dimensional ventilated hydrofoil and to a fraction of the 

two-dimensional fully wetted hydrofoil lift. The fraction in each 
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case is the length of trailing edge of the hydrofoil covered by the 

ventilated region on the one hand and the fully wetted flow on the other 

divided by the total trailing edge length or span. Presumably one 

could extend this prescription to that of a ring wing if each of 

these lift coefficients were known in axisymmetric flow rather than 

two-dimensional flow. We are hindered in applying this formula 

in the present instance because we do not know what the lift 

coefficient would be for a Clark Y profile in two-dimensional 

ventilated flow. However, for the purpose of making an estimate 

we will assume that the present profile shape is under the action of 

ventilation similar to that of Hydrofoil A in Reference 2 operating 

at the same lift coefficient (CL = 0. 5). It is shown in Reference 2 

that two-dimensional ventilation of its "Hydrofoil A" at a ventilation 

location equal to that of the present experiments reduces the lift 

coefficient to zero. The 10 percent Clark Y airfoil in axisymmetric 

flow should have a lift coefficient similar to that of a two-dimensional 

foil near the ground with a height-chord spacing the same as that of 

the present experiments. The lift coefficient for the present 

section under these conditions is 0. 53. (We are indebted to 

Mr. J. Giesing of Douglas Aircraft Company for this calculation.) 

The extent of the ventilating region covering the trailing edge is 

then estimated from the observed spreading angle. We now make 

an estimate of the ventilation effect on the ring wing by assuming 

that the radial force coefficient of 0. 53 is directly radially outward all 

around the wing except for that portion of the trailing edge covered 

by the ventilated cavity, where we assume the radial lift would be 

zero. The unbalanced force so c alculated gives a lift coefficient 

of 0. 027. Lift increments in the present work are observed to 

range from about 0. 027 to 0. 06, depending upon the amount 

of ventilating gas. The latter values, yet to be discussed, occur 

at much higher flow coefficients than have been discussed thus far. 

The lower values are typical of those observed in Figure 3 for hole 

configurations No. 2, 3 and 4. The higher lift increment observed 
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for configuration No. 1 would be in accord with the ideas discussed 

above because it covers a substantially larger amount of the periphery 

of the trailing edge. The order of magnitude then of the lift effect is 

in accord with the notions of Reference 2 and may suffice for a rough 

estimate at least for the time being. 

We now turn to interference effects and the transient measure

ments that were carried out with the first four hole patterns. 

3. 4 - Interference Effects 

If the ventilation technique is to be used for a control function 

it would be necessary to have controls in the horizontal direction as 

well as in the vertical direction as seen in Figure 8. This raises 

the possibility that two adjacent regions of ventilation would be used 

at the same time to effect a combined vertical and lateral force on 

the ring. The question then arises as to whether the two ventilating 

regions would interact with each other in any deleterious manner. 

This point was briefly investigated only to the extent of introducing 

an additional supply of ventilating air located 90 degrees from the 

original ventilation orifices by means of a rear mounted sting which 

was situated close to the ring. The experimental arrangement can 

be seen in Figure 9. In photograph (a) of Figure 9 no gas is being 

supplied through the auxiliary sting and in (b) the ventilating gas is 

turned on. The two cavities are seen to be similar. In the process 

of turning on the auxiliary supply of gas, the forces in the vertical 

plane, that is, the normal plane of making the lift measurements, are 

monitored. It was found that there was no observable change of force 

in the vertical plane (i.e., lift force) whether the auxiliary supply 

of gas was on or not. Similarly, we could not detect any change in 

the appearance of the lower cavity whether the auxiliary supply was 

on or not. From this we conclude that interference effects, if they 

exist, are quite small and that if the hydrofoil is properly designed 

and if the extent of ventilation is not too great, such mutual inter

ference effects will not be a serious problem. 
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3. 5 - Ventilation Decay 

We now turn to a consideration of the transient effects that 

occur and in this section discuss some aspects of the termination 

process of the ventilation. With reference again to Figure A-1, 

it can be seen that a small shuttle valve is inserted just upstream 

of the plenlllTI within the ring wing. The purpose of placing this 

small valve so close to the ring is to have the smallest possible 

reservoir of gas upstream of the ventilating orifices themselves. 

Then when the valve is closed and the air supply is cu,t off the 

cavity should be swept neatly away, thereby restoring the flow to 

its initial fully wetted condition as quickly as possible. This is 

precisely what happened, as can be seen in the photographs of 

Figure 10. (This sequence of photographs was arranged from 

a nlUTiber taken at random.) Only one ventilating port is used in 

Figure 10 though similar results were obtained with the other hole 

configurations so far discussed. In any event it can be seen that 

when the supply of gas is terminated, the cavity breaks away 

cleanly from the surface of the ring wing. It should be mentioned 

that in Figure 10 the trip wire is being used. 

The effect of this clean cavity breakaway on the force was 

examined by putting the output of the strain gage balance on an 

oscilloscope. Force traces corresponding roughly to the sequence 

shown in Figure 10 are shown in the upper trace of Figure 11 (a) 

and 11 (b). There time increases to the left and in the upper traces 

we see that the force suddenly decreases to a new level when the 

ventilation is stopped (the "hash" in the traces is pick-up). The 

time scale on these photographs is 0. 2 seconds per major division 

and by close inspection of these traces as well as visual examination 

of the cavity, it is seen that the force decay is essentially complete 

within 50 milliseconds. This is the length of time required for the 

freestream velocity to travel a distance of three chords; it would be 

difficult to improve upon this result by mechanical means. 
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Similar decay experiments were also made at the same speed 

without the trip wire. It was found then that upon closure of the 

shuttle valve the ventilating gas would often not leave cleanly, but 

instead would flash around the entire ring in patches. On other 

occasions a portion of the gas cavity would be shed off and the 

remainder would stay attached to the ring and would slowly erode 

away. In these cases the force decay might take many seconds before 

being complete and in those situations where a patch of cavity ran 

around the ring a major force perturbation in directions other than 

the desired one would be experienced by the ring. It seemed clear 

that without the trip wire the cavity was being maintained in its position 

upon termination of the gas supply by means of an upstream separation. 

An example of this is shown in the photograph of Figure 12(a). Such 

incomplete shedding of the cavity causes slow and even erratic forces, 

as can be imagined. A further example of this is shown in the 

oscillograph trace in Figure 12(b). The conditions are the same 

as those of Figure 11 except that the trip wire is removed and the 

angle of attack of the ring is 4 degrees. A similar but not quite so 

undesirable a decay is shown in the force trace of Figure 12(c) where 

again the termination process is more lengthy than it should be. 

In summary it appears to be very easy to ensure a clean 

shedding or separation of the cav ity at the termination of ventilation 

when the liquid flow is always attached to the profile. For this reason 

extensive studies of cavity termination were not undertaken. We now 

pass on to the question of the start-up transient. 

3. 6 Ventilation Initiation 

In these first experiments covering the behavior of the first 

four configurations of Table A-2, ventilation initiation experiments 

were carried out on configurations No. 1 and 2 and examples of 

these are shown in the lower traces of Figure 11. There it may be 

seen that the length of time required to build up the force caused by 

the selective ventilation to its ultimate value is approximately one 

second. The initial rate of growth of this build-up process is quite 
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rapid and for the three cases shown approximately one-half of the 

ultimate lift force is developed within 0.1 second. It is interesting 

to note that in Figure 11 (c), which is configuration No. 1 at a much 

lower tunnel speed, the rate of build-up is approximately the same 

as that of configuration No. 2 at the higher tunnel speed. The rather 

lengthy time required to establish these ventilating flows was some

what unexpected. A possible cause for this long build-up time was 

thought to be due to the limitation in the maximum air flow rate that 

could be supplied to the ventilating ports with the original plenum 

chamber design. To obviate this limitation the support strut 

containing the shuttle valve and main air supply and the plenum 

chamber within the ring wing itself were then entirely redesigned 

to permit higher air flow rates. The diameter of all internal flow 

passages was increased at least by a factor of two and these new 

arrangements can be seen in the lower diagram of Figure A-2 in 

the Appendix. The increase in the internal diameter of the supply 

air system resulted in better than a tenfold increase in the supply of 

air available to the ventilating orifices, but it meant that the quick 

closing shuttle valve had to be abandoned. In its place and external 

to the model support system was installed a solenoid operated quick

opening valve. To have some idea how fast this valve could be 

opened, a quartz pressure pick-up was mounted in the main air supply 

line just downstream of the solenoid operated valve. It was found that 

under a wide range of inlet air pressure, the valve would open in a 

time somewhat less than 50 milliseconds. By this means it was 

possible to admit a sudden supply of air to the plenum chamber within 

the ring wing so that initiation studies could be continued but the 

v entilation termination experiments had to be discontinued. The 

plenum chamber was also considerably enlarged as can be seen from 

Figure A-2 so that different types of orifice patterns could be drilled 

on the surface of the ring wing. Following this modification the 

remaining six additional ventilating hole configurations of Table A-1 

were experimentally studied. All of them were intended basically to 
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provide the possibility of a greater flow of air over a larger area of 

model. 

The first configuration studied, No. 5, consisted of a single 

elongated hole (see Figure A -2) having an area equal to that of the 

internal supply lines. The subsequent modifications, Nos. 8 to 10, 

in essence spread out this orifice area over a larger portion of the 

ring. Before examining in detail the transient characteristics of 

these new hole configurations, we will pause to reconsider the 

forces generated in steady state ventilation as they are slightly 

different than those of the first four hole configurations. Lift 

coefficient and drag coefficient are plotted versus angle of attack 

for various air flow coefficients for each of these hole configurations 

and the results are summarized 1n Figures 13 through 18. In each 

of these the tunnel speed is 11 feet per second and the trip wire was 

used in all cases. It can be seen that there are distinct differences 

between the various hole configurations, the most noticeable one 

being that of configuration No.6 which is shown in Figure A-3. In 

this the air stream is suing from the single hole is deflected down

stream by means of a deflector. For this configuration we see in 

Figure 14 that there is a substantial reduction in performance 

compared to the other configurations. The deflector was installed 

because it was noticed that when ventilation was initiated with the 

single hole, configuration No. 5, with the highest injection pressure, 

an air 'jet' normal to the surface of the wing was formed rather than 

a cavity of the type seen in Figure 8. It was thought that deflecting 

this jet rearwards would help in establishing the ventilated cavity and 

result in quicker start-up times. The gas flow at start-up and at the 

maximum air flow rate is choked at the orifices; the resulting high 

velocity airstream when directed rearwards does not seem to result 

in a ventilated cavity; instead it appears to entrain the surrounding 

liquid flow and form an ill-defined jet. At lower air flow rates, 

however, the deflector acted much the same as the single hole, though 

it was not as effective. Hole configuration No. 7 differs from that 
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of No. 6 only in that a part of the side of the deflector had been cut 

away to permit the air to stream more easily into the surrounding 

liquid flow as can be seen again in Figure A-3. The remaining 

hole configurations, Nos. 8, 9 and 10, are intended to dis tribute 

the supply of air over a larger portion of the ring surface and are 

further intended to have several orifices feeding into the same 

ventilated cavity rather than each orifice initiating a separate cavity 

as occurred in configuration No. 1. The drilling patterns for these 

configurations are shown in Figure A -4. 

It is very clear from the results of these additional measure

ments that the magnitude of the air flow coefficient has an important 

though by no means dominant part in determining the increment in 

lift coefficient brought about by the ventilation. The influence of air 

flow coefficient is summarized for the various hole configurations 

in Figure 19 for zero angle of attack. The outstanding feature of 

this graph is that the ventilating air supply can be changed by two 

orders of magnitude and only change the lift coefficient by a factor 

of two. Except for two or three data points this trend is quite clear. 

It is significant from this figure that the most efficient use of 

ventilating gas is still obtained with hole configuration No. 1. It 

will be recalled that in this configuration the ventilating holes are 

spread out over a greater extent of the ring wing than any of the 

other configurations and tends to support the reasoning mentioned 

in Section 3. 3. The lowest air flow rates that maintained a stable 

cavity were found for the single hole configurations No. 5 and 7. 

Perhaps the most efficient use of the air supply would be to use 

several such holes if larger forces are desired. 

Photographs of the ventilation cavities on hole configurations 

No. 5, 7 and 10 for both large and small air flow coefficients are 

shown in Figure 20 for zero angle of attack. The appearance of the 

cavities of the remaining configurations is very similar to those 

shown except possibly for No. 6, the deflector. In this case the 

cavity is much narrower and is poorly defined for all but the lowest 
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air flow coefficient where it resembles that of No. 7. There is 

essentially little difference in the appearance of these cavities 

at the lower flow coefficients, but at or near the maximum air 

flow coefficients the single hole, configuration No. 5, appears to 

cause a large ragged cavity which does not attach itself well to 

the surrounding hydrofoil, but in any case the cavity is not well 

defined for any of the ventilation configurations at the highest air 

flow coefficients. 

We now return to discuss the transient behavior of these 

additional air injection schemes. It was found straight off that 

air injection at the higher or highest flow coefficients available 

did not result in an appreciably more rapid build-up of the force 

than the original results of Figure 11. Instead, if anything it took 

longer to establish the ultimate force than before. Subsequent 

experiments were then carried out on all the hole configurations 

at low and intermediate rates of injection and some typical force 

traces for these are shown in Figure 21. In these oscilloscope 

photographs are shown two traces or in some instances two sets 

of traces. The upper one is in each case the time history of the 

lift force, the time increasing as before to the left, whereas the 

lower trace shows the pres sure-time history of the air supply 

measured just downstream of the quick opening valve~:' In all the 

cases shown in Figure 21 the initial air pressure rises quickly to 

the maximum air pressure available, around 80 psig. This 

pressure subsequently decays to a lower value depending upon the 

steady state amount of air supplied to the cavity. The largest air 

flow rates maintained this maximum air pres sure at its full 

value. The lower flow coefficients were got by throttling the 

inlet supply line. There was a certain volume of air in the lines 

passing from the throttle valve to the quick opening valve and it 

is this volume which gives rise to the pressure decay seen in the 

traces of Figure 21. In any case whether the pressure was 

maintained at its maximum value at the highest flow coefficient 

>!<The zero in each case is the short horizontal line at the right. 
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or was injected with an initial high rate which tapered off to its 

ultimate value, the shape of the force-time trace is always 

basically similar. Nevertheless, it can be seen that there is a 

definite trend; when the air is so injected the time required is 

significantly less for the lower air flow coefficients than for the 

higher ones. It is still rather difficult to establish an exact 

measure of this time because the steady state value is approached 

only asymptotically. For the purpose of making comparisons 

between these different hole configurations and their injection 

techniques, the time required to establish 50 percent and 70 percent 

of the ultimate force was measured on the oscilloscope traces 

and is tabulated in Table 1. There for various angles of attack 

and tunnel speeds these times are measured and reported in 

seconds. This time is also reported in chords traversed by the 

freestream speed although it is not known whether or not this is 

the right non-dimensional parameter to use. It should be men

tioned that these measurements are not capable of great precision 

but they should serve as a good indication of the order of 

magnitude of the time required. 

From Table 1, it is quite clear that the lower air flow 

coefficients require substantially less time than the higher air 

flow coefficients, especially for the 70 percent level. Depending 

upon tunnel speed and the particular configuration used, times as 

low as 50 milliseconds are observed for the lowest air flow 

coefficients and as long as 1-1 I 2 seconds required to establish 

70 percent of the ultimate force for the highest air flow coefficients. 

The same trend is also observed for the time required to establish 

50 percent of the ultimate force although characteristically this 

time is one-third or less than the time for the 70 percent level. 

There does appear to be systematic differences between the various 

configurations, those having the shortest time required for build-up 

being Nos. 7, 8 and 9. This time also depends somewhat on angle 

of attack, but more importantly on tunnel speed. Typically for the 
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70 percent level the time required at 22 feet per second is about 

twice or so longer than that required at equivalent conditions at 

11 feet per second - though this observation does not appear to 

follow through entirely for at the 50 percent level a smaller 

dependence on tunnel speed is observed. Nevertheless it is 

generally true that a faster speed requires a longer time to build 

up the force. 

As mentioned above these times are also interpreted in 

terms of chord lengths travelled by the flow. In some cases the 

shortest observed times correspond to a distance of only 1-1/2 

chords but at the lower air flow coefficients it appears that the 

flow can be established within a distance of six chords. These 

values certainly imply that the speed of response of this type of 

control function would compare favorably with a mechanical 

control device. While the larger air flow rates tend to take 

excessive times regardless of the particular means of air 

injection, it may be possible to use these high values if desired 

because the time required to establish only 50 percent of the 

ultimate force is still comparatively short. 

3. 7 - Scaling Processes 

As mentioned in Section 3. 2, the steady state ventilation 

process is characterized by the ventilation parameter K which 

determines the pres sure within the ventilated cavity. The air flow 

coefficient c
0 

in the present experiments is mainly a function of 

the ring geometry, angle of attack, and of the ventilation parameter 

K. The mechanism of air entrainment for lifting surfaces in steady 

flow is fairly complex but the work of Reference 8 shows that at 

Reynolds numbers typical of the present work, c
0 

depends mainly 

upon the ventilation parameter K and the Froude number. But in 

any case if the Reynolds number effect is not strong c
0 

is 

essentially a volumetric process and thus for example does not 

depend upon the absolute magnitude of the ambient pressure. We 

can therefore characterize the steady state ventilation results of 
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the present experiments by the air flow coefficient c
0 

or by 

the ventilation parameter K as they are related to each other. 

It should be clear that if the gas is a condensible one or if the 

density of the gas is comparable to the surrounding liquid flow, 

additional scaling parameters have to be included. 

Under some conditions instabilities of ventilated flows are 

observed (Ref. 9) but none were observed in these experiments. 

Scaling laws for the dynamic process of the start-up of 

the ventilated flow remain to be investigated. The transient data 

given in Table l for the various configurations are really not 

sufficiently fine-graded nor are there changes in model scale 

which would permit such scaling laws to be established. As 

already briefly discussed the time required to establish a certain 

fraction of the ultimate force does depend upon tunnel speed as 

well as the air flow coefficient. For example, for hole configuration 

No. 5 at speeds of 11 and 22 feet per second respectively and at 

the relatively high air flow coefficient c
0 

= 1. 2 x 1 o- 2 the time 

to establish 70 percent of the ultimate force is 0. 5 and 1. 0 seconds 

respectively. However, the time to establish only half the ultimate 

force is the same at the two speeds, namely 0. 2 seconds. It is 

difficult to imagine a kinematic process in which time would scale 

directly with the velocity. While it is generally true that higher 

tunnel speeds require longer times, the initiation of the process 

seems to be somewhat time-independent as some of the data for the 

50 percent force level of configuration No. 10 show. But this point 

cannot be settled until dynamic scale experiments are undertaken 

for this specific purpose. Lacking this information, it can only be 

assumed on the basis of geometric similarity that the time required 

to establish the force should be proportional to the square of the 

length dimension divided by tunnel speed. 

In an effort to understand somewhat more fully the physical 

events taking place during the start-up of the ventilation process, 

a few high-speed movies were taken and assembled into a short film 
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strip (Ref. 1 0). These motion picture photographs were taken of 

the ventilation process on hole configuration No. 1 0. It can be 

seen from these photographs that when the maximum air flow is 

injected into the originally fully wetted flow, the cavity grows 

quickly and to a greater extent than its ultimate size. But the 

surface of the cavity is not smooth and is extremely rough and 

corrugated. Initiation of cavities which have a lower c
0 

on the 
-3 -2 

order of 10 rather than 10 produce more smoothly growing 

cavities and apparently result in a less disturbed liquid flow about 

the profile. From this standpoint, hole configurations No. 8, 9 

and 10 are probably superior to a single hole as the supply of air 

is spread over a larger area in the growth phase. Visual obser

v ations of the injection through hole configuration No. 5 under the 

maximum air flow rate revealed that a jet of air was shot into the 

surrounding liquid flow and it took a considerable length of time 

for this initial disturbance to pass away. Indeed this was the 

reason for the deflector study as previously mentioned. At such 

high initial rates of injection, the two-phase flow about the profile 

does not resemble the ultimate ventilated cavity that is produced 

and instead acts as if it were merely a jet issuing normally from 

the surfaceo However, data of Table l show that even for the 

single hole injection, if the steady state air coefficient is sufficiently 

low the ventilated pattern is established reasonably rapidly. This 

problem of initiation of the ventilating process clearly needs further 

attention, especially if one is interested in short reaction times. 

All of the build-up times discussed so far have taken place 

with the air pres sure within the lines supplying the ventilating cavity 

at its highest value - around 80 psig. This supply pressure then 

decayed to its steady state value for the lower air flow coefficients 

as seen in Figure 21. Additional experiments were made in which 

lower initial injection pres sure (but having the same steady state 

air flow rate coefficient) were used. All of these resulted in longer 

build-up times. 
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4. Concluding Remarks 

From the experimental data presented herein, sizable 

forces can be obtained by selective ventilation over a small portion 

of the circumference of a ring wing. These forces are thought to 

be sufficient to provide a useful control function, perhaps for an 

underwater body such as a torpedo. It would be desirable to carry 

out a refined calculation of the effect of selective ventilation on 

ring wings and other forms of hydrofoils with finite aspect ratio 

for the purpose of making more accurate design estimates. 

This selective ventilation procedure seems to work well 

provided that the original fully wetted flow about the hydrofoil 

has no separation zones. Then the steady ventilation and the start-up 

and termination processes are all accomplished in an orderly manner. 

The termination process is quick and would be comparable to a 

movable surface type of control, but the start-up process does 

take a longer time and is apparently governed by dynamic processes 

not yet understood. Further work concerning the dynamics of the 

injection process for selective ventilation is certainly in order. 

In either case, however, the selective ventilating process 

can be started and stopped within a time corresponding to the distance 

that the freestream velocity requires in travelling approximately 6 

to 10 chord lengths which is a time sufficiently short to conceive of 

using this technique in a practical application. 
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TABLE 1 

BUILD- UP TIME AND LIFT INCREMENTS FOR VARIOUS VENT HOLE CONFIGURATIONS 

Tunnel Angle of 
T. 7 T, 7 T, 5 T.5 Vent Hole Speed Attack 

t::,.CL CQ Designation ft/ sec de g. sec, chords sec. chords ----
1 10 0 0.2 6 

2 18.5 0 0,040 2 x 1 o- 3 
o. 15 8,3 

5 11 0 0.032 -4 
o. 1 3.3 2 X 10 _

2 
5 11 0 0.045 1.2xl0_2 

0,5 16.6 0.2 6.6 
5 11 0 0.056 2.5xl0 

2 
1.0 36 0.2 6.6 

5 11 0 0.065 4.6 X 1~- 1.5 50 o. 5 16.6 
5 22 0 0.027 6 x 1 o-

2 
0,2 13 

5 22 0 0.045 0. 6 X 1 0= 2 
0.8 53 o. 15 10 I 

5 22 0 o. 052 1.0 66 0.2 13 
N 

l.3xl0_2 00 

5 22 0 0.062 2.0xl0_ 4 1.3 86 0.3 20 
I 

5 11 -3 0.027 2.8 X 10_ 2 o. 1 3,3 
5 11 -3 0.048 l.2xlo_2 o. 5 16.6 o. 15 5 
5 11 -3 0.060 2.5xl0

2 0.5 16.6 o. 15 5 
5 11 -3 0.068 4.6xl0- 0.8 26 0,2 6. 6 
5 11 -3 0.029 6 x 1 o-4 _

4 0.2 13 <0.1 6.6 
5 11 +3 0.027 l.9xl0_ 2 0.2 6.6 
5 11 +3 0.039 l.2xlo_ 2 

o. 3 10 o. 1 3,3 
5 11 +3 0.049 2.5 x 10_ 2 1.0 33 0,4 13.2 
5 11 +3 0,063 4. 6 X 10 1.5 50 0.4 13.2 

7 11 0 0,032 -4 
0.05 1.6 1.9 x 10_ 2 

7 11 0 0.044 l.3xlo_ 2 0.5 16 o. 1 3. 3 
7 11 0 0,062 4. 6 X 10 1.5 50 0.2 6.6 
7 22 0 0,034 7 x 1 o-4 _

4 o. 1 6. 6 
7 11 -3 0,035 3,3xlo_

2 
0.05 1.6 

7 11 -3 0,047 l.3xl0_ 2 0.5 16.6 o. 1 3. 3 
7 11 -3 0.053 4,8 X 10_ 4 0.7 23 0.2 6.6 
7 22 -3 0.032 7.5xl0 o. 15 10 



TABLE 1 (continued) 

BUILD-UP TIME AND LIFT INCREMENTS FOR VARIOUS VENT HOLE CONFIGURATIONS 

Tunnel Angle of 'T,7 'T.7 'T,5 T• 5 
Vent Hole Speed Attack 

.6-CL CQ chords chords 
Designation ft/ sec de g. 

sec. sec. 

--
11 +3 0.030 -4 

0.05 1.6 7 1.9xl0_2 
7 11 +3 0.041 1.3xl0_2 

0.20 6.6 0 0 1 3.3 
7 11 +3 0.058 4. 7 X 10 _

4 1.2 36 0.2 6.6 
7 22 +3 0,031 4, 2 X 10 o. 15 10 

8 11 0 0.026 
-4 

0.05 1.6 3.43xl~4 
8 22 0 0,032 9.2xl0_ 4 0.06 4 
8 11 -3 0,025 2.3xl0_ 4 o. 1 3.3 
8 22 -3 0.030 9.0xl0_ 4 o. 15 10 

1.6 
I 

8 11 +3 0.023 3.0xl0_ 4 0.05 N 

+3 0,026 0,04 2.6 ~ 8 22 13.6xl0 I 

9 11 0 0,033 -4 
0.06 2.0 10.2xl~4 

9 22 0 0,036 9.6xl0_ 4 o. 1 7 
9 11 -3 0.034 9.7xl0_ 4 0.06 2,0 
9 22 -3 0,041 9. 8 X 10 _4 0.2 13 
9 11 +3 0.025 10,lx1~4 0,05 1.6 
9 22 +3 0.031 8. 6 X 10 o. 1 7 

10 11 0 0.038 
-4 o. 1 3.3 0.05 1.6 8.3xl0_ 4 

10 22 0 0.037 6.0xl0_ 4 0.3 20 o. 1 6.4 
10 11 -3 0.045 8,3xl0_ 4 0.2 6.6 o. 1 3.3 
10 22 -3 0.043 5.8xl0_ 4 

o. 5 33 o. 1 6.6 
10 11 +3 0,031 7.5xl0_ 4 0.05 1.6 
10 22 +3 0.031 6, 0 X 10 0.05 3.2 
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Fig. 1 - Sketch of ring wing assembly in tunnel 
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Fig. 3 - Lift coefficient versus ventilation parameter for 
various vent hole configurations. Re = 6 X 1 o5. 
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3 Holes 5 Holes 9 Holes 

Fig. 8 - Photographs of selective ventilation on the ring wing at a speed of 18. 5 feet 
per second and zero angle of attack for the Nos. 4 , 3, and 2 hole configurations 
with a ventilation parameter of 0. 055. 



(a) (b) 

Fig. 9 - Photographs showing that there is no interference between two ventilated 
cavities. In (b) the bottom cavity is unaffected by the presence of the side cavity. 



Fig. l 0 - Photographs (taken at random) showing the sequence of cavity breakaway when 
the air supply is shut off. One ventilation hole is used, the angle of attack is 
zero degrees and the tunnel speed is 18. 5 feet per second. 



(a) (b) (c) 

Fig. ll - Oscilloscope traces of the force response. The upper 
trace shows the decay of the lift force when the ventilation 
supply is terminated. The lower shows the build-up of the 
force as ventilation commences. (a) is for a single port, 
(b) is for the nine-hole ventilation configuration (No. 4), 
(c) same as (a) except that the tunnel speed is 11 ft/ sec. 
The time scale is 0, 2 seconds per major division and the 
tunnel speed is 18. 5 feet per second. Time increases to 
the left. 



(a) 

Fig. 12 - Photograph (a) and force traces (b) and (c) showing 
incomplete cavity break-off in the absence of a trip wire 
when the ventilation supply is terminated. A single 
ventilation hole is used. The time scale on the 
oscilloscope traces is 0. 2 seconds per major division. 

(c) 

(b) 
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Fig. 13 - Force coefficients versus angle of attack with various 
air flow coefficients for the ring wing at a speed of 11 
feet per second (Re = 3. 6 x l 05) for ventilation hole 
configuration No. 5. 
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Fig. 14 - Force coefficients versus angle of attack with various 
air flow coefficients for the ring wing at a speed of ll 
feet per second (Re = 3. 6 x l o5) for ventilation hole 
configuration No. 6. 
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Fig. 15 - Force coefficients versus angle of attack with various 
air flow coefficients for the ring wing at a speed of 11 
feet per second . (Re = 3.6 x 105) for ventilation hole 
configuration No. 7. 
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Fig. 16 - Force coefficients versus angle of attack with various 
air flow coefficients for the ring wing at a speed of 11 
feet per second (Re = 3. 6 X 1 o5) for ventilation hole 
configuration No. 8. 
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Fig. 1 7 - Force coefficients versus angle of attack with various 
air flow coefficients for the ring wing at a speed of 11 
feet per second (Re = 3. 6 x 105) for .ventilation hole 
configuration No. 9. 
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configuration No. 1 O. 



_J 0.3 u 
<J HOLE c ON FIGURATION 

-

1- 0 ( I } 
z 
w 6 (4} 

0 ( 5} ~z 
a:: 2 0.1 v (7} -
Ul-z<[ 
-..J 

1-1-
zz 
ww _> 
u 
u.::E 
u_O 
wa:: 
ou. 
u 

1-
u. 
..J 

0 (8} -

«> (9} 
e (I 0) 

0 
0 - - --o - ..II!v- - -~ -

-- --~ --- -- ---

0.01 -4 
10 

0 

- _l:J. _____ 

0 

6 

0 

0 

-
I0-3 -

I0-2 

AIR FLOW RATE COEFFICIENT, Co 

Fig. 19 - The effect of air flow rate coefficient, C , on the lift 
increment for selective ventilation for v~rious ventilation 
hole configurations. 

-
-

-

-

10-l 



(a) 

• 

(b) 

~·,,~~ 

"· .. . ~ y-,., ··,· ' 

c 0 = 4. 1 x 1 o- 4 (a) CQ = 1.3 X 10-2 (a) 

CQ = 1.9 X 10-4 tb) CQ= 1.3 X Io-
2 (b) 

Fig. 20 - Photographs of the ventilation cavity at zero angle of 
attack and various air flow coefficients on (a) ventilation 
hole configuration No. 5 (single hole), and (b) hole 
configuration No. 7 (cut-away deflector). 
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Fig. 20 - (Concl.) Photographs of the ventilation cavity at zero 
angle of attack and various air flow rate coefficients on 
(c) ventilation hole configuration No. 10 (nine l I 16 inch 
holes). All photographs unless otherwise mentioned 
were taken at a tunnel speed of ll feet per second. 
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Fig. 21 {a) - Force time traces for zero angle of attack with hole 
configuration No. 5. Unless indicated, the tunnel 
speed is 11 ft/ sec. The upper trace is the force and 
the lower trace is the supply pressure. The major 
time division is 0. 5 seconds and time increases to 
the left. 
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Fig. 21 (b) - Force time traces for zero angle of attack with hole 
configuration No. 7. Unless indicated, the tunnel 
speed is 11 ft/ sec. The upper trace is the force and 
the lower trace is the supply pressure. The major 
time division is 0. 5 seconds. 
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Fig. 21 (c) - Force time traces for zero angle of attack with hole 
configuration No. 10, Unless indicated, the tunnel 
speed is 11ft/sec, As in (b) and (c) the upper portion 
of each trace is the force and the lower part is the 
pressure. The upper diagram has a time scale of 0, 5 
seconds per major division and the lower diagram of 
each pair has a scale of 0. l seconds per major division. 
The time histories for configurations 8 and 9 are similar. 
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APPENDIX 

TABLE A-1 Dimensionless Coordinates Used for 10 Percent 
Clark Y Ring Airfoil 

x/c 
y/c upper y/ Clower x/c y/cupper y/ Clower 

0 • 0299 • 0299 .350 • 0995 0 

• 001 • 0344 • 0252 .400 .0974 0 

• 002 • 0364 0 0232 • 450 .0940 0 

• 003 • 0377 0 0221 o475 • 0920 0 

• 004 • 0387 0 0212 0 500 0 0899 0 

.006 • 0408 • 0196 0 525 0 0872 0 

.008 • 0427 • 0185 • 550 .0845 0 

0 010 • 0444 • 017 5 • 575 • 0817 0 

• 01 5 .0485 .0155 o600 • 0782 0 

• 020 • 0519 • 0138 0 625 .0750 0 

• 02 5 • 0553 • 0125 o650 • 0710 0 

• 030 • 0580 • 0114 o675 • 0670 0 

.040 • 0632 .0095 o700 0 0628 0 

• 050 • 0674 • 0079 • 725 • 0582 0 

• 070>:, • 0741 • 0057 • 750 • 0540 0 

0 090 • 0797 • 0042 .775 • 0496 0 

.110 • 0843 0 0030 • 800 . • 0446 0 

.130 • 0881 • 0020 • 825 0 0395 0>:,,:, 

.150 0 0914 • 0013 .850 • 0342 0 

.170 o0940 • 0010 o875 • 0295>:,,:, 0 

.190 0 0964 .0006 0 900 • 0244 0 

.210 • 0'}80 • 0003 • 925 • 0190 0 

o230 0 0988 0 0001 • 950 • 0140 0 

.250 • 0994 • 0001 • 97 5 • 0089 0 

.300 .1000 0 1.000 • 0030 0 

Leading edge radius = Oo0109c. 
-·-
,,.Approximate location of trip wire (diameter= 0. 0025c) 

>:'benotes that all subsequent points have been slightly modified for 
fabrication 
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APPENDIX 

TABLE A-2 

VENT HOLE CONFIGURATIONS 

Description 

Three l I 32 inch holes spaced at one inch around circumference 

Nine l I 32 inch holes spaced at l I 8 inch around circumference 

Five l I 32 inch holes spaced at l I 8 inch around circumference 

Three l I 32 inch holes spaced at l I 8 inch around circumference 

Single hole (l I 8 x 3 I 6 inch) 

No. 5 with deflector 

Noo 5 with cut-away deflector 

Six l I 16 inch holes 

Eight 1 I 16 inch holes 

Nine 1 I 16 inch holes 
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Schematic diagram showing hole configuration No. 5 and outline 
of plenum chamber for hole configurations No. 1 - 4. 
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Schematic diagram of hole configurations Nos. 6 and 7 
showing plenum chamber. 
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