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Abstract





Recent research within the Brite-euram project SEABUS-HYDAER  has identified a new solution to the problem of operating profiles and foils at supercavitating speeds without supercavitation or cavitation. 





The tested and reported configuration consists of a special groove perpendicular to the flow direction which does incitate in a conrolled way creation of a true two-phase boundary layer. Since sonic speed in two-phase flow water-air is below some 30 m/s, at high speeds this boundary layer behaves like a supersonic flow over the foil. Downstream pressures cannot propagate upstream, and therefore a supercavitating bubble does not form. 





Foils equipped with this special groove do show a continuous lift characteristic without cavitation or supercavitation at any speed.





This opens up quite unexpected new applications for foil-controlled riding and classic propeller propulsion systems for very high speed.








Problem


With high speeds and low sigma we get cavitation and supercavitation on classic profiles. Cavitation causes material problems. Supercavitation leads to cavitation bubbles going beyond trailing edge of profiles thus avoiding material problems, but cause very pronounced dependence of bubble-configuration on angle of attack.





Solutions


This has in the classic problem solutions led to limits of speeds in propellers (waterjets), and angle of attack ranges allowed for in foils. 


In propeller design we find profiles with stable cavitation inception near leading edge, facilitating development of supercavitation.
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The above profile is typical for a profiles used in high speed applications. It exhibits cavitation inception at leading edge above very small angles of attack.











Very high speed foils usually are truncated and are used for very small operational angles of attack in order to provide a stable supercavitation configuration.
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The actual example shown has a range of plus/minus 2 degrees angle of attack and exhibits supercavitation on the suction side above 40 kts in ventilated status.








New solution


Creating a true two-phase flow in the boundary layer on the foils suppresses formation of a cavitation/supercavitation bubble. The price to be payed is increased profile drag due to thicker boundary layer leaving the profile. In order to operate such a profile, there are some important changes in profile design necessary.


A profile with a two-phase flow in boundary layer has two different flow regimes between leading edge and trailing edge.


behind leading edge and before start of cavitation inception point a groove is located, that produces the two-phase mixing layer


behind the groove cavitation and/or supercavitation is now inhibited by the presence of the two-phase mixing layer
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a necessary feature of this new solution is a changed profile design. We distinguish a pronounced profile head, which has to provide cavitation free conditions at any speed, where we place the mixing layer producing groove. The profile tail follows classic designs. It is the part that contributes most for producing lift. It will not be subjected to cavitation or supercavitation at any speeds. Such profiles were developped and used by Supramar in the developments and tests. Because we have now a thickened boundary layer leaving the trailing edge, profile drag will be markedly increased. This is the price to pay for elimination of cavitation and supercavitation (material problems and/or limitation of allowed range of angles of attack)





The production of a true two-phase boundary layer is the innovative key element of such a new profile design. It was found doing research on lift control by airfeed. 


In hindsight is was accidental, that in the Wageningen tests by Supramar in 1967 air injection slots produced also a true two-phase mixing layer,  showing all the desired features of cavitation avoidance.


The IMHEF tests 1998/99 for development of ultra high speed control foils with airfeed for lift control did not at first reproduce production of a true two-phase mixing layer. Further analysis and tests on the conditions for production of such a two-phase mixing layer identified as necessary condition a minimum Re-number along the free mixing length along the injection groove for the denser water phase.





In the same extended tests it was shown, that for production of a stable two-phase mixing layer airinjection is not necessary, the gaseous phase originating in this case from air contained in the water and/or watervapour.  





Stability of a two-phase mixing without air is also explained and due to surface tension and vapour pressure interaction.


During extensive towing tests it was found that the reliable formation of an intensive mixture of air and water depends on the width of the slot measured in the direction of flow. The Reynold‘s number derived from this width and the speed of flow of the liquid must exceed 20000. The slot does not need to be deep, but should be at least equal to the thickness of the boundary layer of the water in the zone of the slot. The required necessary width of the slot is thus independent of the length of the profile, measured in the direction of flow, whereas the required slot depth is dependent on this length and on the position of the slot in the profile longitudinal direction.


Surprisingly it has been discovered that the mixing layer downstream of the slot even forms without air supply to the slot. For at the breaking edge of the upstream flank of the slot, the air dissolved in the water segregates in the finest of bubbles, which initiates the intensive mixing layer. Even any vapour bubbles that may form are so fine that they do not momentarily collapse as the pressure rises, but remain in the gaseous state, which likewise increases the compressibility of the two-phase mixture layer. 


In liquid droplets the vaporization is all the more prevented by the surface tension, the smaller the droplet. For small vapour bubbles in a liquid, the effect is the reverse. The smaller the vapour bubble, the more the evaporation in the vapour bubble is backed up by the surface tension. Small vapour bubbles therefore collapse much less easely than large ones.











Status of work





Validated evidence


Supramar has at a very early date started to do tests with airfed hydrofoils in order to achieve lift control at speeds above 30 kts and with high servo-bandwidth necessary for compensation of wave impact on the accelerations a hydrofoil vessel is subjected to.





In the late 60‘s there are two outstanding test results to consider. First the Wageningen very high speed towing tank tests with airfed control foils confirmed the principal operation of airfeed for instantenuous change of lift. Then practical tests with a 150 passenger hydrofoil boat of Supramar design in the Skagerrak confirmed the feasibility of instantaneous lift control by variation of airfeed for the purpose of reducing high frequency acceleration load experienced by the vessel due to orbital wave motion disturbances in crossed sea conditions. This was achieved by a control system using accelerometers and pendulums as control input to the airvalves.


At the time however the speeds of 60 kts were not surpassed and the mechanism of the injected air on profile behaviour was not understood sufficiently in order to support engineering for applications surpassing this speed limit and extending to real high speed cases well into the regime of supercavitation for classical foil technology. So project work extending to speeds over 60 kts (e.g. US-Navy in early 70‘s) was based mainly on concepts of supercavitating profiles, not achieving practical extension of the speed limit around 60 kts.





New evidence was won with a basic and detailed test series in the Lausanne high speed cavitation tunnel in 98 and 99 in the context of work done for the Brite-Euram project SEABUS-HYDAER, where Supramar had the task to develop foil-systems operating safely at speeds surpassing 120 kts.





At the core of this new test series was the insight, that if you achieve a real two-phase mixing layer from the point of the airinjection slot on any profile, then the peculiar properties of this two-phase mixing layer should lead to complete avoidance of any cavitation or supercavitation at any high speed.


The reason for this paradoxical result is that in a two-phase mixture of air and water sonic speed is reduced to a value of above some 25 m/s at a very wide range of void fraction values. The sonic speed for any medium is the square root of compressibility divided by mass density. For an air/water mixture this amounts to the result that compressibilty is given by the air contained and the mass density is given by the water contained, water having about 1000 times the mass density of air. 





Now if fluid velocity surpasses the sonic speed in the mixing layer, then the mixing layer itself is in supersonic flow with the consequence, that pressure disturbances along the profile can only travel in direction of flow. Secondly if pressure decreases the speed in the mixing layer will increase, thereby keeping its thickness within limits.


Certainly behind the profile at some stage the supersonic mixing layer will adjust to the speed of the fluid, most likely with something like a shock. From this it is clear, that the price to pay for complete avoidance of flow separation and/or any cavitation and supercavitation is increased profile drag. The order of magnitude is about the same as would be experienced by a truncated profile.





Our test results confirm this. We have verified successfully how to produce real mixing in an airinjection slot. The tests cionfirmed also engineering data for design of profiles with airfeed for lift control.





The complete test reports are available on CD.








Application outlook


We are proposing  two typical applications. 





1. Control foils for high frequency bandwidth lift control for very high speed applications, 


such as compensating rudders on high speed craft.





Expected performance data would comprise:


total lift variation using both foil sides up to a difference in Cl = 0.3


very fast reaction allowing total servo-bandwidth of more than 20 cycles per second


very low energy for control, air is controlled by valve and sucked in.





2. Development of propeller-profile-sections working at supercavitating speeds or near the conditions of cavitation inception.





Expected performance increase:


avoidance of material erosion by cavitation at any speed


smooth operation also in critical speed range, where normally cavitation is setting in


increased safety and probably efficiency in supercavitating operation, an alternative to ventilated surface piercing propellers 


changed noise pattern in high speed ”supercaviating” operation 
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