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The Primary Threat
Reduction of rotor efficiency related to the presence of stall zones on the blades is not the primary threat to a tiltrotor aircraft. The primary threat is that during low speed maneuvers and/or hover, those stall zones (points of energy leakage) are feeding the bubble of turbulent air that envelopes the rotor(s), with more energy. Losses of the engine power are literally channeled to and are “stored” in that bubble making it all bigger and more violent in time.





Can We Legitimize Turbulence In Design ?
A few years ago I was reading a report about development of a new family of fixed pitch propellers. Report was related to one of the great eVTOL companies. The project was huge, and they had a complex CAD system to support their work. Remarkably, the CAD system included a Monte Carlo algorithm, a module which was preparing data for a subsequent module within the long processing chain. There was not enough detail in the report to find out what the algorithm was used for in particular. But the size of the project, and the way it was referenced by the team of engineers, made the local importance of the Monte Carlo module unquestionable.
For those who, like me, left the schoolrooms too long ago: the Monte Carlo method belongs to the realm of probability theory within mathematics. It is mostly used to handle large sets of random data. The method helps to make forecasts for processes, which can’t be forecasted. Like lottery. In a nutshell. Fortunately, within aerodynamics and aviation it is quite easy to find cases involving large sets of random data. Such as turbulence. In turbulent flow the speed of the fluid at a point is continuously undergoing changes in both magnitude and direction. (Definition by the Encyclopedia Britannica. ) 
Zooming in on the propellers, turbulent flow happens mainly in connection with blade stall. So, the final “scientific” guess is that those engineers (and their CAD system) were using Monte Carlo to manage regimes where the propellers operated with heavy blade stall. It is not unusual in engineering to use statistical methods when straightforward calculation would be impossible. 
We know theoretically that the final results received in this manner, however, will inherit some uncertainty rooted in the probability method applied earlier in the process. It is known too that in practice these results are still safe and trustworthy. Unless – unless the real life conditions turn extreme. 
We know, for the VTOL industry, the flight regime of hover is far from being considered extreme. It is normal. Still, hover becomes “semi-extreme” when it is expected from VTOL aircrafts that fly as planes as well. Like tiltrotors do. For the tiltrotors just this extremeness of their capabilities is the key of success in the market. For them, therefore, it is important also to be good at it. (Very good!)
Hovering flight can produce large amounts of turbulent air. One of the bad scenarios is when the lack of a strong passing wind (characteristic for the cruise flight) is paired with blade stall. This latter, in parallel, keeps converting part of the engine power to turbulence of the air mass. A hostile bubble of turbulent air around the rotor is created. With time the bubble is storing even more energy, and is getting inflated further. A true recipe for the VRS.
Unfortunately, pilots only have limited control over blade stall. No on/off switch exists to handle it. (Joke.) Not yet. This post is aimed at suggesting a solution that will switch off blade stall for good. And – get rid of the Monte Carlo too. Or at least, maybe, to reduce it to a not so important option.


“Switching off” blade stall?
The suggestion is based on a way of observing the rotor blade as it works, and following the vector diagram of airspeed, graphically, as it changes on a 3D model.


Modelling a working rotor blade
1.
We watch the rotor/propeller like this. (No cyclic control considered.)
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2.
Aerodynamic model of the blade
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Viewer, facing towards the hub, travels along with a blade tip. Terrain seems to rotate in opposite direction. Blade is modelled as an array of segments with straight sides. Vectors of tangential velocity are shown for a certain RPM = const. Unusually (to facilitate compactness of drawing), blade sections are aligned by the trailing edge. (Effects on the pitching moment are neglected - just for now).



3.
Operation at design speed
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Vectors of the axial speed (VAX) and those of the resulting speed (VRES ) (or -VRES) are added.  VAX is kept constant and equal to the design value. Angle of attack (AOA) is not shown (*).
As expected, when the axial speed equals the design value, a full alignment exists between the blade surface and the twisting vector field of the VRES . It is shown on the GIF, how today’s propeller design-concept works: the changing shape of the vector-triangle (along the rotor/propeller radius) determines the way the rotor/propeller blade shall twist too. A simple formula - but only perfect for the design values of all conditions.


- - - - - - - - - -  - - - - - - - - - - - - -- - - - - - - - - -
(*) AOA has not been shown for several reasons:
a)	optimal value of AOA is around 4 degrees to produce the best lift-to-drag ratio. Small value, which can be graphically neglected here;
b)	to avoid clutter; (Main objective of these charts is to isolate segments of blade stall. It is done by indicating deviations of direction of the VRES, from that of the blade surface. Stall angle arcs overlap with AOA arcs such that it would make charting complicated.)
c)	finally, in practice, small (and constant) AOA values can always be handled passively - by choosing the right section profiles.










4.
Fixed pitch blade operating at changing airspeed
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This GIF is intended to show the way a fixed pitch propeller blade may react when – all other parameters kept constant – the axial speed starts changing.

Here (on the GIF) the axial speed 
· keeps changing from zero to a high value, and back;
· Periodical variation of the axial speed is used just for the sake of a meaningful animation showing the relationship between the axial speed and the rate of the AOA error;
· No cyclic control of blade pitch is considered!
· Bright yellow and green segments show the AOA error, i.e. differences between the angle of the resulting wind and that of the local blade angle. Therefore, we also can consider these segments as indicators of the presence of a stalled airflow. (Remember, due to its relative smallness – as also declared above – the correct part of the AOA has not been shown in the frames of the GIF. Just the errors.)
· Segments in bright green indicate the blade stall is happening in the regime of windmilling. Windmilling blades develop negative thrust, i.e. work as brakes.
At certain points, the blade stall and/or windmilling caused by the changes become so severe that normal operation of the rotor/propeller gets disrupted. In other words, application of fixed pitch rotors/propellers is strongly limited in speed. In practice the size of the speed range a fixed pitch propeller can be used in, can hardly reach 1/3 of a Mach.






5.	
Traditional variable pitch blade operating at changing airspeed
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Here, speed vectors of the resulting wind are shown united as a continuous vector field. A slightly twisting surface shaded in violet, with a single wide arrowhead showing direction of the airflow. (**)

Remarkable, although the range of the changes of the axial speed has even been increased(!) that zones of blade stall have shrunk significantly compared to those of the fixed pitch rotor/propeller. This is good news.
This happened due to the adjustable blade pitch, which followed the changing angle of the resulting wind. At the 75% of prop-radius the blade angle is kept in alignment with the angle of the speed of the resulting wind. Always. 
Unfortunately, due to the stiffness of the blades (a feature of the traditional design), perfect alignment between the resulting speed and the blade surface is only guaranteed at the .75R section of the blades.
Another detail to note is the presence on the blade of zones of both stall and windmilling at the same time.

- - - - - - - - - -  - - - - - - - - - - - - -- - - - - - - - - -
(**)	The purpose of making the speed vectors of the resulting wind look more dramatic is to call attention. This is why:
The bent piece of surface 
· has a precise mathematical description (Of course it has, because we have equations for the resulting airspeed for each point of the rotor radius!); 
· this is the surface an ideal rotor blade shall have to retain the attached airflow all over it, for all radiuses, and for all values of the axial speed;
· geometrical equations describing the surface will govern the way the blade shall twist - for all radiuses, and for all values of the axial speed.





Conclusion	
The above visualization indicates stall zones on a blade are created by imperfections – errors – of alignment between surfaces of both the blade and that of the vector field of the resulting wind. The AOA locally deviates from its optimal value, and (also locally) causes stall and maybe windmilling too.
Traditional rotor design is based on stiff blades, which guarantee further existence of the errors. For an alignment the vector field of the resulting wind would require a matching surface. It means the blade surface is expected to change shape the same way as the resulting airspeed does change its twist around the blade.
Main messages:
1. Scheme and geometry of the vector field of the resulting wind is known. (Also shown in motion on GIF No. 5.) We exactly know its mathematics. When a blade is substituted so it is capable to change shape accordingly, all the AOA errors will disappear immediately.
2. Important too: the traditional control and actuation systems of the blade pitch will remain unchanged. 
3. The morphing feature of the new blades does nothing, just corrects (practically omits) the errors the stiff blades used to make. 
4. Due to the size of the losses, which become eliminated by the new blades, it can be stated that
5. blade replacement here equals a real power upgrade of the whole propulsion system.
6. Simplicity of both the mathematics, and that of the option to implement such a blade mechanically is quite notable. For details of an implementation see the eBook at the stallfreepropellers.com website. (Also the math can be found in it, at pages 65-80.)
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