Cadet and STEM senior lectures on aeronautics
Capt. Peter Higgins, CAP, PhD
4. Airplane wings
Wing geometries are defined by the National Advisory Committee for Aeronautics, NACA, in their 4-digit libraries. Wing shapes are described by chord and camber lines, location of maximum thickness about these lines and angle of attack as shown in the figure below. 
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	Airfoil descriptive terms


Following are sample graphics from Xfoil and Javafoil. Both programs are free, and run in Windows 7.
4.1 Wind tunnel performance
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Plotted are streamlines of simulated airflow around an airfoil. A color marker of equal time in ms is inserted every 10 ms to mark positions of particles in the flow. By experiment we can observe that particles in the flow travel faster over the top of the airfoil for a small angle of attack. This is associated with streamlines closer together in the top flow. The Bernoulli principle tells us that as streamtubes narrow, flow velocity increases. HOWEVER, it is observed that top and bottom flow do not rejoin at the trailing edge in equal times. This is a common fallacy refuted by experiment
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When steady flow has developed, zones of zero flow velocity are established below the leading edge at the front of the airfoil, and just at the training edge. Initially, these stagnation zones were upward on the wing forcing the flow on the back of the wing to a high velocity counterclockwise up and over the edge to a point slightly forward of the edge on top. This rapidly moves aft as flow develops to the trailing edge - called the Kutta condition. Observation also shows that the flow at the front of the airfoil is forced upward, and at the back, downward. What is not evident here, because of scale, and flow modeling considerations, is that flow next to the surface is at zero velocity. The very thin layer in which the flow transitions from zero at the surface to the undisturbed stream velocity is known as the boundary layer which was discovered by Prandtl for flat plates in the 1920's
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Detail of the above. Note the change of length of the equal time color markers, and the narrowing of the flow tubes.
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Here we can observe changes in lift determined from changes in top and bottom surface flow velocities, as related to angle of attack. In the first picture, 0 degrees AOA there is no lift, as angle of attach increases through 5 to 10 degrees 
lift increases. At too much AOA, flow separates from the top surface and the wing will stall
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Here we see the resultant pressure distributions from Bernoulli for the three angle of attack cases. Pink represents high pressure. It is observed that high pressure occurs at the stagnation points, and under the wing at high AOA. But, mostly lift in these terms is the result of the flow pulling (sucking) the wing upward and not the result of the flow pushing it up

4.2 Mathematics of wing performance analysis: potential theory
Nikolai Zhukovsky, considered by many the father of aerodynamics originated the Zhukovsky transformation in the early twentieth century. This transformation, called a conformal mapping, transforms an imaginary number ç =  µ + iϒ from one mathematical space to z = x + iy in another space. This transformation takes the simple form:
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An important attribute of this transformation is that it is mapping orthogonal variables.
Inspection of the top two graphs in the figure below (the one on the top right being a Zhukovsky transform of the circle on the top left) shows the remarkable consequence that a circle is transformed to a wing. Furthermore, by varying parameters we can make the shape of the wing model those of real aircraft.
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The Zhukovsky transformation becomes very important in wing analysis because the airflow around a wing (not counting the boundary layer) can be described by two orthogonal variables: the stream function and the velocity potential.
Now it turns out that mathematicians can describe flow around a moving sphere in an airstream in terms of these two variables using a technique called potential theory. From this the velocity and pressure fields around a flying ball can be determined. So using the Zhukovsky transformation on these, the velocity and pressure fields about a wing are determined as shown in the bottom two graphs in the above figure. 
4.3 On-Line free computer programs for wing performance analysis
The Cessna 182 wing, NACA 2412, is analyzed by the MIT XFoil program, and by Javafoil, to quantify wing performance.
4.3.1 Xfoil
XFOIL is an interactive program for the design and analysis of subsonic isolated airfoils. Given the coordinates specifying the shape of a 2D airfoil, Reynolds and Mach numbers XFOIL can calculate the pressure distribution on the airfoil and hence lift and drag characteristics. The program also allows inverse design - it will vary an airfoil shape to achieve the desired parameters. 
XFOIL was first developed by Mark Drela at MIT as a design tool for the MIT Daedalus project in the 1980s. It was further developed in collaboration with Harold Youngren. The current version is 6.99, released in December 2013. Despite its vintage, it is still widely used.
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	Cp, no flap, 3 degree angle of attach
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	Cp, 10 degree flaps, 3 degree angle of attach
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	Glide ratio vs angle of attach


4.3.2 Javafoil
JavaFoil is a relatively simple program written by Dr. Martin Hepperle in Germany, which uses several traditional methods for airfoil analysis. The following two methods build the backbone of the program: 
· The potential flow analysis is done with a higher order panel method (linear varying vorticity distribution). Taking a set of airfoil coordinates, it calculates the local, inviscid flow velocity along the surface of the airfoil for any desired angle of attack.
· The boundary layer analysis module steps along the upper and the lower surfaces of the airfoil, starting at the stagnation point. It solves a set of differential equations to find the various boundary layer parameters. It is a so called integral method. The equations and criteria for transition and separation are based on the procedures described by Eppler. Compared with CalcFoil, this module has been completely rewritten and cleaned up.
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	NACA 2412 Cessna 182 wing with 10 degree flap


	[image: image12.jpg]LIl Egatel ] OF ) b






	Flow visualized around Cessna wing with 10 degree flaps
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