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DESIGN YOUR OWN



Airfoil



The Oshkosh Airfoil Program By Robert T. Jones and Rick McWilliams



Editor's Note: This article is the text of a seminar presented at Oshkosh '83 by eminent NASA aerodynamicist Robert T. Jones (EAA 114394), NASA, Ames Research Center, Moffett Field, CA 94035 and his collaborator, Rick McWilliams of Mountain View, CA. To ease the mathematical pain of designing your own airfoil as per Jones and McWilliams, a computer program is available for $10.00 from Susie McWilliams (EAA 152494), 908Rich Ave., No. 9, Mountain View, CA 94040. The package includes seven pages of text and pictures describing how to use the two page BASIC program. The program generates graphic pictures of the airfoils and pressure distributions. The "Oshkosh Airfoil Program" can be adapted to almost any personal computer; no changes are required to run it on a VIC-20 or APPLE He computer. IVloDERN AIRFOIL THEORY is based in large measure on the pioneering work of F. W. Lanchester in England, Wm. Kutta in Germany and N. Joukowski in Russia. Joukowski, in 1910 was the first to produce practical wing shapes and to calculate the distribution of pressure over the surface, the total lift and the moment. Joukowski's theory is based on the assumption that the air behaves as an incompressible, non viscous fluid. Since the flow of such a "perfect" fluid around a circular cylinder was known and had a simple form, Joukowski devised a formula to transform the circle to an airfoil. Joukowski's formula not only transforms the circle, but every external streamline around the circle to a corresponding streamline around the airfoil, giving in addition the flow velocities and pressures at corresponding points in the airflow.



ing velocity along the streamline. At the point of minimum pressure the acceleration stops and the flow will have reached its maximum velocity. Beyond this point the pressure rises and the fluid gradually slows to free-stream velocity. These relations are given precisely by Bernouilli's law connecting the velocities with the pressures, i.e.



Ap=P/ 2 v-P/ 2 v.» Here V is the velocity of the oncoming stream, or the flight velocity, in ft. per second, Vs is the local velocity in the streamline and p is the air density, .002378, at sea level. The Oshkosh airfoil program is based on the discovery that nearly all interesting airfoils can be obtained by two successive applications of the Joukowski transformation. The first transformation produces a small distortion of the circle, resulting in an oval figure. The second step transforms the oval to the airfoil. By manipulating five shape parameters one can obtain airfoils having extensive laminar flow on either upper or lower surfaces, or on both. Hence airfoils having the properties of the NACA 6 series and the 747 series can be obtained. The designer can vary the pitching moment,, the design lift coefficient, and the thickness. In addition, the pressure distribution at any selected angle of attack as well as the total lift and moment will be given. By a clever manipulation of the parameters such old-fashioned shapes as the Clark Y or the G-387 can be produced. The whole process uses but a small fraction of the capacity of a home computer and requires only a few seconds. Quite a few trials may be needed to produce the desired result. Each step, however, shows an example of the subtle relation between shape, angle of attack and pressure distribution and can be very instructive. The five parameters available in the program can produce an infinite variety of shapes, including shapes that will not work and pressure distributions that cannot be realized in practice. The results of the program thus need intelligent interpretation. To aid in this interpretation the user should have at hand the book by Abbott and von Doenhoff entitled "Theory of Wing Sections" (Dover Publications, Library of Congress #60-1601). More recent developments in this field will be found in articles by F. X. Wortmann (2), Dan Somers and R. Eppler (3). TRANSFORMATION OF CIRCLE TO AIRFOIL N. JOUKOWSKV. 1910



FIGURE 1 Streamlines Around A Lifting Airfoil



Figure 1 shows an airfoil with its streamlines as given by Joukowski's theory. Note first that the influence of the airfoil extends a considerable distance throughout the fluid, second that the streamlines enter the region of influence in a generally upward direction and that the airfoil



deflects them into a downward direction. Thus the airfoil develops lift by pushing the air down. The lift appears on the airfoil as a distribution of negative pressures on its upper surface and positive pressures below. These pressure differences extend throughout the fluid and are responsible for the changes in velocity and curvature of the streamlines. Beginning at the upper left of the picture, the



fluid accelerates toward the region of lower pressure, gain62 JANUARY 1984



FIGURE 2



To understand the program and the significance of the



shape parameters it is best to start with a simple Joukowski airfoil, in which only two of the parameters are varied. Fig. 2 shows how a Joukowski airfoil is constructed graphically. We first lay off X, Y axes and mark off the point +1 on the X axis. We then draw a circle passing through the point 1 with its center displaced upward and slightly to the left of the origin. The coordinates of the



displaced center of the circle are the shape parameters Xc and Yc of the airfoil. Increasing the value of Xc in the



negative direction will increase the thickness of the airfoil. Thus a value Xc = -0.20 will result in an airfoil thickness of about 21%. The value of Yc determines the camber, and again the fractional amount of camber is roughly equal to the value of Yc. Putting the center of the circle at the origin will result in a thin flat plate airfoil. The parameters Xt and Yt are the'coordinates of that point on the circle



where Va is the velocity on the airfoil and p is the air density.



which transforms to the trailing edge of the airfoil. For



the Joukowski shape the value of Xt is 1 and Yt is 0. The direction, or angle of attack for which the lift is zero is given by the line joining the points Xc, Yc and Xt, Yt. The theoretical lift at other angles of attack is given by the formula: CL = 2 TT aa o



Where Ot is the angle made by this line with the free stream direction, and a is the radius of the circle. The effect of the boundary layer is to reduce the lift and the lifting pressures by 10 to 20 percent, the exact reduction depending on the thickness of the airfoil and the Reynolds number. The transformation of the circle to the airfoil proceeds as follows: We draw a vector from the origin to some point Z on the circle. We then draw the "reciprocal vector", with



PRELIMINARY TRANSFORMATION OF CIRCLE



length equal to 1/Z at an equal angle below the axis. Using



the parallelogram rule for the addition of vectors, we construct the point Z + 1/Z. This gives the point on the airfoil. This simple construction can be carried out with a compass and a ruler. The determination of the flow velocity on the airfoil is almost equally simple. First, we must find the velocity on the circle and this is shown on Figure 3. We draw a line through the point Xt, Yt in the direction of the free stream. The point Z on the circle will lie at the perpendicular distance h from this line. The velocity on the circle is equal to: Vc = 2V h/a



where V is the free stream velocity and a is the radius of the circle. FLOW VELOCITY ON CIRCLE



VILOCITV •



FLOW VELOCITY ON AIRFOIL V
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FIGURE 6



Figure 5 shows a Joukowski airfoil, designated NACA 101 and tested in the variable density tunnel at Langley Field, and also in the Gottingen tunnel in Germany. Because of the large nose radius and deep camber, this airfoil showed exceptionally good stalling behavior, achieving an angle of attack of 30 degrees with only a slight drop in lift. Unfortunately, such extreme shapes have a rather high drag. The American tests are reported in NACA TR 391 (1931), and the German tests in TM numbers 422 and 768. To obtain airfoil shapes other than the Joukowski, we introduce a preliminary transformation which changes the circle into an oval figure. Instead of Z + 1/Z we use Z-"2~, where e is a small vector which may have two components. Fig. 6 illustrates the idea. The regular Joukowski transformation is then applied to the oval figure. By making the oval pass through the point + on the X axis, we



FIGURE 4



The velocity on the airfoil differs from the velocity on



the circle by a multiplying factor. Fig. 4 shows how this factor can be obtained graphically. The factor is the ratio



of the length of the vector Z to the length of a line drawn



from Z to the vector 1/Z. Expressed algebraicallly, the fac-



tor is ZAZ-l/Z). Multiplying the velocity on the circle at



the point Z by this factor, we obtain the velocity at the corresponding point on the airfoil. Knowing the velocity, we can determine the pressure on the airfoil from Bernouilli's law



insure that the airfoil will have a sharp trailing edge and we can derive a relation between e and the point Xt, Yt, which transforms to the trailing edge. Details of this calculation are in the appendix. As noted earlier, the value of Xt for the Joukowski airfoil is 1. The J airfoil has its maximum thickness at 25% of the chord, rather far forward. To move the point of maximum thickness back, we give Xt a value slightly



greater than 1, say 1.02 to 1.05 (never less than 1). Fig. 7



shows a section given by our program with Xt = 1.04. This section shows a shape and pressure distribution similar to the NACA 64 series, with favorable pressure gradients and the possibility of laminar flow back to 40% of



the chord.
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LAMINAR FLOW AIRFOIL



As in the case of the Joukowski airfoil, the direction of zero lift is given by the line joining the points Xc, Yc and Xt, Yt. The position of the aerodynamic center will depart only slightly from the 25% chord point. Estimates of the departure may be made by examining data in Abbott and von Doenhoff. The moment about the aerodynamic center is given very nearly by the formula Cmo = 2.21 Yt - 1.4 Yc FIGURE 7



Xc and Xt are thus parameters controlling the distribution of thickness along the chord. Xc may be thought of as a forward thickness parameter, with Xt controlling the middle thickness. By shifting the origin of the preliminary transformation along the X axis to a position delta, we obtain a third thickness parameter. Delta may vary between 0 and .8. Large values of delta can result in shapes quite blunt near the trailing edge. The parameters Yc and Yt control the camber of the airfoil. With Yt zero the camber depends on Yc and is nearly a circular arc. A positive value of Yt bends the trailing edge up, leading to airfoils of the NACA M6 type, REFLEX AIRFOIL TAILLESS



xc = yc= x,= Vt =



-0.094 0.034 1.03 0.022



4=0



FIGURE 8



suitable for tailless airplanes. Figure 8 shows such a "reflex" airfoil, together with the parameters that produce it. Also shown is the pressure distribution at zero angle of attack. The small loop in the pressure distribution is a region of negative lift which acts to reduce the nosedown pitching moment. By using a larger value of Yc and a small value of Yt one obtains airfoils of the Clark Y or G387 type. Since our airfoils are derived by a simple transformation from a circle, they have smoother shapes and pressure distributions than these counterparts. AIRFOIL SHAPE PARAMETERS Xc,yc,xt,y,



The real challenge of airfoil design comes when we try to predict the efffect of viscosity. Viscosity is, of course, responsible for the small, but very important profile drag, the stalling behavior and the maximum lift. In the normal flight range, viscosity will reduce the lifting pressures by 10 to 20 percent. Surprisingly, our solution of the inviscid flow equation is also an exact solution for the flow which includes viscosity. If the air could just slip on the surface, viscosity would have no effect whatever on the streamlines shown on Fig. 1. In real flow, however, the air cannot slip on the surface, but sticks to it developing a thin layer of rapid shearing motion. The fact that the influence of viscosity is confined to a thin layer near the surface in many cases was discovered by L. Prandtl in 1904. The standard measure of the relative importance of viscosity in a flow is the Reynolds number, proportional to the product of the wing chord and the flight speed. At a wing chord of one foot and a speed of 100 mph the Reynolds number is one million. The departure from Bernoulli's law in the outer streamlines will then be about one part in a million. The stress on the surface, however, may be as much as one one-hundredth the Bernouilli pressure. Hence, even though the air sticks to its surface, the wing can develop a lift-to-drag ratio of 100 or more. On a smooth flat plate the boundary layer may remain smooth and laminar for a considerable distance. Within about one meter it will typically grow to a thickness of about 3 millimeters. More usually, however, the boundary layer becomes turbulent. On an airfoil such as the G-387, having a turbulent layer over most of its chord, the turbulence will extend to about 3 centimeters above the wing chord at the trailing edge, though the effective thickness will be much less. The fact that the drag of an airfoil depends on the extent of the laminar portion of the boundary layer was discovered by B. M. Jones in England. The practical application of the idea however is due to E. N. Jacobs at NACA Langley Field, Virginia. In 1936 or 37 I (RTJ) was also at Langley. One day Jake approached me, in his usual excited state, with the question: "If I give you the pressure distribution I want, can you find the airfoil shape that will produce it? This seemed like an unusual, not to say difficult, question but after a few weeks I came up with an approximate answer based on Munk's thin airfoil theory. Some time later, Harvey Alien, who was also at Langley, came out with a more accurate method. It seemed that Jacobs wanted to find a shape that would have a "favorable" pressure gradient over as much of its surface as possible. Such a favorable gradient, with the pressure falling in the direction of the flow, would stabilize the laminar boundary layer and would result in a much lower drag. In his early experiments, Jacobs obtained drag coefficients



as low as .0022, less than Vs that of the usual airfoil. Figure 10 shows the distribution of skin friction over one of Jacob's early airfoils, the NACA 27-212. Airfoils having such properties can be produced easily by the Oshkosh Airfoil Program. Unfortunately, they are sensitive to



FIGURE 9 64 JANUARY 1984



small disturbances and are not now considered practical. Later research developed the well known "6 series".



Referring to Figure 10, it is noted that the skin friction remains low back to about 70% of the chord, where there is a rather sudden and large jump. The 27-212 was designed to have falling pressure back to just this point. Beyond that point the pressure rises, recovering to stream pressure. As soon as the laminar boundary layer encounters the rising pressure, it wavers, probably forming a small bubble of reversed flow. Beyond that point, the



boundary layer becomes turbulent causing a large increase of skin friction. At the same time the turbulence brings energy from the outer flow into the boundary layer, permitting it to continue against the rising pressure. At a very low Reynolds number the boundary layer might not become turbulent, but would separate over the whole rear of the airfoil, leading to a very large pressure drag. DISTRIBUTION OF SKIN FRICTION OVER THE SURFACE OF A LAMINAR FLOW AIRFOIL NACA 27-212



APPENDIX I: MATHEMATICAL SUMMARY



As noted in the text, the Oshkosh Airfoil Program utilizes two successive applications of the Joukowski transformation. Let Z = x + iy be a point on the circle. The first transformation, which produces an oval figure Z' near the original circle, is , L' The second transformation converts the oval to the airfoil, with coordinates , j- >V — L7 -1 Z —- AYa + »a ~^i The point Z' = 1.0 will transform to the trailing edge of the airfoil. To find Z(l) we solve equation (1) for Z' = 1 and introduce the shape parameters Z(l) = Xt ti Yt ; Then K = < Z 
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