HOW AERODYNAMIC LIFT IS PRODUCED

There are several explanations that have been offered for how aerodynamic lift is produced on an airfoil. Some of these explanations are given with almost religious fervor, which sometimes generates heated intellectual debate over which is correct. Such discussions are a matter of philosophy as to which explanation is the most fundamental. The following is my philosophical conviction as to the most fundamental mechanisms used by nature to generate lift. 

To begin with, we have to keep in mind two fundamental aspects:

1. Consider the flow over an airfoil (a section of an airplane wing). The generation of lift on this airfoil is, in its most fundamental aspect, due to two fundamental laws of nature which she applies to the physics of the airflow: (1) Mass is conserved, and (2) Newton’s 2nd law, namely force equals mass times acceleration. You can not get more fundamental than these laws – in classical physics, they are the way nature works.


2. In the flow over an airfoil or any body immersed in a flowing fluid, nature generates a pressure distribution over the surface, and a shear stress distribution (due to friction) over the surface. These are the two hands of nature by which she reaches out and grabs hold of a body in a flow.  Imagine that you pick up a book with your two hands.  The book feels a force exerted by you on the book. How is this force transmitted from you to the book? Answer: The skin of your hands is literally in contact with the cover of the book, transmitting a force to the book. The air in contact with the surface of the airfoil transmits a pressure and shear stress to the surface of an airfoil. Pressure and shear stress are the two hands of nature that transmit an aerodynamic force to the airfoil.


The lift is mainly due to the pressure distribution on the surface; shear stress has only a small effect on lift. In general, for an airfoil that is generating lift, the average pressure exerted on the top surface (pressing down on the airfoil) is smaller than the average pressure exerted on the bottom surface (pressing up on the airfoil). With lower pressure on the top and higher pressure on the bottom, presto --  lift on the airfoil. Therefore, let us concentrate on how nature creates this situation, i.e., how nature produces the pressure distribution over the surface of the airfoil. 


First, the flow velocity is faster over the top surface and slower over the bottom surface. Why? Because mass must be conserved. Consider a thin tube of airflow ( a stream tube) approaching an airfoil. Imagine you are the stream tube. You see the airfoil in front of you.  The airfoil has shape and thickness, and /or is at an angle of attack to the flow, such that it presents a partial obstruction to the flow. As you flow around the leading edge and over the top of this obstruction, you get squashed a small amount, i.e., the cross-sectional area of the stream tube decreases. (This is clearly seen in smoke flow pictures of flow over an airfoil, where the filaments of smoke actually get squeezed down in area as they flow over the top surface near the leading edge.) You are squashed because the airfoil (the obstruction) is on one side of you, and the air above you is on the other side of you, and this air above you does not totally move out of your way. Hence, you are squeezed. (This may sound very simplistic, but this is what actually happens.) Here is where mass conservation comes into the picture. The mass flow through a stream tube must be the same past any cross-section; if it were not, then mass would be created or destroyed somewhere in the stream tube, which can not happen. In order for the same mass to flow through parts of the stream tube where the tube area has been made smaller, the flow velocity must speed up in these parts. Presto -- higher velocity over the top surface of the airfoil.


Now let us invoke the famous “Bernoulli principle”, namely that when a flow speeds up, the pressure goes down. This comes from Newton’s 2nd law, namely, force equals mass times acceleration. Bernoulli’s equation is derived by applying Newton’s 2nd law to a moving element of fluid. Because the flow speeds up as it flows over the top surface of an airfoil, as explained above, then the pressure over the top surface must go down.  The flow velocity over the bottom surface is lower than over the top, hence the pressure over the bottom surface is higher than on the top. This imbalance of pressure (higher on the bottom and lower on the top) creates an upward force on the airfoil – the lift.


Please note: In nature, the velocity increase does not come first, and the pressure decrease does not come second, or vice versa.  Nature does all this simultaneously, applying the fundamental laws all at the same time. Nature sets up a velocity field and a pressure field simultaneously, fields that obey the fundamental principles.

So there you have it. The absolute fundamental principles of mass conservation and Newton’s 2nd law are the reasons why lift is produced, and we have just explained how nature invokes these two principles to create lift on an airfoil. This is what nature does. I can not advance a philosophy on the generation of lift more fundamental than this, although it takes a full page to explain it. The modern discipline of computational fluid dynamics (CFD) follows through on this philosophy. In CFD you solve on the computer the continuity, momentum and energy equations for a fluid flow, equations which are statements of mass conservation, Newton’s 2nd law, and energy conservation (the first law of thermodynamics). This is what CFD starts with. The end product of CFD is the calculation of the pressure and shear stress on the surface of the airfoil, just the way nature does it. Then you have to integrate the pressure and shear stress distributions in order to calculate the aerodynamic force, just the way nature does it. With this perspective, it is easy to explain some details about lift on an airfoil. For example, in a typical situation, about 70 percent of the lift is due to the lower pressure on the top surface, and only 30 percent comes from the higher pressure on the bottom surface. Also, most of the lift comes from the front part of the airfoil, where the pressure difference is most extreme. The tapered rear portion of the airfoil is there mainly to enhance streamline flow and avoid flow separation from the airfoil surface.

COMMENTS:

1. An alternate, much simpler explanation for the generation of lift is sometimes offered, as follows.  Consider an airfoil at an angle of attack. The flow coming into the airfoil is deflected downward by the airfoil.  Newton’s 3rd law states that for every action there is an equal and opposite reaction. In this case the reaction is lift. In reality, this “explanation of lift” deals with the effect of lift; it is not the cause of lift. Consider the airflow over the airfoil. The air exerts a force on the airfoil (lift). This is achieved in the manner discussed earlier.  The equal and opposite effect is that the airfoil exerts an equal and opposite (downward) force on the air.  Due to this downward force, the air is deflected in the downward direction. 

2. The question is often asked, how is lift produced on a flat plate (no thickness and no camber)? The answer is:  the flat plate at an angle of attack to the flow presents the “obstruction” to the flow that we mentioned earlier.  Consider a stream tube that impinges on the bottom surface very near the leading edge. A stagnation point (zero velocity) occurs at this point on the bottom surface.  The stream tube then flows upstream from this stagnation point, underneath the plate, and curls around the sharp leading edge. As it goes around the leading edge, it is severely squashed, and the flow velocity greatly increases at the leading edge. (Theoretically, the flow velocity goes to infinity at the leading edge.) Therefore, the pressure right at the leading edge on the top surface is very low. As the air flows downstream over the top surface of the plate, the velocity gradually decreases, and the pressure gradually increases, but it stays lower than the pressure on the bottom surface. The net pressure difference creates the lift on the plate. This picture of the flow over the plate is absolutely confirmed by experiment and computations. 

3. The question is often asked, how does an airfoil, when turned upside down, produce lift? The answer is: the same way as described earlier. Consider a conventional airfoil with positive camber at, say 5 degrees angle of attack. It will still produce lift when turned upside down, but to produce the same amount of lift the angle of attack will have to be larger, say 8 degrees.

4. The Coanda effect has been invoked by one person to explain why the flow curls over the curved surface of an airfoil, thus speeding up the flow.  This is a red herring. The Coanda effect is a special effect that prevails in a low speed flow where there is a large gradient in kinetic energy perpendicular to the flow. This explains why a gentle stream of water will curl around the back side of a pencil, but it has no real place in the general aerodynamics of the flow over an airfoil. 
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