
A Short Lesson In Aerodynamics

	Fluid dynamics is a field of engineering that studies the properties of fluids passing around and through objects.  Gasses are considered to be fluids, too, and so air is a fluid.  Aerodynamics is the study of air as it passes through and around all manner of objects such as automobiles and airplanes, and objects such as bicycles and their riders are also intensely studied.  As a frame of reference, the object is usually considered to be stationary with the air moving toward it, for example in a wind tunnel, but the effect is the same as if the object were moving with the same speed into a pocket of still air.  Most people have at least some concept of aerodynamics.  It is a fascinating subject that is readily understandable conceptually.  Beyond the conceptual level, aerodynamics can become immensely complex, and many mechanical engineers spend their whole careers gaining refined insights into its wonders.

	The reason that an aerodynamically efficient bicycle is fast is based on the same physics that makes a curve ball curve, a vacuum cleaner pick up dirt, an airplane fly, and two ships collide sideways if they travel too closely to each other.  It has to do with changes in pressure that a fluid exerts at different points on an object as the fluid passes the object.  Quantitative studies of fluid dynamics can become extraordinarily complex and highly mathematical, especially at certain extreme condition such as an airplane travelling near the speed of sound.  Fortunately for us, a qualitative understanding of the aerodynamics of bicycle riding is accurate enough and pretty easy to grasp.  

	Aerodynamic drag while riding a bicycle increases rapidly with speed to the point that most of the energy expended by the rider at a speed of, say, 25mph is used to overcome that drag.  There are two components of total drag: pressure drag and frictional drag.  We’ll discuss each of those components from the context of the two extremes of shape that a fluid might be called upon to go around, “bluff” and “streamlined”.  

	A “bluff” object is one whose shape has the following characteristics: irregularity; sharp, defined changes in its contours such as corners; and rough surface.  A cubic-shaped object is bluff.  Spherical and cylindrical objects are also bluff.  Air hits these objects head on and cannot smoothly pass around them.  The rider’s body is a bluff object and so are any round pieces of tubing in the bicycle frame, e.g., the head tube, down tube, etc.  Handlebars, helmets, shoes, and normal clothing are additional examples.  If you stick your hand out of a car at highway speed and face the palm toward the oncoming air, what you are feeling is the drag from the wind striking a bluff object, your hand.  Air cannot flow smoothly around a bluff object.  The air “separates”, as we say, from the object, and a wake of unstable air trails after it.  Energy-sapping eddy currents and low-pressure areas make up the wake.  Immediately behind the bluff object, there is actually a partial vacuum that “drags” the object backward, thus the term.  A round spoke has a bluff shape, and a 14-gauge spoke is more bluff than a 14/15/14-gauge, double-butted spoke.  Each spoke creates an energy-sapping wake, and the low-pressure area behind the spinning spoke creates a tiny partial vacuum that must be constantly overcome by the rider’s effort.  The total drag on the bluff-shaped portions of the rider and bicycle is mostly due to pressure drag from head-on wind.     

	Unlike bluff objects, “streamline” objects do not present an irregular shape to the head-on wind, and fluid is able to pass around them more easily.  The fluid does not separate into eddy currents, so there is no destructive wake left behind.  With pressure drag much reduced, the dominant contributor to total drag becomes the frictional drag component.  Frictional drag occurs very close to a surface that the air is passing and is actually due to electrostatic attraction between molecules in air and the component materials of the object, e.g., aluminum, carbon, etc.  Immediately next to the surface of a streamline object, say an airfoil like a wing, is a “boundary layer”.   Although the boundary layer of the fluid may have only miniscule thickness, it remains immovably attached to the surface.  Next to the boundary layer, however, is another layer that is less attracted to the surface and is more mobile.  As we move away from the surface, a gradient is established with layers that flow increasingly freely on a path that is parallel to the surface.  This is a streamline flow.  

	If we use a vector to represent the speed and direction of air passing over a parallel streamline surface, then an orthogonal (perpendicular) vector pointing directly toward the surface itself represents the pressure directly on the surface from the passing air.  A cornerstone of fluid dynamics is Bernoulli’s Principle.  Bernoulli’s Principle states that as the speed of a fluid passing over a streamline object increases, the sideward pressure against the object decreases.  

	Consider the diagrams below from Bicycling Science written by David Gordon Wilson, which I strongly recommend if you want to get deep into the understanding of how bicycles and the forces acting upon them really work.  In the first picture, air strikes frontally on an object, and the air begins to flow around the object.  As shown in the second picture, if the object has an aerodynamic shape, the air will continue to stick to the surface of the object in a smooth, streamline flow, and no turbulence is created.  The third picture shows what happens when air strikes a cylindrical object.  The air “tries” to flow smoothly along the surface, but detaches less than half way around.  Since the air is no longer attached to the object, a partial vacuum is formed behind the cylinder.  There is also no “forward pushing” force on the reverse side of the cylinder for the same reason.  The combination of no return force, a partial vacuum, and trailing eddy currents represent the bulk of the aerodynamic drag on the object.






	The above is the basis for understanding of why bladed spokes are more aerodynamic than round spokes.  Bladed spokes do not create turbulence as they pass through air, or at least much less.  The smooth and gradual contours of the spoke allow an uninterrupted streamline flow of air around it.  There is little head-on pressure drag from the oncoming air.  There is also no low-pressure area behind the back end of the spoke.  In fact, as the air flows past the back part of the spoke, there is a small component from the orthogonal vector that actually propels the spoke forward.  The problem with a round spoke is not that it is “unsmooth” or irregularly shaped.  Obviously, it is neither.  But, the air cannot bend around the backside of the spoke because the radius of curvature is too short.  The air separates instead, generating the associated trailing turbulence and depletion of energy.  Streamline flow only works when the fluid can stick to the entire surface and form the smooth gradient mentioned above.

	Drafting is a technique for reducing the pressure drag on a bluff object by positioning it inside the turbulence wake of another bluff object.  So, rider B can reduce his pressure drag by getting immediately behind rider A.  Interestingly, the presence of rider B also changes the shape of rider A as seen by the oncoming wind.  Instead of just rider A, the air now sees rider A with rider B immediately behind him.  Looking down at them from above, think of riders A and B, each represented by a separate circle when they are bike lengths apart, coming together to form an ellipse.  This is a pretty rough description, but it helps explain why both riders are beneficiaries of the drafting.  Rider A in the front sees less backflow from eddy currents as his wake is effectively extended.  Rider B sees no head wind.  If two riders are in a breakaway during a race, it is incumbent on them to take turns “pulling” the other rider one minute and then drafting the next minute when they switch roles.  “Wheel suckers” are the sub-humans who never take their turn pulling, but at least their parasitic presence is helping the lead rider a little.  By the way, the mutual benefit of two riders in close proximity is why tandems are so fast.  The stoker is always drafting on the captain, and the captain’s own aerodynamic drag is somewhat reduced by the stoker behind him.  The picture below, provides a rough qualitative idea of how this phenomenon works, but an actual wind tunnel test result would be more accurate.



	It is plausible to theorize that spokes in a whirling wheel might draft on each other.  However, experimentally it has been shown that spokes are way to far apart for drafting to occur.  No matter how many spokes are in a wheel, each is on its own to cut through the wind.  But, we can still benefit from aerodynamics by using bladed spokes over round ones, and we can reduce the number of spokes to only as many as are needed for a strong racing wheel.  Slender, physically fit riders have obvious advantages over heavier riders in the battle to limit aerodynamic drag because of the triple benefits of lower body weight, a smaller bluff body frontal area, and a lower minimum spoke count.

	Deep section rims, although they may be heavier than shallow section rims, yield wheels that are more aerodynamic.  The deeper the rim is, the more aerodynamic the wheel is.  Dimpling of rim surfaces makes them even more aerodynamic.  As proven in wind tunnel testing, dimples, such as those found on Zipp rims, improve the streamline flow of air over the rim’s surface and reduce surface frictional drag even further.  The same principle allies to golf balls.  A deeper rim also uses shorter spokes.  Some of the additional weight in the rim is compensated for by less weight in the shorter spokes, but the larger benefit comes from less spoke drag.  Even still more benefit can be realized on a bicycle from closely matching tire and rim widths.  Some time-trial bikes feature a wheel where the transition from the natural curvature of the tire blends smoothly into the curvature of the rim, and the tire/rim cross section looks something like an ellipse.  Disc wheels are the epitome of efficiency because the air only sees the nice smooth surface of the disc, but using them in windy conditions is dangerous because of the uncontrollable side forces that can arise.       
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