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SHAFTS IN LIGHT AIRCRAFT by M. B. "Molt" Taylor P. O. Box 1171 Longview, WA 98632



Have you ever wondered why the crankshaft in your light airplane engine has to weight nearly 100 pounds, when it only has to carry a little over 200 foot pounds of torque (as stated in the engine specifications)? The reason for all that weight lies in the fact that it isn't torque that designs the crankshaft, but really is a matter of "stiffness", so that the shaft will not twist as one cylinder of the engine experiences combustion while another cylinder is in process of compressing the fuel and air that has rushed into it when its intake valve opened. The sequential firing of the various cylinders of a multi-cylinder engine can result in very high twisting forces in the crankshaft, and the only practical way to handle this phenomenon is to just make the crankshaft stiff enough to handle the loads. As a result, this "brute-force" solution shows up as weight, and no one has come up with any better answer, despite the importance of keeping weight to a minimum in any aircraft component (particularly the engine). Not only does the crankshaft have to take the twisting caused by combustion loads, but there is another phenomenon going on in the shaft. This is the torsional "wrap-up" that occurs due to the inertia backlash that occurs when the engine is driving anything that has inertia, like a driveline, flywheel or propeller. The inertia backlash problem becomes quite critical whenever the load is very far from the engine itself, and it is not possible to have a very stiff (and thus heavy) shaft between the load and the engine. Such a situation occurs in aircraft installations when the designer tries to drive a remote propeller. Ever since the first aircraft were designed, builders have wanted to put their engines one place and the propeller some place else. The Wright brothers used chains to do this, and other early aircraft inventors tried to use shaft drives in their designs. Some of these arrangements did work when used with smooth turning engines such as steam powerplants, which a few of the earliest inventors tried to use. The Wrights quickly found that they had to have a big flywheel on their little "airplane" engine to avoid the destructive effects of the pulsating power pro-



duced by the internal combustion engine they had developed, since it was the only thing available with enough power for what they wanted to do — fly with a man aboard their machine. While some early aircraft designers were able to use remote propellers with internal combustion engines, only the early "whirling" rotary engines (not to be confused with Wankel style rotary engines) such as used by Edson Gallaudet, produced very successful results. As a result, once it was determined that the propeller would not work very well unless it was bolted directly to the engine and used like a flywheel, nearly all aircraft designers went to that arrangement and all propellers were driven "direct drive". Even the "pusher" designs (notably the early Curtiss arrangements) had the propellers directly attached to the engine crankshaft. A few designs have come out over the years which had the propeller located remotely from the engine, such as the Bell fighters of WWII, but their driveshafts and gear boxes were only marginally successful and the mechanisms necessary to make them work (pendulous dampers) were very complicated and costly. As a result, propeller driven aircraft have all been more or less exclusively direct drive arrangements despite the very attractive aerodynamic benefits of driving the propeller remotely. Meanwhile, the automobile industry has worked on the pulsating power problem for years, and has found some fairly simple solutions to the inherent difficulties that come from the effects of a series of power pulses being used to turn a car driveline. These are called automatic transmissions, and are now very common except where extreme fuel economy is desired. In such cases it is still common to use a clutch to disengage the drive from the engine for starting and then accelerating the vehicle through a series of gears to get smooth driveline operation. When mentioning automatic transmissions, it would be well to point out that such drives do not drive their "loads" directly, but instead operate through some kind of "fluid drive" that usually sacrifices some power through friction losses which are dissipated as



heat by the powerplant cooling system (usually out through the radiator where the oil in the transmission is cooled in a separate section). When the writer started his development of the Aerocar 'Hying automobile" many years ago, there was no easy solution to the remote propeller drive problem, and it remained so until a solution was found in the use of a Flexidyne coupling. This simple device is centrifugally actuated when the engine spins the coupling housing. Tiny (.020" dia.) steel shot form a solidified mass the density of which is proportional to the velocity at which the housing is spun. The solidified mass wedges around a central driving disc which in turn drives the propeller shafting. Such a drive will "slip" torsionally if there is any variation in torque loading, from either the engine or the propeller. This system is the most practical way to drive an airplane propeller on the end of a long shaft with an internal combustion engine. With the drive problem resolved, it is possible to design simple lightweight shaft installations for aircraft which can be expected to give long life and trouble free service. This article will describe some simple low cost installations, and point out some of the important things to consider in the design of such arrangements for powerplants and propellers. First, it is always important to insure that the engine lines up with the turning axis of whatever is being driven. One of the easiest ways to accomplish good alignment is to mount a simple flat mirror squarely on the output flange of the engine and then sight through the bearing mount (which will eventually carry the other end of the drive shaft), and adjust the engine on its mount until it is possible to see your own eye reflected in the mirror as you sight through the shaft mount bearing. Such optical alignment should always be used if at all possible. An alternative is to use a string to represent the centerline of the projected shaft run and use a bubble protractor to assure that shaft and engine are concentric and parallel. While it may be possible to secure adequate alignment with a good carpenter's square, a strong centerline and a "bubble", the optical alignment method is preferred.
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40 PROCEDURE' 1. LOCATE PROPER TUBE SIZE ON LINE "A" 2. LOCATE PROPER SHAFT LENGTH ON LINE "C" 3. CONNECT POINTS ON LINES "A" AND "C" WITH STRAIGHT LINE 4. READ ANSWER ON LINE "B" AT POINT OF INTERSECTION
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It is desirable to have the shafting run as straight as possible between the engine and wherever the propeller is going to be, and to have the engine crankshaft and the propeller axis on the same line with each other whenever possible. However, it may be necessary to have the two centerlines displaced from each other either vertically or horizontally. This may necessitate the use of two or more universal joints in the shaft system. Since a universal joint introduces an inconsistent rotation effect to any shaft system, they must be used in "pairs" so that one will introduce the inconsistency and the other will cancel it, thus the output end of the shaft will rotate exactly like the input end. It is obvious that the two universal joints must operate at exactly the same angles and that the angles must be opposite. While it is desirable to have the propeller thrust line level with the general axis of an aircraft, slight inclinations of the thrust line are acceptable if they do not exceed about ten degrees from level. A question that bothers all designers is how big they have to make their shaft for any particular aircraft installation. This applies not only to the length of the shafting (which can be as long as desired if it is properly designed), but to the actual diameter of the shaft material. Generally speaking, the shaft diameter is a function of the rotational speed at which it will operate, and the distance between the individual support bearings which are used to mount and support the shaft assembly. Thus, if the shaft is going to be quite long, it may be desirable to use a shaft made up of several short sections with support bearings along its length, rather than a single length of larger diameter unsupported shafting. The nomogram that acompanies this article will give you some conservative guidelines for shaft design. This chart shows speed of rotation, tube diameter and tube wall thickness which are all dictated by the distance to be spanned. As can be seen, the required diameter of shafting increases as the rotation speed gets higher, and also as the length between support bearing increases. Also, if a heavier wall tube is used, it is possible to use smaller diameter tube. Study the charts well before making a choice. The chart was made for normalized steel tube, but we have found it quite adequate for use with heat treated aluminum tube (6061-T6). We have also found that it is desirable to use welded aluminum tube, since welded tube has a more uniform wall thickness than extruded tube, is easier to equip with end fittings and will run much truer since it tends to be finished better and



thus is easier to balance. While speaking of balance, we should also mention that shaft sections should run straight within 0.020 runout and within 0.002 at the ends. This degree of



and rivets should all be assembled in the tubes with structural epoxy. Typically, there should be at least eight attaching pop rivets of at least 3/16



achieved by any shop that specializes in automotive shaft work, and can be checked on a lathe that will swing the particular shaft length that you are concerned with. We try to spin test all shafts by running them on a balance checking fixture at approximately the same rpm as they will run when installed. We have them balanced within 0.2 ounce inch



While it may be possible to get perfect optical alignment for any shaft installation initially, we have found that things will not retain perfect alignment in the usual fairly "flimsy" aircraft structure, and as a result we always try to accommodate any structural bending or deformation by installing some kind of



Straightness and runout can be easily



(this is approximately the weight of a number 10, 3/16" washer). Such balance checks will assure that your installation is going to run with very little mechanical vibration. We are currently testing a new composite aluminum material which is available for shaft tubes. This new material is called Rev'Lite and provides considerably stiffer shaft installations, which means that the span between support bearings can be greater, or that the critical speeds for a given length of shaft will be higher. It is possible to InertiaWeld this new material. This is a procedure where the end fittings are welded into the tube material by spinning the tube at high velocity and jamming the fitting into the tube. The resulting friction welds the tube material to the end fittings so that mechanical attachments such as rivets or bolts are not needed, nor is there any heat distortion such as when torch welding is used. The



aluminum composite is made up of graphite combined with aluminum and is an outgrowth of new technology that is producing such new (and strong) lightweight materials as the Lithaluminum which is a lighter than traditional aluminum structural material for aircraft construction, but is just as strong. These new materials are still quite expensive, but their potential for weight savings are bound to make their use most attractive and increased use is



inevitably going to make them less costly. This gets us to another consideration which is what material should be used for making the various end fittings needed to connect the engine and other shaft sections and/or the propeller. We have found that all end fittings, such as connecting stub shafts, flanges and any parts that are going to be run in or on bearings should be made of steel (preferably a good tool steel like 4140), which can usually be used without heat treatment, but of course makes better parts if it is heat treated after it is finished. Further, we have found that it is entirely practical to install the steel end fittings in aluminum shaft tubes by



using Monel Pop Rivets. The steel parts



diameter used for each end fitting installation in a typical 3" O.D. shaft tube.



alignment accommodation on at least one end of each shaft section. Where misalignments of one degree or less can be expected, we have found that use of a laminated disc coupling, such as a Rex Coupling, is very satisfactory. These are simply assemblies of a number of laminations of thin stainless steel discs which are driven by a simple drive flange installed in one tube end which couples to another similar flange which is oriented so that the connecting bolts are staggered. This then lets the coupling flex slightly if there is any misalignment or tendency to bend the connection as the shafting rotates. Usually, these couplings are used between shaft sections where a support bearing is also located so that one end of each shaft section is supported wherever there could be any bending introduced into the shaft installation. Where bending in excess of one degree may occur, we have found it advisable to use some kind of coupling that will accommodate even greater misalignment such as a Waldron Ball Spline Coupling. (A good type is made by Dodge Manufacturing which makes a line of power transmission equipment that is readily available and is quite inexpensive.) While a ball spline coupling will accommodate higher degrees of misalignment than a flex disc type joint, it does have the disadvantage of having very slight clearances in the spline teeth which can result in "rattle" noise in the shaft installation at any speed where the system is passing through a torsional resonance. However, we have found that these points of noise serve as warnings to avoid those particular speeds, and operating continuously even at the peak of noise never harms anything if the system is protected with a well adjusted Flexidyne installation. Further, we have found that lubrication of the splines will do much to reduce any annoying rattle noise. There are several good grades of greases which have been developed for this purpose for helicopters which



use spline couplings in their drivelines



and shafting. Obviously, such joint lub-



rication must be maintained and serviced if shaft noise is to be kept to a minimum, and provision for periodic



greasing should be designed into any installation with suitable grease seals and/or "boots" as a part of the original installation, along with easy access and fittings for periodic lubrication. While on the matter of lubrication, we should mention that we have found that use of sealed and shielded "lifetime" bearings have proven to be quite adequate for aircraft shaft installations and can be expected to operate at least as long between sen/icings as the engine will operate between overhauls. SKF makes a good line of such bearings in their "two red seal" line, and New Departure has an equivalent line of long life sealed and shielded bearings. We should also mention that ball spline joints and flex-pac joints give constant velocity power transmission, unlike universal joints which do not transmit constant velocity unless used in pairs or unless a very complicated and costly constant velocity type universal joint is used (such as is used in some front wheel drive automobiles). These are usually too heavy for aircraft installations and often require special lubrication systems. As can be seen, it is possible with careful design to run shafting just about anywhere desired (even around corners if a suitable gear box is used). The important things are to avoid any bending in the shaft from structural deflections of the aircraft, any loadings from thermal expansion or contraction, and any loadings into the shaft from the engine moving on its mounts must be allowed for, including excessive motion



that may occur during engine start-up or shut-down. As long as the shaft is just called upon to deliver torque and nothing else, it is relatively easy to design a good operating shaft installation, once you get the problem of those power pulses in hand. Generally speaking, if smooth power is available, things are in alignment, shaft sections are the proper length and if rpm limitations are observed, shaft arrangements can be expected to give satisfactory results and service. Of course, adequate lubrication must be provided and maintained as well as adequate support for things. So, when your design needs some kind of shaft installation, do not hesitate to incorporate one, but be sure to adequately test the complete drive train before you build an airplane around it! The writer will be glad to advise would-be designers if they will submit a self addressed stamped envelope to Molt Taylor, P. O. Box 1171, Longview, WA 98632.
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position while performing any procedures on the engine. Figure 1 Defect. 1. Remove starting ... secure the bushing to the plate as shown in figure 2 (repaired).
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Observing the engine manufacturers ground run-up procedures allow the engine to reach operating temperatures and perform a normal magneto check. 2.
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