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Some Interesting Facts on Aircraft Vibration

which is located an asbestos strip attached to one of the sheets. The sheets should be conical in shape, in order to allow angular motion about the elastic center ... 
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PART ONE OF TWO PARTS



Some Interesting Facts On Aircraft Vibration ITH THE increase of size of the modern aircraft W engine and propeller and consequent increase in power developed by the engine and absorbed by the propeller, the analysis of vibration problems for the purpose of controlling the vibration and corresponding stresses to safe values has become more and more important. Problems of great practical significance, such as the balancing of engines and propellers, the torsional vibration of shafts and of geared systems, the vibration of impellers, the whirling of rotating shafts, the vibration of crankcases and adjacent parts, can be thoroughly understood only on the basis of the theory of vibration. Only by using this theory can a modern aircraft engine and propeller be constructed in which the working conditions of the engine and propeller are free from the critical conditions at which heavy vibrations may occur.' In many instances in recent years, engines and/or propellers have been held responsible because of troubles caused by vibration. A number of effective steps have been taken so that most vibration troubles can now be prevented by proper design. An understanding of the basic principles of vibration and a conception of the nature of the forces causing vibration can be presented here. There are many types of vibration phenomena to which the same general mathematical relations apply, but we are concerned here only with the vibration of elastic bodies and elastically coupled mechanical systems. Definition.—The tuning fork is a good example of a vibrating body, which also permits defining the various terms used by vibration analysts. A tine, once set in motion, tends to vibrate until the energy put into it is dissipated by the friction losses accompanying the vibratory motion. Such dissipation of energy is called "damping". The tine moves from one extreme position to another, each particle having "simple harmonic" motion as in a stretched string. The "natural period of vibration" of the fork is constant for any given case and is a function of the section modulus, the length, and the material of the tines. The "frequency" of the vibration in cycles per second is the reciprocal of the "period", i.e., the time in seconds required for one cycle. The frequency at which the fork tends to vibrate is called its "natural frequency". The "amplitude" of the motion; i.e., the maximum displacement during a half cycle, will fall off rapidly at first, and then more slowly until the motion gradually dies out. The tine describes "first mode" bending; i.e., all the particles of the tine are moving in the same general direction. If the length of the tine were increased gradually, there would come a time when "second mode" bending would appear; i.e., one portion of the tine would be moving in one direction and another portion would be moving in the opposite direction. This could be carried out indefinitely so that there may be "third mode" bending, etc. The coil spring which surges longitudinally and a flat surface such as diaphragms bowing in and out afford common examples of the vibration of elastic bodies. Both these types are found in aircraft engines. The most important form of vibration within the engine, however, is "torsional vibration", in which a mass oscillates torsionally, twisting an elastic shaft. 1



Additional and specific information concerning the fundamentals of the theory of vibration and their application to the solution of technical problems is available in textbooks on the subject. 12
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"Resonance" may be defined as a phenomenon which occurs when the frequency of a vibration exciting force equals the natural frequency in the system to which the



force is applied. Resonance results in vibration of great magnitude in a system. The points in a vibrating body that do not move are called "nodes". In the tuning fork in which there is only one mode, the node would be where the tine is set in the handle. In the case where two or more modes were created in the tuning fork by extending the tine, the nodes would also be at the points of inflection. Engine parts such as crankshafts, crankcases, etc., and also propeller blades behave in much the same manner as the simple and extended tines and may vibrate in a wide variety of modes over a correspondingly wide range of natural frequencies. Sources of Vibration.—Any elastic body or structure such as a wing of an airplane, crankshaft of an engine, cable control system, instrument panel board, propeller, or column of air in an intake system, is capable of responding to repeatedly applied force by vibrating in such a manner that complete destruction of the system may result. In most vibration problems encountered in aircraft, the disturbing forces are periodic. They arise from the following sources: (a) Statically and dynamically unbalanced propeller; (b) Interference of the wing on the path of the propeller slipstream; (c) Unbalanced crankshaft; (d) Inertia of the moving parts, such as pistons and connecting rods; (e) Firing explosions, etc. The manner in which the powerplant actually vibrates is very complex. The motion can be resolved, however, into a number of distinct displacements. The most common vibration of the propeller-engine combination is torsional (rolling) about the thrust axis.
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A long, thin push-pull control tube is subject to more vibrating than a thicker one. Fractured end fitting results. Pivot holes in strut ends, cable terminals, etc., should lie in the same plane as the expected vibration, as shown by bolt holes in the tubes illustrated.
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metal propeller which created forces that could not be definitely located or removed. But that was before the advent of dynamic dampers. The statement that torsional vibration is not serious at the present time is permissible because torsional damping of the crankshaft, flexible-engine mounts to isolate the powerplant from the airplane structure, and also the use of special equipment to survey or check the magnitude of vibrations in order that they may be isolated or eliminated entirely, have aided in relieving the situation.
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Typical installation diagram.



The whole airplane, with its powerplant, consists of a number of elastic parts such as wings, ailerons, tail surfaces, engine mounts, etc., each possessing its own critical frequencies. Large displacements in vibrating systems invariably induce high strains, and consequently, high stresses. In general, not all vibration problems can be solved at the desk with a slide rule. Experimental observations to trace the source of trouble have to be made in most cases.
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CHAFING OCCURRED HERE-



Vibration has all kinds of effects. Here, engine vibration made the cowling shake, and this in turn caused chafing of the fabric.



This twin-row crankshaft has counterweights attached in such a way as to create a vibration dampener, as explained. Smaller engines usually employ a friction type dampener, in which a small flywheel-like weight is held between metal plates. Spring tension holds the assembly together much like a common dry plate clutch, but tension is adjusted to allow a certain amount of slippage, which absorbs and dissipates vibration impulses.



Powerplant Vibration Control.—1. Excitation. As indicated above, powerplant vibration is produced by excitations arising from the operation of two mechanisms, the engine and the propeller. Engine excitation arises from two distinct sources: namely, power impulses and inertia forces. (a) Crankshaft torque is the sum of a series of explosions in the individual cylinders of the engine. Since the number of cylinders is necessarily a finite quantity, the resultant torque curve is a wavy line with a peak wherever an individual cylinder reaches a peak. The wavy line represents the torque variation of the engine, and is directly proportional to the engine torque. The amplitude of torque variation may be reduced appreciably by having a large number of cylinders. However, the shape of the torque curve for an engine with a given number of cylinders is fixed. The torque variation, or exciting torque, is applied to the engine about the thrust axis. When resonance occurs, these displacements may reach large proportions and cause failure within the engine. At one time, single-row radial engines and certain types of in-line engines were considered to be unsuitable as airplane powerplants because of the difficulty of preventing failures caused by high-power output and the use of a heavy



(b) Cylinder pressures produce crankshaft bending at firing frequency plus one and firing frequency minus one crankshaft revolution. This is the case for single-row engines. For twin-row engines, it is the firing frequency of each bank of cylinders plus and minus one. This crankshaft bending produces engine-propeller whirling vibration. Engine-propeller vibrations are not affected by the engine suspension system, but the engine suspension should be arranged so as to minimize transmission of this vibration to the airplane structure. (c) Inertia torques are produced by the geometry of the articulated connecting rod system. The most important inertia torques in radial engines are primary and secondary. These inertia torques are a source of engine-propeller vibration, but usually are not important in a study
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The arms of the rubber mounts are angled in such a way that they meet at a common center. Engineers work out the location of this common center of support in a certain relationship to the Center of Gravity such that a minimum amount of vibration is transmitted to the air frame. SPORT AVIATION



Some Interesting Focts on Aircraft Vibration . . . (Continued from preceding page)



of the engine suspension. With certain engine-propeller combinations, engine first-order torque excites symmetrical bending modes of the propeller, resulting in fore and aft excitation imparted to the engine. (d) The unbalance of a propeller when installed on the propeller shaft in the conventional manner is, on the average for large aircraft, between 20 and 60 oz.-in. When tolerances all add, there may be as much as 75 to 100



oz.-in. unbalance. This is the sum of all forms of unbalance, including couples due to unequal thrust loading of the blades. Variation in thrust loading arises from a different angle of attack in different portions of the propeller disk when the airplane is climbing, diving, or yawing. When an airplane with a propeller of less than three blades has a resultant velocity, due to a forward velocity and a sinking velocity, there is a variation in the angle of attack of the propeller with angular position of each blade. Due to the sinking velocity, there is an angle, a, which is subtracted from the normal angle of attack of one blade and added to that of the other. The difference in the resultant angles of attack of the two blades as they pass the horizontal position, therefore, is 2a; since this condition occurs twice every revolution, it develops a couple, at two times propeller speed. (e) Propeller tip interference is the excitation imparted to the powerplant by the variation of the thrust loading at the tip of each blade as it passes an obstruction. This excitation is most common on the inboard powerplants of multi-engine airplanes. There is a region around the fuselage where the air velocity is greater than the air speed of the airplane. As each blade passes through this region, the thrust drops off due to the decrease in the angle of attack of the blade. These impulses applied to each blade produce an alternating couple which is applied to the propeller shaft at a frequency equal to propeller speed times the number of blades.



(f) Another propeller excitation is a couple due to variation of the gyroscopic moment of inertia that occurs during ground turns and spins, when two-blade propellers are used. 2. Response.—The vibration response of a mechanical system is defined by two factors: namely, frequency and amplitude. The mass and stiffness of the system determine the frequency spectrum; the exciting force and damping determine the amplitude. • (To be concluded next month)
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4 Tube-form engine mounting. Rubber absorbs vibration best when in shear. The tubeform engine mount rubber is mounted on the engine ring



of a radial engine's mount in such a way that the engine's torque puts the rubber in shear.



1. MOUNTING RING LUGS



2. BRACKET 3. SNUBBING



WASHER



4. END PLATE 5. SPHERICAL WASHER 6. SPECIAL NUT



7. LOCKWIRE 8. LINK 9. SHIM FOR BEARING BOLT 10 BEARING BOLT ] 1. FLAT WASHER 12. NUT



13. COTTER PIN 14. MOUNTING BOLT 15. NUT 16. COTTER PIN



RL-25 Link-Type Dynafocal Suspension Installation. 14
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PART TWO



Some Interesting Facts On Aircraft Vibration The natural frequencies of the modes of powerplant vibration may be found by using an unbalance exciter mounted at one or more points on the engine and driven by an electric motor. There are two methods of applying the excitation. The first method is to attach a whirling unbalance exciter to the nose of the engine by means of a suitable bracket and, by means of a flexible shaft, drive the exciter with a variable speed motor. If the exciter is attached at a distance from the thrust axis, it will excite torsion in addition to all vertical and horizontal modes of vibration. This system is the simplest to set up. It has a disadvantage, however, because all modes are excited simultaneously and may be difficult to separate visually. Separation of the modes can be obtained by mounting electrical vibration-measuring instruments, or "pickups" on the nose and rear of the engine. Torsional vibration may be segregated from pitch and yaw by placing two vertical pickups on the ends of a horizontal diameter, probably on the cylinder heads of the engine. By a special switching means, the pickups may be connected in series in such a way that all electrical output due to pure vertical vibration will cancel, leaving only an indication of torsional vibration. The vertical modes of vibration are defined by two pickups, one on the nose of the engine and one on the rear. By taking measurements on each pickup separately, the absolute amplitudes of vibration on the nose and on the rear may be found. If these measurements are taken with the pickups in series, the phase relationship will be determined. Thus, the nodes may be located and each mode of vibration defined. A similar pair of pickups is used to define the horizontal modes. The second, and more desirable, method of excitation employs a linear exciter which can be moved to various locations on the engine. It is possible, by using this method, to excite each mode of vibration separately. To excite vertical translation only, for example, the exciter should be so oriented that the line along which the unbalance force is directed passes through the node of pitching. Although the modes of vibration excited by this method are readily observed visually, the use of vibration pickups in the manner described will define to the highest degree of accuracy the vibration characteristics of a powerplant mounted on the airplane. 3. The Flexible Bracket.—In a mechanical system as complicated as an airplane engine-propeller system with its many modes of response and wide range of exciting frequencies, it is impossible to operate the engine and propeller without encountering resonant vibration. The geometry of a conventional engine mount structure is such



o Large aircraft engines often use vibration dampeners of the pendulum type. Here, the main throw of a radial engine crankshaft represents the primary forces of a plain pendulum. The counterweights are attached in a special way in which the two bolts are of smaller diameter than the holes. This allows the counterweights to rock slightly on the bolts. The result is a double pendulum arrangement in which the opposite reactions of the movable weight tend to damp out vibrations of the primary pendulum.



that, if a powerplant were simply bolted to it, a frequency spectrum would be found in which the natural frequencies of the various modes of vibration were scattered over a wide range of engine speeds. The first mode (translation) will be near the low-speed end and the second (rotational and torsional) modes will be found well up in the range of normal operation. Fortunately, it is possible, by providing additional flexibility for the system, to change the frequency spectrum in such a way that many of the objectional resonant vibrations are shifted to a speed that is not encountered in normal operation. To accomplish this, some aircraft engine companies have designed flexible brackets. 4. Problems Arising From the Use of Flexible Brackets.—(a) The flexibility added between the engine and the supporting structure, in a flexible mount installation, makes it necessary to consider several factors for the design of a powerplant. Care must be taken to insure free movement of the engine with respect to the mount structure. If an exhaust collector is supported by the mount structure, flexible connections should be used between the collector and the exhaust ports on the engine. Double ball-in-socket-type connections are recommended. (b) Ducts should be provided with flexible couplings. (c) The fire seal between the engine and the accessory compartment should consist of two friction sheets between which is located an asbestos strip attached to one of the sheets. The sheets should be conical in shape, in order to allow angular motion about the elastic center of the installation. (d) Sufficient clearance between the engine, carburetor, and other accessories on the rear cover and the mount structure should be provided to allow for torque wind-up. The stops on the flexible brackets give a definite limit to torque deflection. The limits for each engine model will be found on installation drawings of flexible brackets. (e) Another problem, associated with the use of flexible brackets, is the temperature to which the rubber cores are subjected. Early in the operation of a test stand set-up or an experimental airplane installation, tests are recommended to be made in accordance with the manufacturer's instructions. (f) When flexible brackets are used, the engine is insulated electrically from the mount structure except for controls, exhaust collectors, etc., which are not dependable conductors. Therefore, adequate grounding should be provided in accordance with the procuring or regulating agency's specifications. 5. Unsymmetrical Engine Mount Structures. — For aerodynamic reasons, especially in multi-engine airplanes, engine mounts are often designed so that the center of gravity of the powerplant is not in line with the chord of the wing. An example is the "underslung nacelle". The use of such mount structures, however, may lead to undesirable vibration characteristics unless the mount structure is properly designed to compensate for the lack of symmetry about the horizontal axis. To accomplish this, the following characteristics must be obtained: (a) A horizontal, lateral force applied at the powerplant center of gravity should not produce rotation. Coupling between yawing and horizontal translation is not objectionable if the higher of the two natural frequencies is below the minimum cruising speed of the engine. However, since this coupling has a tendency to spread SPORT AVIATION
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Commercial airplanes receive careful vibration tests before being approved. This sketch from a Civil Aeronautics Manual shows how a mechanical vibrator is fitted to a stabilizer to obtain oscillograph readings of vibration characteristics.
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the natural frequencies of these two modes, it follows that in order to obtain a low value for both frequencies, the system must be nearly uncoupled.



(b) It is essential that coupling between the torsional



and horizontal modes be eliminated. It is "desirable", to minimize the spread in frequencies which accompanies



the coupling of modes of vibration; but it is "essential"



in this case to eliminate coupling. By so doing, the torsional forces become ineffective for excitation of horizontal translation and yaw.



6. Cowl Vibration.—(a) An engine cowl may be mounted in two ways: Attached by suitable brackets to the cylinder rocker box lugs, or supported by a cantilever



beam that is attached to the mount structure and is entirely free from any connection to the engine except by



friction through the baffle seal.



(b) A few suggestions concerning the attachment of the cowl to large radial engines may prove helpful.



1. A means for permitting radial thermal expansion of the engine should be provided. This may be accomplished by links or by rubber bushings. 2. As many of the rocker box lugs as possible should be used to prevent undue loads on a few lugs. 3. The fore and aft stiffness in the attachment of a cowl to the engine should be large enough to prevent a large forward cowl movement due to thrust loads. 4. The natural frequencies in pitch and yaw, of



the cowl, should not coincide with any natural



frequencies of the engine-propeller modes of vibration.



5. The rubber bushings, used to mount the cowl, should be located as close as possible to the rocker box lugs in order to minimize bending loads on the lugs.



7. Accessory



Vibration.—The



heavier



accessories,



such as generators, starters, and cabin superchargers,



which are normally mounted on the rear cover of engines, have natural frequencies in the range of engine-propeller modes of vibration and frequently give rise to severe accessory vibration. Engine manufacturers who have studied



the accessory vibration problem recommend that the airplane manufacturer, when selecting an engine-propelleraccessories combination, determine by tests whether or not the accessory vibration is within safe limits. Vibration Equipment.—The vibration detectors, or "pickups", commonly used consist of (1) either resistance



"pickup" strips, carbon or metal, % in. or more in
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length; or (2) a small coil and a permanent magnet, both



of which are attached to the engine, one rigidly and the other, the seismic element, suspended by an elastic system having a low natural period. The seismic element is designed so the moving element has only 1 deg. of freedom. Vibration changes the linear measurement and the electrical resistance of the pickups. Current passes through these resistors from an electrical source, through the amplifier and oscillograph (or wave analyzer), this giving a film record in terms of amplitude or acceleration, as



desired.



Engine-type test requirements include vibration tests in which the amplituds of torsional vibration at both ends of the crankshaft must be measured. Aircraft-type test requirements include propeller and installation vibration tests in which all tho automatic equipment normally used for ground vibration tests are utilized in the aircraft for flight test determinations. A study of the vibration characteristics of an enginepropeller-aircraft combination involves (1) a determination of the vibration spectrums of the installation; that is, a determination of the frequencies of all modes of vibration; (2) a study of the exciting forces set up within this combination; and (3) the operating conditions; that is, the operational speeds and powers required at these various operating speeds. This permits the engineer to deter-



mine its seriousness, to locate the source, and to take



the necessary measures to keep the vibration under control during normal operating conditions. Laboratory tests include suspending the engine and/ or propeller in an elastic sling and vibrating it under static conditions, use of propeller test rigs on which electric motors are used to whirl test new propellers, and test stands on which the experimental engine-propeller



combination can be mounted and tested. BIBLIOGRAPHY
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specific data on vibration tests.
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peller, the analysis of vibration problems for the pur- pose of controlling the vibration and corresponding stresses to safe values has become more and more im-.










 








Some Thoughts on Aircraft Design 

9" wide 20 ft. lengths .... $1.90 per board ft. (will machine to customer specifications). 4130 CHROMOLY NORMALIZED AIRCRAFT. QUALITY SHEET STEEL.










 








FAQ Fixed wing Aircraft vibration 
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