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Introduction

Whilst Gyroscopes are used extensively in aircraft instrumentation and have been utilised in monorail trains, the everyday impact of gyroscopic forces on our lives is unappreciated and significant. The simple example is a child's top which would not work but for the gyroscopic couple which keeps it upright. On a slightly different level, the gyroscopic couple helps us to keep a bicycle upright. It is interesting and instructive to remove a bicycle wheel from its frame, hold it by the axle, spin the wheel and then try to change the orientation of the axle. The force required to do so is considerable! However these gyroscopic forces are not always beneficial and it will be shown that the effect on the wheels of a car rounding a corner are to increase the tendency for the vehicle to turn over.

Gyroscopic Couple

Without an understanding of Angular movement it is difficult to understand Gyroscopic Couples. For this reason the Paragraph on Angular Displacement; Velocity and Acceleration shown in The Theory of Machines - Mechanisms, has been reproduced here. 

If a uniform disc of polar moment of inertia I is rotated about its axis with an angular velocity 
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, its Angular Momentum is a vector and can be represented in diagram (c), by the line op which is drawn in the direction of the axis of rotation. The sense of the rotation is clockwise when looking in the direction of the arrow. 







If now the axis of rotation is precessing with a uniform angular velocity [image: image4.png]


about an axis perpendicular to that of[image: image5.png]


, then after a time [image: image6.png]


, the axis of rotation will have turned through an angle [image: image7.png]


and the momentum vector will be oq. The Gyroscopic Couple [image: image8.png]


is given by:- 

(2)
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(3)
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· The direction of the couple acting on the gyroscope is that of a clockwise rotation when looking in the direction pq. 

· In the limit the direction of the couple is perpendicular to the axe of both [image: image11.png]


and [image: image12.png]



· The reaction couple exerted by the gyroscope on its frame is in the reverse sense( It is advisable to draw the vector triangle opq in each case.

Angular Displacement, Velocity And Acceleration

Let:- 

· The line OP in the diagram rotates around O 

· Its inclination relative to OX be [image: image13.png]


radians. 







Then if after a short period of time the line has moved to lie along OQ, then the angle [image: image16.png]


is The Angular Displacement of the line. 

· Angular Displacement is a vector quantity since it has both magnitude and direction.

Angular Displacement:

In order to completely specify and angular displacement by a vector, the vector must fix:- 

· The direction of the axis of rotation in space. 

· The sense of the angular displacement. i.e. whether clockwise or anti-clockwise. 

· The magnitude of the angular displacement. 

In order to fix the vector can be drawn at right angles to the plane in which the angular displacement takes place, say along the axis of rotation and its length will be , to a convenient scale, the magnitude of the displacement. 

The conventional way of representing the sense of the vector , is to use the right-hand screw rule. i.e, 

· The arrow head points along the vector in the same direction as a right handed screw would move, relative to a fixed nut. 

· Using the above convention, the angular displacement [image: image17.png]


shown in the diagram would be represented by a vector perpendicular to the plane of the screen and the arrow head would point away from the screen.

Angular Velocity:

· This is defined as the rate of change of angular displacement with respect to time. 

· As angular velocity has both magnitude and direction it is avector quantity and may be represented in the same way as angular displacement. 

· If the direction of the angular displacement vector is constant. i.e.The plane of the angular displacement does not change its direction,. Then the angular velocity is merely the change in magnitude of the angular displacement with respect to time.

Angular Acceleration:

· Defined as the rate of change of angular velocity with respect to time. 

· A Vector quantity. 

· The direction of the acceleration vector is not necessarily the same as the displacement and velocity vectors. 

Assume that a given instant a disc is spinning with an angular velocity of [image: image18.png]


in a plane at right angles to the screen and that after a short interval of [image: image19.png]


its speed has increased to [image: image20.png]w + ow



. 







Then applying the right-hand rule:- 

· The angular velocities at the two instants are represented by the vectors oa and ob 

· The change of angular velocity in a time of [image: image23.png]


is represented by the vector ab. This can be resolved into two components ac and cb which are respectively parallel and perpendicular to oa 

Hence. 

· The component parallel to oa is given by:-[image: image24.png]


 

· The component perpendicular to oa is given by [image: image25.png]



Note 

· [image: image26.png]


is the rate of change of direction of the vector oa 

· [image: image27.png]apistherateo fchangeo fthemagnitudeo fthevelocityw



of the disc. 

· [image: image28.png]


is the rate at which the direction of [image: image29.png]


and therefore the plane of the rotation of the disc is changing. 

· The total angular acceleration of the disc is the vector sum of [image: image30.png]o



and [image: image31.png]



Two particular cases should be noted:- 

· If the plane of rotation of the disc is constant in direction, then [image: image32.png]Wp



is zero and the component of acceleration [image: image33.png]


is zero. 

· If the angular acceleration of the disc is constant in magnitude but the plane of rotation changes direction at the rate [image: image34.png]Wp



radians per second, then the angular acceleration of the disc is given by:- 

(1)

[image: image35.png]



· The direction of this acceleration vector is at right angles to the angular velocity vector and lies in the plane of motion of the velocity vector.

Precessional Motion And Gyroscopic Acceleration.:

· The change in direction of the plane of rotation of the disc is known as Precessional motion and [image: image36.png]Wp



is known as the angular velocity of precession. 

· The angular acceleration [image: image37.png]


is called the Gyroscopic acceleration. 

Worked Examples

The solutions to the following questions have been hidden. They can be seen by clicking the red buttons.

Example 1:

The diagram shows the Gyro unit of an aircraft instrument in which the rotor is carried in a closed casing mounted in bearings so that its axis is normally vertical but free to take up any direction. 







The rotor speed is maintained constant in an anti-clockwise direction, when seen from the top, by air jets inside the casing which impinge onto its slotted periphery. The used air may then leave the casing by the four orifices indicated, these are uncovered as required by gravity controlled vanes. If the rotor axis is tilted through an angle [image: image40.png]


in the XOZ plane, explain which orifice must be uncovered so that the reaction from the jet tends to restore the axis to the vertical. 

If this force is 0.0004 lb. at a distance of 0.825 in. from O and the wheel is equivalent to a uniform solid disc 1.75 in. in diameter weighing 0.3 lb. and running at 9000 r.p.m., find the time required for the axle to return to the vertical is [image: image41.png]


is [image: image42.png]






The axis of rotation has to precess anti-clockwise about OY when seen from the left. The Gyroscopic torque on the rotor must be anti-clockwise about OX when seen from the right and this can be achieved by opening vent D 

(4)
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(5)
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Re-arranging to give the angular velocity of precession gives:- 

(6)
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(7)
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Diagram (a) shows the position of the beam at a particular instant. OZ is the axis of rotation and OY the axis of precession. 







A particle of mass [image: image50.png]


at a distance r from O will have the following components of acceleration:- 

· Centripetal due to the rotation about OZ of [image: image51.png]r % 652



towards O 

· centripetal due to the rotation about OY of [image: image52.png]reos @ x 102



perpendicular to OY 

· Coriolis due to the velocity parallel to OX and the precession of [image: image53.png]2r x 65sinfl x 10



parallel to OZ. 

It is the last of these components of acceleration which produces the gyroscopic torque about OX. 

(39)
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(40)

[image: image55.png]650(1 —cos26) I,





(41)
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(42)
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Note that there are also torques produced about the other axes but a more general method of analysis will now be given. 

The principal axes are OU, OV. and OZ and the moments of inertia about these axis are [image: image58.png]


, 0 and[image: image59.png]


 respectively. The angular moments about these axes are [image: image60.png]In x 10



, 0, and [image: image61.png]In % 65



. if [image: image62.png]


, [image: image63.png]


and [image: image64.png]


are the angular moments about OX, OY, and OZ, then these are obtained by resolving the principal angular momenta. i.e. 

(43)

[image: image65.png]hy = —In x 10cosfl x sin




(44)
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(45)
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The torques about the three axes are then given by the rate of change of angular momenta i.e. 

(46)
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Where[image: image71.png]wy! = 10 rad. /sec.
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, these being the angular velocities of the axes which precess with the beam. Note that [image: image73.png]4 — 65 rad. [sec.




(49)
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(50)
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(51)
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The variations of these torques between [image: image77.png]


are shown on the diagram. 







·   
	Rotation Vector Examples

This is an active graphic. Click on any example.
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Turning a bicycle
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	Gyroscope
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One typical type of gyroscope is made by suspending a relatively massive rotor inside three rings called gimbals. Mounting each of these rotors on high quality bearing surfaces insures that very little torque can be exerted on the inside rotor. 

Further discussion of gyroscopes
Precession of gyroscope
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	Gyroscope Discussion

The classic image of a gyroscope is a fairly massive rotor suspended in light supporting rings called gimbals which have nearly frictionless bearings and which isolate the central rotor from outside torques. At high speeds, the gyroscope exhibits extraordinary stability of balance and maintains the direction of the high speed rotation axis of its central rotor. The implication of the conservation of angular momentum is that the angular momentum of the rotor maintains not only its magnitude, but also its direction in space in the absence of external torque. The classic type gyroscope finds application in gyro-compasses, but there are many more common examples of gyroscopic motion and stability. Spinning tops, the wheels of bicycles and motorcycles, the spin of the Earth in space, even the behavior of a boomerang are examples of gyroscopic motion. 
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	Gyroscope Precession

If a gyroscope is tipped, the gimbals will try to reorient to keep the spin axis of the rotor in the same direction. If released in this orientation, the gyroscope will precess in the direction shown because of the torque exerted by gravity on the gyroscope. 

[image: image82.png]
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cing Cars Gyroscopic behaviour is used in the racing car industry. This is because car engines act just like big gyroscopes. This has its uses, for example in the American Indy car racing some of the tracks are in a oval in shape. During the race the cars go round the circuit in one direction only (the car only ever turns in one direction e.g. left). Because of the of the gyroscopic forces from the engine depending on whether the engine is spinning closewise or anti-clockwise the cars nose will be forced up or down. Providing the engine spins in the right direction it can help the car to stay on the track. Motor Bikes Wheels on motorbikes act as gyroscopes and make the bike easier to balance (stay up right) when moving. For more details see: How gyroscopic forces effect motor bikes
The bicycle wheel as a gyroscope Spinning tops Spinning tops are a simple form of gyroscope, as the spinning top is rotated it is able to stand up right without falling over due to its gyroscopic behaviour. However the mathematics are more complex because the friction with the floor changes as the gyroscope leans to the side. Gyrocompasses 

Gyrocompasses are basically navigation aids. Gyroscopes don't like to change direction, so if they are mounted into a device that allows them to move freely (low friction gimbal). Then when the device is moved in different directions the gyroscope will still point in the same direction. This can then be measured and the results can be used in similar ways to a normal compass. But unlike a standard magnetic compass is not magnetic environmental changes and readings are move accurate. Gyrocompasses are commonly used in ships and aircraft. 

Virtual Reality Gyroscopes have been used in virtual reality headset and other VR products for a number of years. A number of miniature gyroscope sensors are placed in the headset. Whenever the user moves their head the direction and speed is sent back to the computer. The computer can then change the display as required. 

Anti-roll devices/stabilisers
Monorail Trains
Again because of the behaviour, gyroscopes are used to stop things from falling over, some mono-trains use gyroscopes and boats/ships often use them so that in bad seas the boat is kept relatively up right and not thrown about.

  [image: image83]
From the book: H.Crabtree (1914) "Spinning Tops and Gyroscopic Motion" 

Ship stabilisers
	[image: image84]
From the book: H.Crabtree (1914) "Spinning Tops and Gyroscopic Motion" Photo by: Underwood & Underwood. 
	[image: image85]
From the book: H.Crabtree (1914) "Spinning Tops and Gyroscopic Motion" Photo by: Underwood & Underwood. 




Artificial horizons / autopilot This works the same way as a gyrocompass but on a different axis. The artificial horizon gauge shows the position of the aircraft relative to the horizon i.e. the pictch of the aircraft. Segway Scooter For more details about how they work visit the segway site. Robotics Gyroscopes are now being use to keep complex robots up right, that would normally just fall over. Here is an example: Two legged robot Levitron (TM) [image: image86]
Marketed as an executive toy the Levitron is a unique invention that shows the stabilizing affect of gyroscopes. Two powerful permanent magnets allow a gyroscope to 'float' in mid air. The first magnet is placed on a level surface contained in a plastic base, while the other is housed in a gyroscope. If the gyroscope is placed a couple of inches over the base with out the gyroscope rotating and then let go, it will simply turn over due to the attractions of the magnets and will fall (or is attracted) to the base. If the gyroscope could be held completely level then the forces of the magnets will keep them apart. And this is exactly what the gyroscope does when it is rotating at high speed. 

The first picture shows the base magnet, with the clear plastic tray, to raise the gyroscope on top. The gyroscope has been placed on the tray and is about to be spun.

In the second and third picture the gyroscope is now spinning and the clear plastic tray is being lifted to a position where the forces from the two magnets can keep the gyroscope floating in mid air.

The last picture shows the gyroscope floating in mid air after the clear tray has being taken away.

· 




