Cadet and STEM senior lectures on aeronautics
Capt. Peter Higgins, CAP, PhD
3. Physics of aircraft instrumentation
This section discusses the physics behind the two most important types of instruments onboard a small aircraft.
3.1 Aircraft velocity
Airspeed is commonly obtained from a pitot tube by transducers measuring the pressure difference between the flowing air and the airstream brought to rest in a static chamber applying conservation of energy. The static pressure is also used for altitude as atmospheric pressure diminishes by about 1 in Hg / 1000 ft, and for determining vertical rate of change. Since this technique is subject to error due to the weight of differing air masses, laser and radio altimeters are also used.
The figure below shows this application.
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In a streamlined steady airflow where the flow can be considered invisid and incompressible, conservation of energy can be invoked combining: pressure work, elevation potential and kinetic energy. Along a pitot tube in the nose of an aircraft the differences in elevation potential can be ignored. Conservation of these energies from the inlet to the static base can be written:
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Wherein subscript 1 denotes the moving free airstream, 2 the pressure chamber where the airstream is brought to rest. Since v2 is therefore zero, this becomes:
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V1 is the forward velocity of the aircraft.
3.2 Aircraft horizon, turn and bank and heading
Instruments for display of aircraft attitude,  turn and bank, and heading employ gyroscopes having varying axis alignments. Heading alignment requires the gyroscope must slowly precess compensating for the earth's daily rotation to maintain a fixed in earth space orientation (North, along a meridian) when flown at any latitude. This requires weights exerting forces on the gyroscope's gimbals.
A brief explanation of angular momentum, its change by applied forces and gyroscope precession will be presented at an elementary level. A teacher's gyroscope will be used for demonstration.
3.1 Fundamentals of gyroscope physics

Shown below is a diagram of a rapidly spinning gyroscope, ie a spinning heavy disk contained in a frame. An extension of the spinning axis is placed on a pin. Rather than fall in the direction of gravitational force downward (in the direction of the force vector, mg) the assembly precesses counter clockwise in the direction of the arrow, dL, how is this explained? An understanding of how this happens is the basis of the aircraft gyro-compass; since these devices rely both on the directional stability of a rapidly spinning disk, and on the forced precession phenomena.
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Some basics:
The counterpart of Newton’s 2nd law:
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In rotational motion about an axis is:
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In which, M is the torque produced from a force(s) applied at a distance, r, causing the rotational motion, I is the moment of inertia of the rotating body, and α is the resulting angular acceleration.
Comparing the rotational analogy to motion in a straight line, where a force is required to displace, or accelerate a body moving along a straight path, that is, overcoming its inertia. A torque is needed to change the angular acceleration of a spinning body, thus overcoming its inertia. We call this spinning inertia, angular momentum.

Looking more closely:

We can write:
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as:
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Now the product of moment of inertia, I, with angular velocity, ω, is defined as angular momentum, L.
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In order to have a large angular momentum, then, either the spinning disk needs to have its mass concentrated at the rim (large I), or it has to be spinning very fast (large ω), or a combination of both. Aircraft gyroscopes have a rate of spin from 10,000-15,000 RPM!

Like force and linear momentum, torque and angular momentum are treated as vectors. These vectors point at right angles to the plane of the spinning disk.
Compared to the equations above, we may now write:
[image: image10.png]a8




Meaning that if an external torque is applied to a rapidly body a change in angular momentum will result, and this change in angular momentum will be in the direction of the torque vector, not in the direction of the applied force.) To look ahead, this is why the gravity force acting downward, causes the gyroscope to precess and not to fall – if the gyroscope is spinning fast enough to have high angular momentum.
 This background the gyroscope performance shown in the above figure can be decribed.
The gravitational pull on the device produces a torque equal to:
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This torque is at a right angle to the plane of mg and r, pointing as the arrow M indicates with its end originating at the pivot, P. We have learned that this torque results in a time rate of change, dL, of angular momentum, a vector dL. This is in the direction of M, so that it can be translated to the tip of the angular momentum vector, Las shown in the diagram. Adding vectors dL to L results in the displacement of L counterclockwise – the device precesses and doesn’t fall!

The forced precession of a gyroscope is essential to make it align to a geographic meridian instead of maintaining a fixed position in space. An explanation of why and how follows in the next section.
3.2 Making a gyroscope behave as a gyrocompass
Following are figures taken from the Sperry Manual 05 entitled “The Gyro-Compass”.
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Gyroscope fixed in space precesses viewed from earth
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	Weight apparatus applied to one axis of gimbal to cause precession when tilted in a gravitational field.


Hg weights applied to appropriate axis causes precession around desired axes.
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	Using Hg weights to precess gyroscope for earth fixed alignment
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