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Celestial navigation frequently requires measurement of the angle between a heavenly body (the body) and the celestial horizon.  For two and a half centuries seamen have accomplished this using the double reflection marine sextant.  The purpose of this article is to explain how, in the relatively few years the sextant was used by airmen, the aircraft sextant came to look so different from its maritime cousin.
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A Hughes MkIX Aircraft Sextant of 1940 compared to a Hughes Marine Sextant of 1941 (DP)
The maritime sextant measures the angle between the body and the visual sea horizon.  A correction must be made for ‘dip’, the small angular difference between the celestial and the visual horizon.  

The Artificial Horizon

The airman found use of the visual horizon much more difficult.  It might have been night-time; the aircraft might have been above cloud, or over land with mountainous horizons.  Height alone wasn’t the problem, because the dip tables, which vary as the square root to the observer’s altitude, still work to high altitudes.  The problem was knowing the aircraft’s true height.  The crew relied upon pressure altimeters, which required knowledge of the surface pressure below the aircraft, and this wasn’t always available.  Moreover, the higher you went the greater the chance of the horizon being beyond visual range.  Clearly some sort of artificial horizon incorporated within the sextant was required.  
Some of these problems were not unique to airmen.  They also applied to mariners and overland explorers, so it’s not surprising that some of the solutions had been tried before.  The simplest solution was to bring the body into coincidence with its reflection from a tray of suitable liquid.  Quicksilver in an iron tray was popular with land travellers.  Amundsen used such a method to prove he really did reach the South Pole1.  The method would have been totally impractical in an aeroplane.  Much shuffling around is required to get everything lined up, and the consequences of a mercury spillage in an aluminium aeroplane are frightening.
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Amundsen taking an observation near the South Pole (Public Domain??)
Pendulous Horizons

Devices incorporating pendulosity go right back to the astrolabe.  They were never part of the basic marine sextant, but devices were introduced for use at night.  As early as 1837, Lt Becher RN was describing his pendulous horizon, which could be attached to a marine sextant ahead of the horizon mirror2.  This and similar devices don’t seem to have gained popularity on land or at sea although it’s interesting that later Mks of  Smith’s and Kollsman periscopic aircraft sextants employed much refined pendulous reference systems.
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An RAF Smiths Mk2b Pendulous Reference Periscopic Sextant with the view to the Observer inset (DP)
Gyro Horizons

Gyro horizons were also tried.  A spinning, bottom-heavy gyro will erect with its spin axis vertical.  If the gyro has a flat top, then the position of the top defines the horizontal.  The German Plath SKS 3D used such a system3.  While the U-Boat arm found it useful towards the end of WW2, when they were restricted to surfacing only by night, tests in the UK and USA in 1945 concluded it would never replace the marine sextant under more normal conditions.  Despite initiatives, particularly in the USA4, there’s little evidence of gyro-sextants being used regularly in the air.
[image: image5.jpg]PRPPOR
e





Plath SKS 3D Gyro-Sextant Gyro Mechanism (From Admiralty Research Laboratory Report 1945)
Bubble Horizons

This brings us to the most common artificial horizon source, the bubble.  Such devices have been around since the 19th century.  However, you can’t just strap a spirit level onto a marine sextant and start taking sights.  Light from the body is focussed at infinity, whereas the bubble will be no more than six inches in front of your face; eyes don’t like that.  Therefore, you have to install collimating lenses to make it look as if the bubble is also at infinity.  A double reflection marine sextant is not affected by tilt in the direction of viewing.  This is not so with a spirit level and the bubble must be kept in line with fiduciary marks.  This problem can be overcome as described below.  
Although the marine sextant is impervious to tilt in the direction of observation, it is affected by lateral tilt.  The mariner corrects for this by rocking the sextant gently and taking a reading when the body is at its lowest point and just kissing the horizon.  You can’t do this with an artificial horizon comprising a single spirit level in the direction of observation, so a second spirit level at right angles to the first was often installed.  The Admiral Gago Coutinho sextant is a prime example. Maintaining the body in the longitudinal bubble, possibly between fiduciary marks, while keeping the lateral bubble correct, was quite a task for eye and brain.  The solution was the ‘bubble chamber’, proposed by Louis Fave in 1906 and patented by Booth and Smith from RAE in 1919, comprising a single bubble in a circular chamber.  If the body is to move with the bubble when the sextant is tilted, the radius of curvature of the roof of the chamber should be equal to the focal length of the collimating lens5.  However, the size of the bubble varies with temperature and pressure, so to ensure the bubble could be adjusted to the ideal size as the aircraft flew higher or into different climates, a bubble making diaphragm controlled by a screw had to be included adding to the complexity.
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The ubiquitous WW2 RAF MkIXA Bubble Sextant with an additional bubble chamber and the observer’s view inset (DP)
Acceleration Errors

Unfortunately, all gravity controlled artificial horizons suffer from acceleration errors.  E.g. if the body is ahead of the aircraft and the aircraft accelerates, the liquid surrounding the bubble is thrown rearwards.  Consequently, the bubble is thrown forwards inducing a measuring error.  Similar effects are experienced with deceleration and turning.  Such errors are best reduced by taking a number of shots close together and averaging the result.  The earliest methods involved scoring marks on a drum geared to the index mirror when the observer felt the aircraft was steady and the body was lined up.  The median of the score marks was taken as the height of the body.  This was far from ideal; the median value might not have corresponded with mid-time for the observations, and the human sense of balance is easily fooled.  A very steady turn can feel like straight and level to a blindfolded person.
Averaging Mechanisms

The answer was to add an automatic averaging mechanism.  Typically this might record 1/60th of the height of the body every two seconds for 120 seconds.  The angle finally recorded was the mean value, and the time was the mid-time of the shot.  Later, more than one timing length was added, so that the shot length could be chosen to best match a whole number of cycles of the aircraft’s phugoid or Dutch roll.  
[image: image7.jpg]



The clockwork ‘mean’ averager of the RAF MkIXA compared to the score-mark ‘median’ averager of the USAAC Mk10a sextants (DP)

The Astrodome

In the early days, airmen shot astro from the open cockpit, but as speeds and heights increased, it soon got too cold and windy for them.  After going through a phase of using optical glass windows, the most practical idea was to introduce a Perspex dome on the top of the aircraft through which the bodies could be observed, “the astrodome”.  Unfortunately, it was almost impossible to manufacture a Perspex astrodome that was of equal thickness from top to bottom, so tables were introduced to correct for “standard dome refraction”.  
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Valetta T4 Airborne Classroom with six!! Astrodomes (Jerry Hughes)
The Periscopic Sextant

As aircraft got even faster, flew even higher, and became pressurised, the astrodome became an embarrassment.  It reduced the top speed, increased the fuel consumption, and there was always the danger that the pressure difference might make it blow out taking the navigator with it.  The answer was the peri-sextant, which went up through a small hole in the aircraft skin only when necessary.  One advantage for navigators was that they no longer had to be able to identify every navigational star in the sky, because they could only see one or two at a time.  The problem now was where to point the sextant.  Therefore, special mountings had to be developed upon which a body’s azimuth and aircraft heading could be set.  Pre-computing of the body’s height and azimuth became almost essential.  Introducing the peri-sextant to the outside air from a pressurised aircraft risked problems similar, but opposite to, flushing the loo in a submarine.  To prevent the navigator accidentally depressurising the aircraft, Smiths introduced a complex system of interlocks for their peri-sextant mounting, but Kollsman didn’t bother.  To be fair the Kollsman hole was of significantly smaller area although there are apocryphal stories of the mounting being used with a tube attached as a vacuum cleaner. 
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Almost the end of the line – a Kollsman pendulous reference periscopic sextant with its mounting. (DP)
So we see why in the relatively few short years that sextants were used in aircraft they came to look so different from their marine cousins.  
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