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REPORT No. 131.

AERIAL NAVIGATION AND NAVIGATING

BT E. N. likOX.

INSTRUMENTS.

SUMMARY.

This report is Section VII of a series of reports on aeronautical instruments (Technical
Reporta Nos. 125 to 132, inclusive) prepared by the Aeronautic Instruments Section of the
Bureau of Standards under research authorizations formulated and recommended by the
Subcommittee on Aerodynamics and approved by the ~atiomd Advisory Cmnmittee for .Aero-
nautice. Much of the materiaI contained in this report was made availabIe through the
cooperation of the war and Navy Departments.

The methods of marine and aeriaInavigation are fundamentally the same and the develop-
ment of the Iatter has involved no new gened principles. Differencti in the conditions encoun-
tered on the ocean and in the air and the fidely Merent charaoteristi= of the craft involved
in the two case$ have nec+x.sitatedthe nmditkation of the methods and instruments used in
marine navigation, as well as the development of speciaI instruments, to meet the requirements
of aeronautics.

This paper outIines briefly the methods of aeriaIna%~ation which have been evoked during
the past few years and describes the instruments used.

Dead reckoning, the most universal method of navigation, is fit discussed. ~n folIows
an outIine of the principles of navigation by astronomical observation; a discussion of the practi-
crd use of natural horizons, such as sea, land, cloud, and haze, in making sextant observations;
the use of arMciaI horizons, including the bubble, penddq and gyroscopic t~es; and a
description of the rapid methods and the spechd instruments which have been devised to expedite
the reduction of observations and the plotting of position. Lastly, the comparatively recent
development of the radio direction finder and its application to na~mation are discwsed.

INTRODUCI’ION.

until the beginning of the recent European war, aeri@ navigation in a scientfic sense had
received comparatively littie attention. A &nited amount of work aIong these Iines hail been
done, but comprehensive methods for overcomhg the difficulties peculiar to the navigation of
aircraft had not been devdoped.

Perhaps the most conspicuous example of the use of this new d prior to 1914 is to be found
in the celebrated attempt of ‘?i’elhnan and Vaniman to cross the AtIantic Ocean with the dirigible

——

America in 1910. On this voyage a sextant with an artificial horizon was used for the absolute .-
determination of position, while methods of me=uring the air speed, ground speed, compass .
course, and angleof drift provided the necessaxy data for computhg the dead reckoning position —

of the ship.l The methods of navigation used on this flight were very similar to those which
are comirg into use today. The most noticeable difference was the absence of the radio compass
and the turn indicator. *

During the war the art of navigating aircraft was deveIoped somewhat, principeJIy owing
to the attempts at Iong-distance bombing. The British found” it possibIe, after cunsiderabIe .-. —

18~T~&ddAs~mWdlrasn.
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764 REPORT NATIONAL ADVI&3RY COM?tftfTTEE I?OR AERONA UTILE.

work at Oxfordness, to arrive within 5 or 6 miles of their objective after flying show ~heclouds
for approximately 100 miles. The Germans in their &ppelin raids on ~pgland were but pmtly
successful in their navigation, for they managed to reach their objective yet often failed to
return to their base, owing to the almost insuperable difficulties encountered in flying long
distances at night with uncertain information as to weather u.cmditions.

The war demonstrated the value of aerial ~upremacj beyond all quastion. The develop-
ment qf commercial aviation is the most prom.mn.g means by which the heavy cost of aero-
nautical prograss can be at least partially defrayed. Commercial aviation in turn depends to a
great extent upon the solution of the difficultiw encountered in aerial navigation. Not until
aircraft are independent of all but the most extreme weather conditions, not until they cm IN
flown for hundreds of miles without sight of the ground and still come out within 15 or 20
minutes flying time of their objective, not untfl forced landings in fog cease to bc a sourco of
serious danger will this means of transportation be sfitable for commercial use.

Unfortunately, only a beginning has been made toward solving the problems of flying and
hmding in fog. The turn indicator hrwrelieved cloud flying of iti greatest danger, but landing
from an uncertain altitude cma spot whichis invisible from the air is sti!Ja dangerous undmtak- *

ing. In all probability the solution will be found ,not only in additional instrumental aide to
navigation but also in the utilization of information .mmsmittcxl by wireless from a well-organ-
ized and widely distributed rneteoroIogical service provided for the “assistance of the aerial
fleets.

AERIAL NAVIGATION METHODS.

The reason that present-day methods of aerial navigation wero so well est~blishcd during
the ear~iestdays of aeronautics is probably due ta .tiheclose analogy between aerial and mrwino
navigation. .4 ship travels through the water on a given course at a known speed, whih at
the same time the.ocean currents and the wind carry it from its courw by an amount which is
usually quite accurately known sIso. The positiori of the ship at any ititant can h computod
with a considerable degree of accuracy by dead reckoning and checked occasionally by astronom-
ical observation. The aircraft ties at a known speed on a given course through the air. At
the same time the winds sweep it from the course steered by an amount which, under .favoral.h
conditions, is known. The aviator can thus deter~e his position by dead reckoning and occa-
sionally check it by observation on the sun or a star just as is dgne in marine navigation.

Here the analogy ends, and in the remaining-considerations the’ disadvantage lies almost
wholly with the aircraft. In spite of certain advantages which are Un@e to flight, tho higher
rates of speed of the craft ~d of the supporting medinm, the impossibility of charting th~ winds
M the-ocean currents me charted, the ,dangers o~+nding in fog or darknew, &d the added
difficulties due to the fact that we have three dimensions involved-”histead of two, all tend to
make the navigation of aircraft more difficult and hizardous thtm navigation on- tho sea. This
entails the development of new methods and instr_wne@s for- aorimluse M welI as the inodifica-
tion of those already in exist~ce.

The methods of aerial navigation which stand out prominently are three in number: “ I)ead
reckoning, ” ‘tastronomical observation, ” and “ directional wireless telegraphy,” if we omit (1)
the common practice of flying by map, consisting simply of steering orm’s comso by means of
objects on the ground which can be identfied on the.rnap,and (2) tho possible use of a gyroscopic
device for indicating latitude and longitude. Several attempts have bean made to construct
such an instrument, but it is extremely doubtful ~~hetherin the present)stata of development

● of gyroscopic apparatus sufficient accuracy can be”attained j.n this way. ,
No one method or combination of methods has.been found proeminently suitablo for exclu-

sive use under all conditions. What might-be well suited for a transatlantic flight would not
be adapted to use on a cross-country trip of a few hundred miles. Llghtm-than-air and heavier-
than-air craft each have their own characteristics which involve different variations of the funda-
mental methods of navigation.
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DEAD RECKONING.

Of the three fundamental methods of nav&ation, that by dead reckon@ is unquestionably
the most universally used. It is always required in some form, however simp~e, even when
rehnce is phced on one or both of the other methods. Although dead reckoning may be
partly superseded by the radio direction finder, it can never be dispensed with entireIy.

hTavigationby dead reokoning com~istsin de~ the position and course of any craft
from ita known or estimated direction and speed over the surface of the earth. In aerial nav&
tion the direction in which the craft is heading and its speed relative to the air can be found with
mmparative ease, but unfortunately for &nplicity, the winds are usua~y present to ccunpIicate
the problem In nearly every case this means that both&e speed and the direction of motion
with respect to the ground d&er from that shown by the air-speed indicator and the compass.
If the direction and the speed of the wind are lmown, the probkzn still remains simple, involving
merely the solution of a veIocity triangle; but the wind is rardy Iiuown accurately at the start
of a flight and only too often no information is avaiIable. I@ this case the navigator is forced
to rely on observations whioh he can make whilein the air to gke him a knowkdge of the drift
caused by the wind.

In time a more intimate knovdedge of the atmosphere and a weI1-organized meteordogiml
service will undouJtedIy serve to give aviators more completa and accurate data ta aid them in
their navigation, but even then it will stiHbe necessary to check the course actually followed by

. mems of drift and ground speed observations.
From what has been said, it can be seen that the mmsurement of four different quantities—

heading, air speed, ground speed, and drift-may be @volved Q na@ation by dead reckoning.
For the purposes of this paper the instruments used in measuring these quantities and in reducing
them b useful form my be classified as (a) Diition Indlcatirs; (6) Speed and Drift I&licators;
and (c) Computers and Plotting Accessories.

USEOF DIRE~ON INSTRUMENTS.

com&%ms.

The determination of direction is the most fundamen~al process in navigation. A knowkdge
of his speed may not be absolutely essential to the na&Uator, but without the sense of direction
he may be completely lost. Aside from the Iimited possibilities of directing one’s cuurse by
map, by rough measurement of mgles from the sun or stars, or by the aid of the radio direction
finder, the compass is an absolute necessity to navigation, whether aerial or mmi.ne.

Owing to its supreme importance, this instrument had ahwad~ been brought to a high
state of development for marine use before the days of modern aviatmn. Its first applications
to aeriaI use, however, showed that an entirely new development was needed before it wouId
function properly in aircraft. It was not simply a question of reducing the size and weight of
the instrument but of altering the design radically, in order to make the compass function
properly when subjected to the severe conditions found ~ aviation.

It had rdready been learned that the dry compsss ordinarily used on shiyboard was unsuit-
able for smell boata where the rolling and pitching in bad weather and the” engine vibrations
were very pronounced. TJnderthese conditions the compass card was found to lose its stabiIity
and to oscillate in both horizontal and vertical planes, the amplitude often increasing untfl
continuous rotation about ‘the vertical ~ resuhed. Furthermore, the vibration damaged the
pivot point, and an increase in pivot friction resulted which made the error of the instrument
stiIl greater. These considerations led to the adoption of the liquid compass for smaIl boats.
The marked simihrity betwem the conditions encountered here and those met within the air
explain the almost universal adoption of this type of compass for aerial work.

The liquid in the bowl serv= a double purpose: It damps the motion of the card, redncing
the oscillations and thus improving the stability; and it removes a portion of the ~eight on
the pivot point and so tends to preserve the kiter, owing to the reduction of the intensity of
the shocks given it. The decrease m the apparent weight of the card is ah beue&ial in that
it reduce9 the pivot friction.
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Inseparable from the advantages due to the liquid are several disadvantages. The liquid
serves as a damping medium, but it also forms a viscous connection between the bowl and the
card, and when the former turns the latter is dragged around, too. The same property of tho
liquid makes the compass sluggish, with &e re@t_that it responds but slowly to changes of
direction.

In adapting the liquid compass b aerial use a number of modifications were made, tho
most important of which was probably the adoption of a short period. The period of tho marine
compass is in the neighborhood of 50 secunds, and ~erience in the air brought protests from
the pilotg that u compass having so great a period took too long h come to rest after a turn.
Ocmsequentlycompaws having a period of from 10 h 20 seconds were adopted. Other chcmgcs
included the use of stronger magnetic moments in an attempt to overcomo. the sluggishnws
produced by the liquid and the attaching of the pivot to the card instead of the bowl in order to
reduce the turning efleot due to vibration.

During the early days of its use the peculiar ao”tionof the short-pwiod compass crmcd tic
instrument to fd” into discredit. .It was found that on banked turns from northerly eauraes
the compass swung wildly and often indicated a turn in the wrong direction. A study of this
“northerly-turning error,” as it was called, led ta the temporary adoption of along-period com-
pass in an eflort to reduce the effect.

.

Errors of compasseq.—The compa&, as used in aerial navigation, is subjeot k errors due
to (a) calibration, (5) pivot friction, (c) permanent magnetism of the craft, (d) induced mag-
netism, (e) vibration, (fl tilting of the card, (g) linear acceleration of the craft, and (7L)turning ‘
of the craft.

(a) and (h) The sum of the calibration and pivot friction errors should not bo greater
than about 2° in a good compaw, such as is needed for navigation. The friction error Cnn bo
reduced to a very small amount by keeping down the weight of the card. Them crrora arc
discussed in Part 111 of Report No. 128 of this series.

(c) The deviation due to permanent magnetism is caused by the fact that tho steel used
in the construction of the airplane acquires a certain amount of permanent mngnotisrn duo
to vibration and shocks. The field thus set up li& in a general way along tlm longitudinal
axis of the ship. The deviation caused by this field changw sign -yhen the aircraft changes
its asimuth by 180°; hence it is called the ‘f semicircuhir deviation.” The permanent m~netkfi
thus produced is not constant over an intended period owing to the vibration and shocks inci-
dental to the use of the ship.

(~ The earth’s field induces magnetism in the soft iron of the craft, producing a field
which varies in direction m the azimuth of the airplane is altered, This field causes a deviation
which changes in sign for each chmge.in azimuth o~,90°, so the name ‘~quadrantal deviation”
is applied to it.

The deviations due to the causes just discussed can be largely eliminated by “swinging
the airplane” and compensating the cornpass.z Themmicircular deviation, the more important
of the two, is corrected by beading the craft succeasively north, east, south, and west and reduc-
ing the deviations found in this way to the smallest possible amounts by the use of small corn- ~
pensating magnets. The quadrantal deviations are corrected by heading tho airplano succes-
sively northeast, southeast, southwest, and northwest and reducing the deviations f und in
these directions to a minimum by means of two soft iron spherds properly placed, Al ter this
process has been completed the airplane is “swung” again and the remaining deviations arc
found for the pointe of the compass. A table of these deviations can then be prepared for
use when flying. Owing to the oharQe in the permnnaut magnetism of the ship, the semi-
circular deviation should be compensated at frequent intervals.

The errors which have been considered above can be determined fairly well and corrected
under ordinary conditions. On short ilighte or on ~~hte over territory which is Imown rind
visible they are not very important, as the course can be carrectgd at frequaut interwds. On

a—.. ...-
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long fligtda and particuhirly on transocetic flights the accuracy of the compass is of supreme
importance, hotiever. A ghmce at the map of the Atlantic Ocean will emphasize at once the
accurate navigation which -would be required ta enable a craft flying, say, t.a the Azores to attain
its oblective. An error of 2“ in foIIowing the true course might cause it to miss its destination
with the chances greatly in faver of ib continuhg on into another mst expanse of ocean.

The errors which remain to be discussed can not be accurately determined and compensated
as can the others, altho~”h they can often be reduced m ~out. me ~or ca~ by tie.
electrical circuits in the engine is a good example of this. This disturbance may be serious
if the compass is near the engge, but it may be overcome by remo~u the compass from the
fle~dthus set up.

(e) Rotary vibration in a horizontal plane has a very serious effect upon compasses in
which the pivot is fastened to the bowl and the cup is fastened to the card. IJnder the influence -
of such vibrations the pivot mill carry the card around in. the direction of the vibration. In
teds carried on at the RoyaI Aircraft Factorj with a British AdmiraIty standard compass,’
deviations due to this cause were found to r~~e from 7° at 1,400 R. P. M. b 42° at 1,600 R. P. M.
Revm@ the positions of the pivot and cup reduced this deviation to 1° at 1,100 R. P. M. and
4° at 1,600 R. P.M.

The suspension of the bowl was aIso carefuI1y invc+yded at the same time. It was
concluded after derisive tests that rubber stops, unIess they are too loose to maintain the
proper direction of the bowl with respect to the c=e, do not damp out excessive vibrations.
Spring mountings were alSOfound unsatisfactory owing to resonance at certain speeds. The .
method fialIy adopted was to support the bowl on a polished plate with a felt pad betweeu
the two. Flat leaf springs mounted on the case supported the bowl and maintained its dir-
tion but aUovredit to dide on the felt.

Ti%en a compass with the standard mrangernegt of pi~ot and cup and with thk mounting
was tested in an airplane on the ground with the engjne runn&, the deviation due to vibration
was reduced to a mtium of 2° at 1,600 R. P. M The resuh obtained irupro~e rapidIy
a9 the distance of the compass from the engine increa<es. This is due both to a.reduction of
vibration and to a lessening of the eilect of the engine circuiti.

(fl If the axis about which the card rotates is inchmd to the -rer~caI whale the craft is
flying a straight course, a huge error in the compass reading maybe introduced. This is due
to the verticil component of the earth’s maggetic fleld, which then tends to rotate the card
about its a.sis.

(g) Linear accelerations of the aircraft vr~e flying a straight course other them magnetic
north or south produce an error in the compass reading. Owing ta the mass placed on the
south side of the card to balance the force due to the vertical cu.mpommtof the earth’s magnetic
field, the center of gravity of the neede do= not lie in the vwticaI Iine tbrcmgh the point of
support. A hear acceleration produces a moment acting about the point of support to
deflect the needle.

(h) Perhaps the most difEcuIt error to contend with and the one that has had the most
serious consequences is the ‘ ‘northerIy turning *or,” which accurs when the aircraft veers
from a northerly course. The short-period compass undti such conditions deviates vzidely
from the correct readkg, and, what is worse, often indicates a turn in the opposite direction

a ta that whiclt is actuaIIy being made. VZhen this occurs in a cloud or in a fog, the redts are
likely to be disastrous, for the pilot 10SE=W sense of the horizontal under these circumstances
and must depend on his instruments to keep the”ship in equiIiirium.

It is possible to derive the equation of motion for the compass card for specified turns from
a given course.4 In its general form this equation can not be integrated, but, by keeping the
values of the variablcw sticientiy amaU, approximations can be made which alIow the inte-
gration to be performed. Thus it is possible to investigate the initkd motion of the compass

st~q ou th ?zrmrs dCcqkISSe9 on Aer@8m9, F,by IC&ti LW Britkh Advisory Ccmmittee ti A=onautlce, d. 7, 191f=3JP- ~

~Repi.rt of the Britfsh Adviwry Conunittw fcu Aeromutlce, ii me N’~&y ~g Error cd the Mf#mtic ComPS” ~. A. ~e~,

1916-U, pp. m+dw
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in a turn from the north, for example, and a large tmrg can be investigated by a step-by-step
process, keeping the variables small for each stap.

It is usually resumed that the liquid does not rotate with the bowl during a turn. This
of course, is not true, even with a spherical bowl such as is used in tho R. A. F. 31urk 11 com-
pass. The condition for rotation of the liquid with the bowl can b? put into tho equation of
motion and its effect thus detennked. The true st@e of affahy mud lie between these two
extremes, and this has been corroborated by actual ~ts.

The cause of the “northerly turning error“ k discussed in P@ HI of Report No. 128 of
this series.

The development of the turn indicator has made it possible to neglect tho compuss entirely
during the turn. The latter can now be uti&d in its proper rble, that of giving the direction
of a straight course, while the former can be used allusively for turns.

A detailed description of the different compass& in aerial usi will be found in Part lV of
Report No. 128 of this series.

TURN INDICATORS.

VTbileaerial navigation in a strict sense may consist simply of th gcometiical problems
involved in flying from one point to another, in a broader sense it may be considered tu includo
other probkuns which are essential to carrying out ‘the flight from a practical shmdpoint, such
as the determination of the radius of action ,or the ability’ h fly through fog. Commercial
aviation will never be a success, however accurately courses and disti”ccs cm be determined,
so long as the craft is likely to fall out of a cloud in a tail spin, owing to tho inability of the
pilot to keep his equilibrium..

Before the ttin indicatar was developed it was an all too common experience for tha pilot
upon entering a cloud to notice the compass needle b@nning to swing. This meant that
the airplane was turning and he -would immediately try to correct the course. V7ith all senso
of the horizontal lost, all he could do, however, -was to. adapt his bank to the turn, sinco the
usual type of banking indicator gives only the apparent vertical. So he would get ontu a
sharper and sharper turn, particularly if turning from the north wiih i shorbpcriod compass.
The airspeed would now creep up and, in correcting this, he would stull the machine, which
would then fall out of control untiI a view of the ~ound ehablcd him to regain hii balanco and
level off or until he washed. A conspicuous example of such em occurrence is to h found in
Sir Arthur Whittan Brown’s “Flying the Atlantic in,S&een Hoursj” page 59.

With a turn indicator in front of him, the pilot can recognize a turn us soon as it com-
mencw and can correct it. The banking indicator will then give the trm vertical and the
ahip can be kept on an even keel and flown in a str&ht line.

Turn indicators are described in Part V of Report No. 128 of this series, so brief referenco
only will be made to them here.

The datic head turn hdicator.-This turn indicator consiste of two static pressuro nozzles
mounted one at each end of the wings of the airplune and connected to opposite sides of the dia-
phragm of a very sensitive pressure gage. When @+eairplane banks for a turn, tha two static
nozzles are at clifferent elevations, and consequen~ly are at points of cliffment static pressure,
Without discussing the other forces ac~ upon..the pressure indicator, since the subject is
thoroughly treated ekewhere in this report, it @l be said that the resultant forco upon the
diaphragin may be considered due to the difference in barometric pressure between the lmds -
of the static nozzles or due b. the centr~ugal force of we air in the tubes counccting tho indicatm
to the static nozzles. The differential pressure acting upon the indicator is thus a measure of
the rate at which the aircraft is turning. The D~win static head turn indicator is the only in-
strument of this type in common use.

The gyro8cop@ turn indicator.—The operation of this type of turn indicator is based on the
action of a gyroscope. If the axis of spin is fore and aft, the precession then takes place about
an axis parallel to the lataral X& of the ship. Springs limit the precession to a smrdl amount
and the deflection is magnified and read on a dial.
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A number of gyroscopic turn indicators have been developed. In most cases the gyro wheel ,
is in the form of an air turbine which is driven either by the blast of the air stream or by the
suction devehped by a Venturi tube mounted on a wing. In some cases an electrical drive is
used.

lh-rom of turn indicators.-l%e static pressure turn indicator works we~ under favorable
conditions if properly mounttd 1%k, however, seva.al serious defects. (a) The imtrument
is said to read lateral accelerations almost independently of the bank. Thus it is liable to be
in” error whenever side-slipping occurs. (b) Obviously the differential pressure involved is
edm.mely small. This makes a very ddicate indicator necesmry and increases the liability to
error due to local pressure disturbances. (c) It has an excassive lag. (d) lhder bad weatkc
conditions the nozzles may freeze up did ~d tie i.ristrumentwill cease to function.

The best gyro turn indicators with an adjustment for sensitivity are unquestionably more
satisfactory than the static pressure type of instrument. They are practically instantaneous

in action, can be adjusted ta the desired sensitivityy, start functioning again immediately after
the plane has been stunted, and can be made
strong and rugged> ow@I to the large forces . .. -; : ‘--- .-.:,’--;-: ”- ;--
involved.

USEOF SPEEDIMTRUMENTs. z -:.

Under this headirg are included air+peed
indicators, ground+peed indicators, and ML ,.”:
indicatoI?3. .-

ALR-SP=INDIC~TOES.

Little milI be said of air-speed indicators ““-- -’-”= “.“..:. ““
in this paper. The instruments ue vmU
known, forming a standard part of the equip- -“ -“ --
-meritof all aircraft, and have been treated
thoroughly in other parts of this report. The Fm. I.—Pioneer eirdlstance remrder.
reader is referred to I?arts I and II of Report
No. 127 of this series, also National Advisory Committee for Aeronautics Report No. 110, “The
Altitude Effect on Air-speed IMkators,” by M. D. Hersey, F. L. Hunt, and H. N. Eaton.

PIONIER AIR-DISTANCERECORDHL

This instrument (@. 1) is designed to record the air distance traveled. A small propeuer
is mounted on one of the forward W@ struts. This propeller mike a deihite number of revo-
lutions for each mde of air which passes it, and at the end of each miIe operatea a valve which
admits the suction meated by a Venturi tube b tie r~rder~ fiUS opera~g pneumatic~y *e
mechanism which adds 1 mile to the reading. Since the propelIer has very l.ittie resistance
h its motion, the apparatus is very nearly independent of the density of the air. The makers
claim that the maximum error of the instrument due to the change in air density is less than 1
per cent at 20,000 feet.

GROUND-SPEED NDICATOSS.

The two principaI types of ground-speed indicators which have been developed for use on
aircraft are based upon optical and dynamical principk.s. The opticaI type is used to follow
and messure the relative motion of objects upon the ground with respect to the aircraft and so is
dependent upon the visibility of the ground km the craft. The dymmicd type htegrat= fie
accderations of the aircraft, and cousequently is independent of tiibfity. A discussion of the
principles upon which the various types of ground-speed indicatom are based is to be found in
Part 111of Report 127 of thisseries.
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W“hiIethe mewwremcnt of ground speed is a clietinct operation, prfictieully it is often con-
venient to combine the optical ~mmuld-speedindicator, the most commouly used type, with u
drift indiiatar owing to the fach thut in this type, of ground-speed indicutor the nngle of drift
is found, whether cmnot it is read. On this account the descriptiml of drift indicators which
follows will include descriptions of several simple ground-speed indicat,ursof the optical type.

THEORY OF DRIJ?I’ MEASUREMENT.

Just as in marine navigation it is necessary to take into account tho speed and directim
of ocean currents.in order to follow agiven course, so in aerial navigation the motion of the sup-
porting medium relative to the earth must be considered. And in the latkr case Lhedifliml-
ties involved in taking fuIl account of the motion of the mcdiwn me immensel-ygreater. Not
onIy are the velocities of the winds many times those of the ocean currents, lm1.thy are CINInge-
able, varying from day to day, and even from hour to hour. Unlike ships, wluch arc limihx! to
motion upon the surface of the sea, aircraft often fly at elevations differing by scvcrul miles,
aud it is a well-lmown fact that the winds usuaIly vary both in amount tind dirccticm with rtlti-

N

.s1

Fm. 2.—T)rlftdiegre.ms.

tude. It is probablo tlIuLrnc-
teorologic.al information will
in time reach such a sta[c
that the comiitiom which the
aviator will lmlikely LOmcot
in a givcll flight cun be pr&
dictwl quitu accurtitely in
advance, but it will ncwr lw
possible to chttrt the wiuds
a9 the ocean currmts arc
chartmi.

The vtiluc of met.corologi-
cal data for mmmcrehd avia-
tion can hardly be overesti-
mated. ‘By choosing his alti-
tude properly, the aviator
can of Lenobtain R favorable
-wind in both going LOand
returning from his obj cctive. .
The lack of such information

may of tan add greatly to the time of his flight and, if visibility is poor, he may be swept miles
from his course. A hisLoric instance of such an occurrence is that of a fleet of Zeppelins which,
after a raid on England on October 19, 1917, ascended into an air current very dif?iercntfrom
that existing at the lower levels. The crews of the_dirigiblm, not knowing of this change in
the wind, made n mrong allowance for its effect=with the result that the ships were swept mm
France, where a numbcw of them were clestroyed.6

The fact tlmt the wind usually alters the compass course which should be steered to reach
a definita point on the surface of the earth makes it necessary to determine W angle by which
the heading of the plane must be ultered ‘morder to follow a particular course over the ground.
The fundamental problem involved in all cases is the determination of enough cpmntities to
solve the velocity triangle whose sides represent in amount and direction the air speed, wind
speed, and ground speed.

In figure 2(a) the trhmgle (OAC) repr~ents the~elocities involved. Suppose tho aircraft
starts from (0) to reach a point (A’). The angle (NOA’) which the course to be followcxl.mfikes
with the geographic meridian can be determined from the map, This will lm called tho “ track
tingle” and the course (OA) which the aircraft actually follom over the ground will be called
the “track,” or the “ cotu.w-made-good, “ in accordance with customary usage. The wind is
—.———. ——

fiMe.nunlMMeteorology,Part IV, page 72.
—

u ‘l’heWletlon ofWind to the Dhtrlbutlon of Bacometrie Pressure.” bY W ~sPIW SfULW.
- . ---
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represented in amount and direction by the vector (OB]. Let us assume that (OB) represents
the distance vvhich the wind moves in unit time. Now, if we take (B] As center and with a
radius equal to the distance which the craft moves through the air in unit time swing an arc
cutti~mthe straight line from (0) to (A’), we obtain point (A) which represents the point which
the aircraft can reach in unit time if so headed as actually tu fly over the ground from (0)
toward (A’) in a strs&ht line. Now, drawing ((X?) paraUel to (BA) arid (CA) paralkl to (OB),
we have the triangle of velocities which is to be sol-red. Know@ (OC), (CA), and angle (O~C),
it is a simple matter to solve for the distance covered with respect to the ground in unit time
and for the drift or correction angle (AOC). (See next par~mraph.) The an@e between the
course to be steered (0(!) and the geographic meridian (Shq + now bow-n; consequently the
compass course can be corrected ta counteract the drift due to wind. The sides of the velocity
triangle thus drawn are proportiomd to the air speed, wind speed, and ground speed.

It wiIl be advantageous to carry the discussion of drift a little further at this point and to
give arbitrary detitions, for the sake of clearness, to the names “ drift an@e” and “ correction
angle,” both of which will be, involved in the following description of drift indicators.

In &re 2(3) let (OA’) be the course the piIot wishes to make good and let (0) be his
start+m point. Also let (OA) represent his air speed and (AC) the wind speed in both direction
and amount. The triangle (OAC) can now be drawn, since both (OA} and (AC.) are completely
how-n. The ground speed (OC) and the angle (cc), which is the angular amount by which the
aircraft is deviated from its desired course amd which we shall calI the ‘f drift ar@e,” are now
known. This triangle is often solved in various ways by the na-rigatar while in the air in order
to determine the wind or his ground speed. But the pilot desires actually to follow the course
{,0A9 and to do this he must steer the compass course (OE). For this purpose it is not sufficient
for him simply to apply the drift angle (a) to the direction of the course to be made good, but
a new triangle must be solved. b other words, he must determine.mgle @), which is the true
correction to be applied to his compass course in order to overcoh the component of motion
due ta the wind. ~] will be called the “correction angle” and can be found in terms of the
a~al= (a) and (-r), where (-y) is the iingle between the desired track and the direction of the
wind.

Applyiqg the law of sines to each triangle and remembering that the ratio of the air speed
to the wind speed is the same in each, we have

sinasin7
Sinfl=

Sin (y-a)”

The “drift angle” wiII thus be defied as the angle by which the craft is deviated from ifs .
compass course by the wind, while the name “correction angle” will be appIied to a par-
ticular drift angle, namely, the drift an@e which c&k when the craft is followhg the desired
track.

DESFI!INDICATOR%

Drift indicators are a class of instruments whose use is dependent on a view of the ground
m the ocean. - The usual type is based on the fact that it is possible to Ml when points on the
ground, floating objects OE the surface of water, or p,atches of foam mo-re paraM’ to a hne
which can be rotated in a horizontal plane in the aircraft.

Tf’ebsta drifi siglt.—l?robably the simplest drift sight in use is that devised by D. L.
‘Webster. Fixed wiresrdiate at 10 degree intermds from a point so placed that the pilot can sight
along them at the ground. By Watching the points on the ground as they move by these wires,
the piIot can estimate the drift mgle to about 2°. -4 mumble sighting wire which can be
operated from the cockpit is sometimes used to replRce the tied wires.

Spiny syrdwcmked drijl wt.—l’his device (fig. 3) is a combination compass and drift
indicator so connected that the observer can move the lubber line-on the piIot’s compass and
thus correct the compas~ course for drift without having direet communication with the pilot.

—.

.—

.-

—



772 REPORT NATIONAL ADVISORY CC)M_E FOE AERONAUTICS.

The drift indicator oonsists of a pr”m~atic telwope having a series of parrdlcl lines in the
focal plane of the eyopioce. These lines can be turned by a tiller wheel until they are parallel
to the npparent motion of objects cmthe ground. “Apointer indicates on a fixed scale the tmglo
which these lines make with the rm.isof the ship; i. e., th~ drift angle.

A wire cord is wrapped around the tiller wheel SQthat as’tho obser-rersets the drift lines in
the tel~copo he moves this cord, which is attached to another tiller wheel ou tho compass. This
second tiller wheel hums the movable lubber line, and so the pilot, who merely keeps the ship

I .- .------ —-. d

..- ...— ------- __. .

‘~,:=,,T&,::4

Fm. ?l.-s~ry synchronk.ed rMfi set.

hoacled along the indicated compass couriic,
aufmnaticaliy corrects for the drift.,

The correction thus made is not exact,
since the drift angle, as distinguished from
the correction angle, is laid off. Practically
the tvw angles are nearly equal fmd succcssim
corrections for drift counteract the slight error
involved.

lingm COVLpC88cour8; Miator.-’!l%is hl-
strument (@.’ 4), des”%ned by Capt. Angusl
R. :1. F., k intended h solve the velocity tri-
8nglo when the air speed, tho compass course,
md tho amount find direction of the wiud me
~wn.

A squnreof transparent celluloid (S) rests” -
on the map, its center at the point of dcpmturc.

An arrow at the midpoint of one of the sides marks thi “geographic nort~. Tho squaro is
oriented by meam of a parallel rule (R), whioh can bc set to coincide with a conveuicnt meridian.
.4t thi center of the square of cdluloid is a circ& celluloid protrtictor (P), which cm Ix
revolved. The points of the compass aro engraved on this card. Three graduated arms (T),
(A), and (’W), which can be suitably adjusted relative t; each other, serve to SOIVOthe velocity
triangle mechanically.

The first of these, a long radial arm (T), called the track scale, is pivoted at the center of
the protractor. One edge of this arm, if pro-
longed, would pass through the pirot (0) and
is grachted in miles per hour with the zero
poirit at (0).

Pivoted also.at (0) is another arm (A).
This has a lcmgitudintil slot, so tha~ it can
be slipped by the pivot (0) imd clamped
there by means of.a thumb screw. one end R
of the arm carries a pin which can be set intu
the holes in the third arm (W), which will be
described shortly. The arm (.4) is used to
represmt the air speed and is graduated in
miles per hour with the zero at the pin.

The third mm w) is called the wind
scale. It slides on the track scale, while its Yio.4.–Angus comps cause lncUcator,
direction with respect to the latter can be set -- .
by means of a Smfillcompass disk (C) atttiched rigi~y to it. The wind scale is graduated in miles
per hour and has small holes drilled-in it .at each graduation to recei~%the pin on thc”air-speed -
scale.

-.

Although this apparatus will solve several cMerent problems involving the trianglo of
velocities, its principal use is to determine the compass course to be stewed in order to follow n
fixed route tmd the groum-1Speed which will be attained over this route when the air speed, the
desired track, and the amount and direction of the “wind me known.

I
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The imrtrumentis placed on the map with the center (0) over the point oi departure and
is then oriented by means of the parflel rule. The protractor is turned until the declination
is laid off (i. e., a ma=meticneedle suspended it (0) would read zero). The track sde is laid
along the course to be followed and the wind scale is set to the proper direction by mew of
the compass card (C), the arm being turned until the graduation on the card corresponding to
the known wind direction is parsNel to any convenient meridian line. The pin ~t the end of
the air-speed scale is now pIaced in the hole on the wind swde cmresponding to the wind speed.
The air-speed sade is slid past (0) until the graduation at (0] represents the air speed. As
this is done, the wind scale slides on the tmck scale and when the air speed is proper~y set, the
ground speed can be read on the track scaIe. The course to be steergd to overcome the drift
due to the wind is given by the read~ of the air-speed ~cale on the protractor.

The angle between the track and the air-speed scales corruqmnds to the correction angle
of slggre 2(a).

Dri# or aero-ikarinj p7ate.—Thia instrument ma. c-cusist merely of a rotating graduated
circilewith diametrsl -m& for memurkg the drift or it may combiue with this a .ground+peed
attachment. (see fig. 5.) Only the lfit~er type will
be described as it includes the former.

Tho frame of the instrument is attached rigklly
to the fuselage with the line through the index (11)
and the center of the fbced circle parilkl to the
longitudimd axis of the plane. h inner circle (C),
~graduatedclockwise from 0° to 360° and with the
cardimd points of the compass engraved on it, slides
in the fixed frame 0?) and can be set in uy desired
posit ion. & outer movable circle (M) carries two
diametral pmalleI lines engremxl on strips of ceUu-
Ioid (I.J) together with an index (I) readimg on the
inner graduated circle. In mmsuring the drift angle,
the inner circle is set with its zero at the index (TI)
of the fixed circle; i. e., in the direction in whic~the
plane is heading. The outer circle is now rotated
until points on the ground move pwxdkl to the
diametrrdhnes (L). The index (I) on the outer circle
now reads the drift angle.

The standards at the ends of the oelhdoid strim

.. -—
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Ra 6.—DriIt krfw pktO.
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carry two ball sights (B) in a horizontal plane. One of the standards aIso carries a vertical
fokling arm (A) with a central vertical wire (~, aud a s.Edingr~m sight (R) whose center is in-

.—

the s= vertical plme as the two ball sights” and is directiy o~er”one” of them. This ring
sight carries an index which reads on an aItitude de (S) graduated from O to 6,000 meters
on the vertical arm. By seMng the index of the ring eight to read the alt,itudeof the aircraft,
setting the outer circle so that the phme of the sights is in the direction of motion over the
ground, and timing the passage of an object betwe~ the two ball s~”hts, the ground speed
can be computed from the known length of base Iine on the ground. (See Report No. 127 of
this series.) In the case of the particular instrument just described, this base line is 5 miles
or S blometers.

T?%uLgauge6earinq plai!e.6-Thk is an ingmiou” &trurnent. devised by ~aj. H, E. ‘iVim-
peris, R. A. F., to measure the drift augle by meaus of tail bearings end to determine the ground
speed and. the direction and amount of the wind by using the principle of the “ wind star.”

Suppose the narigator has a horizontal graduated bearing plate with a transparent ghiss
or celhdoid center. (See fig. 6.) A straightedge (AC) is pivohd at (A}, (AB) being the center
line of the device fixed paral.lelto the longi@iinal axis of the airplane. The straightedge (AC.)

aUMrll&~tl~S*by H. E. Wtnqmris. Constable:& Co.,~t@ kmdon.

.—.
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can be adjusted until it is parallel to the direction of motion over the ground. A lino is now
drawn along this straightedge on the .trtmsparent center of the plate w~ch should ho oriented
with the aid of the compass. Now, suppose that (AO) represents the air speed, which is known. ‘
Then in the velocity triangle (c), which is properly oriented to illustrate (a), the Iinc just drawn
includes the side representing the ground speed (Al?), The position of the point (l?) on this
line (AC) is not known, however, as the ground speed has not yet been debmnincd.

Now, suppose’ the airplane is deviated from its course by, say, 30° or 400. Rcwrient the
bearing plate. Now set the straighkdge parrdlel to the drift lines again and draw a new Iino
L4’C’) (fig. 6b). (A’C’) will intersect (M) at (P], thus determinhg ~~~ Second Side of the
velocity trirmgle representing the ground speed. The closing side (OP) represent.tithe wind,
(P) is called the “wind point” and the diqpm is called a “ wind star.”

In designing an instrument to use the method just described, it is necessary to mrtkcsome
provision for varying the distance (AO) for different air speeds. M’imperis prcwidcd for this
by making the pi-rot (A) movable along the line (A@, its motion being controlled by a tl~umb-

FM. 6.–Wind star dlagmm,

screw and the proper length
being dctcrmincd by an air-
speed scale. The drift tingle
can be read by an index slid-
ing over a scale at the end of
this arm. The center of the
bearing plate,,is of glass and
has concentric circles repre-
senting wind speeds difkring
by 10-mileintervals. The piv-
oted straightec& or drifL bar
carries speed and time scnlcs
and has a bewhl cdgo for
drawing Iineson theglass plat,c
with a glass-marking pencil.
A diamctral wind arrow carrJ-
ing a sliding red wind point
can be rotated in the iixcd
circle of the bearing plata.
The bearing plat~ is grad-
uated and has an index which
enables the observer to ‘“orient
it as above described.

,i ground-speed attachment
is also combined with this bearing plate. It consists of a vertical ~rm as described fur the
aero bearing plate and two horizontal wires, each carrying. two head sights. One of thCSC .
wirm gives a base line on the ground of one-half mile, while the other is arranged to gi-m
the number of minutes taken to fly 30”miles.

Courw-setting sigh. —Another instrument inveq~ed by IVimperis .js the course-setting
sight designed for use in”the nose of the aircraft to set off the course to be followed. Hero are
combined a vector triangle linkage agd a bearing plate, the. latter commonly, although not
necessarily, containing a compass needle. Briefly, the action of this instrument is as follows:
The air speed is set off on the air-speed bar. The machine is then flown directly up tho wind,
this being done by adjusting the cou~e until the sight shows no drift, The bearing plato is
oriented by means of the compass needle. The aircraft is then turned off this course by about
90°. The bearing plate is reoriented by the needle and the wind scale adjusted unLil points
on the ground appear to travel rdong the drift wires.: The ground speed and wind speed can
now be read.

*
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The geometry of the solution is as foIlows. (see fig. 2a): By flying up t-hewind we determine
the direction (CA} of the wind vector. For any course -we lmcnv the direction and amount
of the air-speed vector (OC]. Npw, if we obser-re the drift, we lmow the direction (OA]. of
of the ground~peed vector, and the intersection of a line through (C) in the direction of the
wind -rector and a line through (0) in the direction of the ground-peed vector gives the point
(M, and the wind and ground speed are then completely determined.

(.‘firistn~a.sdrifl indicator.-This instrument (fig. 7}, in~&ted by Pilot ~ddemar de Christ-
mas, of the French Air Service, fits over” the map board used in the French airphmes and has
tin adjustment fit right an@s to.the motion of the map. ‘i’ilth the aid of this instrument, the
pilot can take the air without know@ the wind and by a single observation can obtain the
rorrmticm a~ole, thus e.nabliqg him to steer so as to “folIow the desired track.

The apparatus is composed essentially of two circular limbs, m inner one (A) rotat@
inside of the other (B), which is fixed. The outer 04e k graduated from 0° to 360° c~~kw~e
in the usual manner. The interior limb carries a transparent sheet of mica laid off in kilo-
meter squares to the scale of the map. A wedge-shaped pointer (P], sliding on the circumfer-
ence of ‘the outer circle, reaches to the center and - ~-
is also gradu~ted in kilometers fr&m the center {

Am

outward.

~,

Before lea-ring the airdrome the navigator ~ ~ .* .- U
marks on the map the route to be followed and

c

.

the geographic meridian is drawn thro~mhthe start-
ing point. The driit indicator is mounted on the ● ~ 9,
map case and is adjusted, to=wtherwith the map, :

t

until its center is o-rer the starting point. The zero :,. ,
graduation (1) of the outer limb is set to the me- ~ ‘
ridian on the map and the index of the interior e

limb ii,) is no-w set on the desired track, thus indi- 0
eating on the outer limb the track angle. Making ..> 0 2
the necessary correction for declination, the pflot

>-

Ia.ysoff the track angle on his compass by means
of a mo~able index and flies ‘so that thti compass

fiQ. 7.~tlU39 driftbldht~.
needle is directed toward the index.

At the end of u suitable period-three minutes, for exampIe-he notes the point directly
hmeath him on the ground and marks it on the map. This new point (O’) is now taken as a
cmter for the drift indic$tor and the slide is turned until the graduation corresponding to the air
distante covered during the three-minute interred cuts the route line on the map in point (B}.
~See fig. 2c.) Ar@e (a) is he~ the drift angle and angle 03) the correction angle. ATOW,if
the.ship is headed at an angle (/3) to the route to be made good and to the windward of the
latter, it will mo-ie over the ground, foLIowing a route paraHel to the route to be made good at a
ground speed represented by (0’CJ. Consequently the duration of the trip can be computed.

Since the center of the drift- indicator is at the point (O’) to which the ship has drifted at
the end of tho three-minute interval, by turning the slide until it cuts the point (A), where the
ship would have been at the end of three minutes had there been no wind, the pilot can read
from the slide the distance which the wind has tiaveled in three minutes ~d then from the
grduated circle the angle (1S0” + ~). Or by first moving the drift indicator until its center
is at A, he can read the a@e (-r) and the wind speed directly. The ground speed represented
by (O’0 can bo determined by measu~u the equal distance (All) with the aid of the graduated
inner hnb.

Crow dm~t and ground-speed indiccdor.-’lhia instrument (see @ t3), designed by COI.
Crocco, of the Itafian M Semite, h= been wed ~ a mo~ed form bY the ~~ted States Na~~
Ah Ser~ice and is being adopted in this form for dirigibles by the United States &my Air
Service.
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It performs two distinct operations: 11 measur~- the ground speed and tho angle of drift,
and it solves the velocity triangle. The instrument is set in the tail with the long sido of the
frame parallel to the longitudinal axis of the ship. _The arm (A) at the extrenm right of the
photograph can be turned by means of the large knurled screw (S) un~il objects on the ground
appear to move along the longitudinal wire (W), when ~he angle Mwwm the objects and tho
axis of the plane—i. e., the drift angle-can be read on the graduated drift sector (C) at tho
base of the upright (U) by means of the index (I) shown on the right. If it is desired to pick
up a particular object on the ground, the arm (A). can be moved without altering its anglo
with r~ect to the axis of the airplane by the paridlel motion (P) connecting the arm to tho
base. ArI adjustable eyepiece (E) on tho upright sqves to keep the eye in tlio proper pmit.ion
and ta hold it steady.

The ground speed can be determined by measuring with a stop watch the thno it takes
an object astern on the ground to travel from the tied wire (1?) to the movable wim (M) when
the eye is at the eyepiece (E). The movable wire (M) is set to correspond to the altituclo by
means of the scale on the ground-speed arm (A). Two scales are engraved, one on either sido
of the arm, the fit giving altitudes from 600 to 3,000 meters and the other from 3,050 to C,000
meters, To these scales correspond base lines on the ground of 600 and 1,200 meters, rcspm-

_.=_. -= ... . . .+. . . .. . . .: F
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Fm. 8.-Crocuo dr[ft Indicator.

tively, so that when t.homovable wiro is prop-
erly set for altitude, t,ho distamm actually
traveled, when a point on tho ground nwvcs

from one wire to the other, is known,
It has ‘already been e+~ined how the

ground speed and tho drift angIo mo dok*r-
mined. The air sped, also, is known from
the reading of the air-speed indicator cor-
rected, if necessa~, for air density. Onto
these three quantitim arc known, tho velocity
triangle can be solved for the direction and
amount of the wind by means of tha instru-
ment.

The air speed is fit set on tho scale (C,)
by moving the sliding base (B) pmillcl to tho

Iongitudinrd axis of the aircraft by means of the thumbscrew (S,) Untii $ho index- (1,) reads tho
air speed.

The ground speed is now laid off on the ground-speed or track. scalo (C$) by sliding tho
index (~) to the proper reading. The track arm (C2) carries three scales, tho two outer ones
corresponding to the two altitude scales on the groW.+speod arm (A) and graduated in seconds,
so that the time taken for an object to pass between the wires (F) and (M) can bc ltiidoff directly
without the necessity of computing the ground sp@. The central scale on (Q is in mctms
per second, and gives “theground speed corresponding to tha measured number of seconds.

The graduated arm (Ca)represents the wind indirection and amount. This arm is mounted
on two. posts (Pl) (only one of which is visible in the figure) atLathed to the ring (R), which
can be rotated relative to. the graduated circle (C,), a part of the baso (B). (CJ can slido past
the track arm (C2) and can change its direction relative to the latter. Holding W index (IJ
against the ground speed on the track arm, the navigator turns the wind mm (Q by means
of the handles (H) and the rotating ring (R) unti~ the index (IJ, which is rigidly attached to
the arm (C,) and which reads zero when the track arm is parallel to the longitudinal axis of [he
ship, coincides with the index (I). As (I) is set foilhe drift, this procedure amounts to setting
the arm (CJ for the drift.

The procedure outlined above has brought the wind arm into such a position that tho
,amount and direction of the wind can be read directly. The index (1,) indicates on scalo (C,)
the speed of the wind. The direction of the wind with respect to the longituclintil axis of tho
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plane can be read on scale (C,) by means of index (Q. The semicircular double scale (Q
and the indar (Q give the sngle between the track and the wind.

The process aho-re dkcribed SO1VSScompletely the velocity triangle. NOW,if the navi-
gator wishes to determine the correction angle vrbich wiIl enable him to follow a chosen track

--—— —

over the ground, he can reverse this process. He first sets off his air speed on scale (C,). He
then sets on scaIe (C,) the wind speed just fo~d, and turns the scale by means of the handles
[H) until index (Q reads the known angle between

—

h desired track and the wind. The correction angle
can then be read on the drift sector (C) by means of
index (IJ.

The Crocco drift indicator is essentially an instru-
ment for dirigibles, where the matter of size and
weight me not so important as in heavier-than-air
craft. Howe~erl by the substitution of a computer
for the portion of the instrument which solves the :;_:Z_. :
velocity trimgle we can make the indicator much
Iight-er and more compact.. Drift in&cators modeIed
after the CS-occo~but altered as just suggested, were
used successfdly in the flight of the United States
Navy AT(7boats across the Atlantic.

. .....—.—-+
. . . _

Pioneer drifi indicator.—A stiil later modification l?m.9.-Pioneer drift indicator.
of the Crocco drift indicator” is to be found in the
Pioneer drift rmd ground+peed indicator (fig. 9). This instrument measurm the ground speed
in a manner similar to that described above. The arm has two altitude scales, having
corresponding base lines on the ground of on+tenth and four-tenths nautical miks.

.—.

Le Ptiur navi.graph.—This instrument (fig. IO) is a synchronized drift set. It is com-
prised of two parts:. A derivograph, with which the narigator plots a drift line, and so deter-

.—.—

mines the drift angle and the wind wxtor, and a repeating disk placed in front of the piIot
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FIG.1O.–LS Prleur navigraplr.

connect ed to thederiv-
@aph by means of a
fletible cord, so that

-i-

ts indications are syn-
chronous with the lat-
ter, thus enabling the
navigator to indicate
to the piIot the proper
course to follow.

A feature of the ----
navigraph which is not
found in the other
drift-m easuring in-
struments described in
this paper is-the
means provided for
determining the &fb
more accurately than

can be dcme b}- skhtiw slow a wire and esthnatti the direction of motion o~er the &cmnd.
Owing to the-ya%g, ‘mllin~, and pitching of the-aircraft-, points on the ground ap&ar to

——

foIIow a sinuous line whose general direction is often hard to estimate.
With the navigraph an object upon the ground is followed with a telescope (N (&. 10)

..= —.

and a serk of points is plotted on the sheet of paper (P) with the pencil (Pl), which is con-
,--

nected to the t&scope (T) by means of the parallel motion (Ml. In this way a drift line is
obtained on (S) for the object on the ground whose relati~e motion is being followed. The
advantage of this drift line I&a in the fact that it enables the navigator to obtain the mean
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drift by averaging the irregularities due to the unav~idable pitching and yawing of the aircrufl.
In practice several drift lines may be obtained from as many objects on the ground and [I1o
mean of these Iines taken. The sheet of paper (P) is mounted on rollers rmd so can be set to
any desired position.

The operation of the derivograph is based upon the “wind sf,tir” principle as is the Wim-
peris win&gage bearing plate. By measuring the drift ung]o for two different coumes the
navigator can determine the wind vector and the correction anglc which should hc upplied
to the bearing of the desired track to give the proper compass course.

TO make the following discussion of the principlo m-l operation of the navigraph more
coucrete, the foIlowing problem will be assumed:

The na~igator wishes to follow a track whose direction is 40” (N. 40° E,]. Uis air.spccd
is 100 M. P. H. How can he determine the compass course to be followed?

The derivograph is fixed with the long side of ite buw (B) paralkl to tho longitudinal
axis of the aircraft. On the base me mounted (1) a rnovnble mrriago (0 suppmting the roll
of paper nnd the telescope, pencil, and parallel motion already described and (2) n graduated
disk (D), which can be rotated about a verticnl a..is by means of the hamllc (H). This disk
is graduated in degrees clockwise from 0° to 360° and the.cardimd points of the compass are
engraved upbn it: north corresponding to 0°, east ‘Lo90°, south to lSOO,and west to 270°. A
circular table (Tl) surmounts the disk (D) and can be moved relative LO(D) against friction.
(T,) carries two indices (I) lSOOapart, and a fixed ind= (I,) is mounted on tl~elongitll(lin~l
center line of the base (B) so as to read on the gradu~tecl scnle on (D).

A circular chart (C), on which are drawn Hseries of concentric circles und parallel lines,
is fastened to (Tl) with its diametral line coinciding with the indices (1). (Tl) is then turned
by friction relative to the disk (D) unti~ one index (I) reads the bearing of the “desired irnck;
in this case, 40°. The table (T,) is kept in this position relative to (III throughout the flight.
It will be observed that, if the aircraft is headed aloqg the ~ourso in~icated on (D) by the
index (11), (D) is properly oriented and the indices (1) and the paralleI lines on ((!,) lie in the
direction of the desired track. This relation is maintained during the ffighL with the aid of
the repeater disk (R) as follows:

The graduated disk (D) is connected to the repeater disk (N), which is graduated exactly
like (D), by means of a flexible cord (F). (R) is so set that the index (1,) rends t.hobearing
indicated by (I), corrected for magnetic declination. The pilot watches tho rcpmter (R)
and steers his ship so that his compass reads tho bearing shown by Lhcrcpctitcr.

At the shmt of the flight the disk (D) is turned until the betil’ing of tho desired track (40°)
is opposite the index (11). The pilot, following the instructions given by the rcpetitcr, huads
the ship parallel to the desired track. The navigator plots a drift line on tho pqcr (P) for
an tibject on the ground. He then sets the movable carriage (C) so that tho indm (18) (not
visible in fig. 10) reads the air speed on the scale (S). ‘iThen this is dono the center (0) of
the chart (Cl) is opposite the graduation giving the. ~ir speed on scale (S,) on the arm (A),
w~ch is pivotcxl at (Pl). The arm (A) can be turned about (P,) so thnt the line rulcd,pmnllel
to the fiducial edge of (A) on the gk.ss (G) coincides with the drift line just plothd. The
drift angle can then be read on the scqle (S2).

When the arnrti sat for zero drift angle and so passes through the center (0) of tho chart
(C,), it reprwenk tic ti-spe~ vector of the velo~ty ~iangle. ~W pivot (P,? corr~ponde to
the air-speed-ground-speed vertex of the velocity triangle. When the mm is sch to tho proper
drift angle, it then represents the ground-speed vector in direction, but the length of this vector
is not known unkss either the ground-speed or the wind vector is known.

The principle of tho navigraph is shown in figure 11. The inner circle (BDGHj represents
the chart (C,). The outer circle OTESW) represents the graduated compass disk (D). The
outer arc (MC) represents he 10CUSof positions of the pivot (Pz). In the actual imtrument tho “
compass disk and chart rotni%while the pivot remains fixed, but in figure 11, for simplicity, the
disk and chart are considered as fixed and the pivot is considered to movo in the arc (AFC.).
This is justifiable since the relative motion is the same.
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Ti%en the navigator has set the arm (A) according to the drift Iine on (P) he dmvs aIong the
fiducial edge of the arm (A) the li.he (GB), which is known to include the point (E]. The inter-
section of the wind and ground+peed vectors is not yeft known. To determine the position of
(E) on the line (GB), the na=cigatorfist arbitrarily selects a new course (in this case 320° or
N. 40° TV.) and rotdes the compass disk by means of the handle (H) until the index (T,) reads

.—

320°. This corresponds in fi=g.me11 to rotating the pi-rot (P,) from (A) to (C). The navigator
now determines a new drift Iine on (P), sets the arm (A) to this drift Iine, and draws the Ike
(ml (@. 11). The intersection of (GB) and (HD) detwmines the wind point ~) and the
line from (0) to (E) represents the wind vector.

Now that the -wind vector is known, the nav@ator can correct his compass course so as
actually to follow the desired track. If he rotates the compass disk (D), hokbg the arm (A)
in cont+ct with the wind point (E) until the arm is paralIel to the lines on the chart, the reading
of the indcvc (11) will ,be the course -whichshould be followed. This is shown in fiagure11. The
rotation of the compass disk is represented by the shifting of point (C) to (F), where (FE) is *
parallel to the system of lines on the chart. These lines point ahrays in the direction of the
desired track, and therefore, when the arm (A)
is adjusted as explained, it is psrrdlel to the de-
sired track. But since (A) rdso passes through I
the point (E), it includes the ground-speed t
vector for the desired track md so should coin-
cide with the direction of motion of points o-rer
the ground. This can be checked by observing
the motion of suitable points. Usually a smaII -
chscrepancy wilI be observed owing to instru-
menhd errors, observational errors} and changes

in the wind. In this case a second trial .w-ill
usuaIIy suffice to give the proper course with
sticien$ accuracy.

When the arm (A) passes through the wind
point (E}, the graduation on the arm opposite

\
/

this point gives the ground speed.
/

COMPCITllllSAh~ PLOTTIXG DEWfCES.

Campbell-Harrison wurse and distance calcu-
later.—’l%is computer (f&. 12, A and B) is a
simplified moditlcation of the naval Battenkg
course and distance indicator. It cor&ts of a FM.11.-Ptip1eof navigraph.
circuhir disk rotat~m imide a ring which is
graduated from 0° to 360° clochise. The disk is laid off in squares of suitable size, reading
from Oto 140 by intervals of 10 units from tie center of the circumference. Two rotating arms
graduated fvom Oto 140 to the same scale m the disk and carrying slides complete the device.

In the form just described, the computer can be used for sulviqj the velocity tria@e and
can be used in an approximate -way as a slide ruIe for computing times and speeds.

Appleyard course and distance cakulator.—This computer is similar to the one just described
except that it includes aIso a computing dial or circular sIide rule on the circumference. (See
fig. 12CJ

The computers shown in @ures 12 A and B have central.disks about 7 inches in diameter,
while that of the Appleytird computer is considerably smaller. The tendency in this country
is to increase the size of the disk and the number of graduations in order to make a more accurate
instrument.

The use of these computers is ikstrated by the foIlowing examples:
[1) (Q 12A). The course steered is 104° and the air speed is 110 miles per hour.

The wind is blowing from 205° at the rate of 40 miles per hour. What is the direction of the
track and what is the ground speed’?

.—
—.

.

..-

—
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It may be said, in general, that the arms should be used for the known quantitica and t.hc
disk for the unknown. This rule is applicable to near~y W cases. Procccclirg in this way,
we set one arm to 205° and move slide to 40. Set the other arm to 104° and set slide to 110.
Rotate the disk until the arrow is parallel to tho line through the indices of the hvo slides, tho
sense of direction being obtained from the air-speed arm. The direction of the t.rnck is then
read opposite the arrow as 85° and the ground speed is given hy the distance bctwccu tlw two
slides M 20+ 105=125 miles per hour, The two arms and the liric through the indices of the
slides form t.hovelocity triangle, which-is solved with tho aid of the grtiduutionson the computer,

(2) Given the course steered as 120”, air speed 90 miles prr hour, obscrvod track 95°,
ground speed 100 mi.ks per hour. What is th~ amount and direction of tlw wind? (Sm fig.
12C.) Lay off on one arm the ‘&roimdspeed 100 mil~ per hour and tum the arm until it reads
95°, the observed track, Lay off on the other arm, 90 miles “perhour, the air spwd, qnd turn
this arm until it reads 120°, the compass course. Turn disk until tho lim.s mmparalIcl tu tho

. line of the indices. The arrow then reads 310. The sense of direction is given by t.horrlativc
directions of the course steered and the observed track. In this cssc the win(l is Mowing

..
—- A “, c 0 I

.

—

ml. Iz.-courso allaaistmcecalcldalors.

toward 31° or from 211°. The speed of the wind is found from the distance bctwwn tho LWO
indices, in this case about 42 miles per hour.

(3) G~ven the same data as in (1), how long til it take to fly 480 miles? Tlm proportion
used is

time required in minutes &tance covered in miles
60 – ground speed in milcs per hour

or in this case .
time 480...-.-.= .-—

60 125

(131g.1zB.) Set slide on one arm to 125 and turn mm until the index lics on t.ho line
through 60, The other arm is not used. Read lino on disk corresponding to 4S0 on arm.
In this caqe we obtain 230 minutes or 3 hours 50 minutes.

The Big.sworthprotractor, parallels, and churt 66&d.-This is one of the most convenient
available outfih (fig. 13) for plotting and determining ~ourses, finding position, ate. Two
sizes are provided, 14 and 17 inches square, depending on the room available. A number of
charts can be carried under the celluloid upper surface of the board and held in place by cIips
with the one desired for use placed uppermost.

A paralIel motion carrying a celluloid protractor and straightedge cm be clamped to the
side of the board in any desired position. The parallels are fitted with a hinge, so that the
protractor can be lifted off the board if so desired.
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The protractor can be set with ifa arrow pobtig m%netic no~h by means Of the comPms
rose or by a cmwmient meridian and the lmown vtiation for the region.

For, measuring dist.anc~, two interchangeable protractcms me provided, one graduated in
inches and tenth for the standmd charts mtich are drawn to the scales 10 nauticaI miles to
the inch for General Charts and 3 nautical miles to the inch for Coastal Charts (these specifica-
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FIG.13.-Bigswarth chart LXXIL

tions are for the British Air Service), and the other graduated in miles and hah-es on a scale
of &.

A speckd pencil is used for drawing on the celhdoid surface, the mmk bm easily =ed
by rubbing yith the finger.

Yap cases.—A number of map cases have been devised, most of which are quite sindar
inform. They consist of small recttxnguhr cases with the map, which is cut in a long narrow
strip, inckling the route to be covered, mounted on two rollers which can be revolved by hand,
thus bringing the d&red portion of the map into vie-iv. A celluloid cover protects the visible
surface of the map. A light is sometimes provided beneath the portion of the map which is in
use to il.hminate the latter for work at night.

Protractors.—Yarious protractcm have been devised for aerial use. Tlmse consist usually
of a circular or square piece of celluloid with w@es laid off on the circumference or the sidea
~d often with squmes ad OQthem to the XA Of ~P USed. A str~m or movable arm is

used to determine ccmrses.

—.

..—

.-
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ASTRONOMICAL OBSERVATION. .

GENERAL PRINCIPLES.

Astronomical observations are made for the purpose of checking or correcting tlm position
as found by dead reckoning. The observations invol~e the measurement of either the nltihdc
or azimuth, or both, of the sun or some other heavenly bo(ly. In the majority of I’QSCStho
altitude alone is measured, since this leads to the customary simplo “Sumner iine” method:
which has been used for about 80 yenm in marine mitigation.

It was natural that in the first attempts at aeria~navigation by astronomical observut.iun
the methods and instruments which long experience had shown to be the best for marine
navigation should be adopted. The aviator, however, is concerned with somewhat different
requirements and conditions from those affecting the mariner, He has greater need of nn arti-
ficial horizon for use with his sextant. Owing to the much higher speed of his craft, ho must
be able to reduce his observations quickly. Fortunately, n slight sacrifice .of nccuracy is per-

. missible in accomplishing this, since there are no dangerous rocks and shoals to cmhmger the
aircraft, and an error in position which might increase the duration of the voyrgo for a murincr
by an hour would mean but a few minutes addit.iomd for the aviator. only in except.i~nnl
cases is it nccessmy for the aviator to know his position with great accuracy, aside from hmding
in a fog. ; ●

The above considerations have already brought about for aerial use the modification of
the marine sextant, new methods of reducing observations, and the use of special maps tu fwNi-
tate the graphical work involvbd in plotting position. The nature of the observations made
still remains practically the same as in marine navigation, but the urgent need of simplifying
the work has led to the attempt tu obtain latitude and longitude mow dircctIy than is po.wible
with the orthodox methods.

Sumner line methad.-In using the “Sumner line” method, the obecrvcr nmsures the
altitude of some celestial body, say the.sun, He then knows that he is cm a srmdl circle whuso
radius in nautical miles is equal to the zenith distance of the sun i.n minutes of arc .und whuse
center is the subsolar point. The position of the subsolar point can be eornputct.1from tho
Greenwich mean solar time, the equation of time, and the declination of the sun. The firstof them
quantities is rend from a chronometer and the second and third are obtained from ttiblesin the
Nautical Almanac. If observing a star, the observer makes use of ihe right ascension of the
star as detmmined from the Nautical Almanac,

In practice he usually knows his location within 20, so only a small portion of the curve
is needed. This smd portion is assumed to be a straight line tangent to the circle and is called
a “ Sumnw line.”

St. Hilaire method.-A modification of & above procedure h found in the $Iarcq St,
Hilaire method. The observer lays down on the chart his dead reckoning (D. R.) position.
If actually at thispoint, he would at a definite instant see the sun at u pmticuhir altitudo nnd
azimuth, both of which can be computed. The observer performs these computations and
measures the true nltitude of the sun. Ells computed altitude will usually differ from his
observad altitude by a few minutes of arc, depending on the accuracy of the D. R. position
assumed. A line is drawn through the D. R. position in the computed direction of the sun
from the observer. .The Sumner line is now drwwn at right anglw to this line and at ~ distance
from the D. R. position of as many nautical miles as there are minutes of arc difference between
the observed and computed aItitudes. If the observed altitude is greater than the computed,
the Sumner line is nearer the sun than the D. R, position; if less, the re-mrse is true. The
most probuble position is at the intersection of the Sumner line tmd the D. R. tizirnuthline,
since the D. R. position WM the most probable location of the ship before the altituclo of t.ho
sun was mewured, but all that is positively known is that the craft is at some point cm the
Sumner line: If the observer has both the sun and moon avnilable, or if two suitable sturs are
visible, he can measure the altitudes of the two bodies, thus obtaining t}vo Sumner lines whose
int.fnaactionwill fix his position. Or if he can measure the azimuth of the sun, as well as its
altitude, his position is determined upon the Sumner line.
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Direct measurement of siderea? time.—tl radically different and theoreticall~ much simpler
method of determining position has been suggested for aerial use. In th& method the observer
ruertsuresthe altitude of ‘Polaris ancl the angle through which the -rernal equinox has turned
since upper trtinsit at the observer’s present meridian. The corrected altitude of Pohwis gives
directly the latitude of the observer. The rotation of the -rermd equinox is determined from
~ Cassiopeia=,which has appro.ximately zero &oht ascension. Yeasurhg this angle in the equa-
torial phme, the observer obtains locaI sidereal time. Then if he has a chronometer giving
Greenwich sidered time, he can find his longgtude by taking the difference of these two times.

SIEKTANTS.

DIFFICUL’I’I.ESOF USE N AIECEAFT.

The sextant, as n@ht be expected, is at present the universal instrument for astronomical
observation from aircraft as it has been for seagghg craft. The conditions under which it is
used in aeronautics are often much more adwrse than in marine navigation. A -rery apprecia-
ble dficulty is found in using it in an airplane. The force of the wind makes it difficult ta hold
the instrument and affects the -rision, the sun or the particuhw piece of horizon beneath the sun
may be obscured by the wings or by a strut, the ohser-rer’s fingers may be numbed with the
cold; and when vie add to these a cramped position, it can be seen that the na~ator’s task is
not an easy one.

XATCRSHOSIZOXS.

The horizon used as a basis for measuring the altitude of the ce~estialbody may at times
present serious problems both as to its visibility and as to the magnitude of the dip correction.
The most favorable conditions are found when the sea horizon is tiible or one formed by flat
land is available. Obsemations can then be made tith nearly the precision obtained on
shipboard.

.i smalI error is introduced, however, in the reduction of the observations ow@ to the
uncertainty as to the correction for the dip of the horizon. Theory tells us that the &’P in min-
utes of arc is almost exactly equaI to the square root of the height in feet and this relation has
been confirmed up to an aIt.itudeof about 12,000 feet.’ The error invol-ied in the dip colTec-
tion is thus dependent upon the accuracy with which the height of the airmwftabove the surface
of the sea or the land can be determined. This height is obtained from the altimeter carried
on board the cmf t. Yery few altimeters -wMchhave been properly tested and accepted, unless
damaged by rough handling, will show an error greater than from 200 h 300 feet at an altitude
of 12,000 feet and this maximum error dtihes with decrease in altitude to about 100 to 120
feet at 1,000 feet altitude. Under these circumstt-mcesthe greatest error in determining the
dip correction wonId be about 1.5 minut~ at altitudes between 1,000 and 12,000 feet. This
accuracy will not be attained, howenr, unkss the aItimeter is set at the start of the ~~ht to
read the altitude corresponding b the existing atmospheric pressure at the st@ng point am-l
unless the reading is occasionally checked .dur~~ long ~mhts by dropping down close to the
lerel of the sea in order to take account of 10CSIchanges in atmospheric pressure. It seems
reasonable to assume that in the future we ‘may expect to see the same degree of intel~mence
exercised in aerial navigation as is found in marine navigation, and in this case the correction
for dip shouId never be in error hy more than two or three minut~ an amount which, when
addtxl to the error of observation, is small compared with the errors which are involmd when
artificial horizons sre used.

In the clearest weather the sea horizon may be -risible up to an altitude of about 10,000
feet, and a horizon formed by flat land, ow@ to its greater contrast, has been seen up to 12,000
feetfl Ordinarily no such range of visibility is found on account of haze in the atmosphere.
Even when the horizon k seen &stinctIy at sea lerel, it is usually found that the line between
sea and shi becomes less and less clear with increas&~ altitude, until, at a height of from 1,000

.
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to 2,000 feet, depending on atmospheric conditions, it is indistinguishable.
climbing still higher, the aviator often finds thd a horizon reappears distinctly at.

.-

Howcver, by
from 4,000 to

6,000 feet. The new horizon is formed by the Uppm-surface o~-the haze or m-kt which l~osover
the water and which is not opaque to the observer at sea level, sinm the horizon seen from this
height is only about 5 miles away. With increasing altitude this distance becomca rapidly
greater, until at 1,000 feet the obseiver is sighting t&ough ovgr 30 mihs of hazo through which
rays of light from the horizon may be unable to penetrate. 13y confiming to climb ha may
reach a point where the upper surface of the haze fmmishos another natural horizon, bu Lono
whose altitude is not usually known.

In some cases it is possible to determine the altitude of the upper surface of tho haze when
climbing through it. In such a case it is possibk-to dctern-iine the dip’ correction with ftiir
accuracy if it is known that the horizon is level. Russell.in his work at.lLtingleyIMd (loc. cit.)
found that during the months of August and September observations made on haze horizons
were almost without exception reliable, whereaq in November similar ol.mrvations were valuc-
1sss. He concluded from his work that the layers of haze wero nearly level in summer, whh
in the late autumn irregularities existed. In several cases his observations indicated that ho
had sighted on a ridge of @Lze instead of a true horizon.

Under such conditions the use of an artificial hQrizon is an absolute necessity. If tho htizo
furnishes a level horizon we can dispense with a Imo=wledgeof lta height by using a scxtunt like
the Baker, or possibly by using a dip-measuring instrument such I-Whas bum occasionally used
at sea. But if the navigator does not feeI confident as ti the uniformity of the horizon, he hnd
better discard it and avd @elf Of m artificial horizon ineteud.

Clouds occasionally furnish good n~tural horizo,ns, but, as in the cnse of haze l~orizonsj
they must be usecl with caution.

ARTIFICIALHOtiZON%

. .

—

In probably a majority of cases it will be found necessary to uso an mtiflcial horizon in
making astronomical observ@ions from aircraft. In this event n vertical reference line is ncces-

.0 Site we must have recourse. to gravity in -order to cstablieh and maintain a vertical
&%in an airplane, whatever device we use for the purpose, such as a level or plumb b@, will
also be influenced.by the accelerations to which the. airplane is subjected. Of these accelera-
tions the most important are the linear accelerations in the line of flight and the angular accelera-
tions accompanying a change in course. Even ti diaightaway horizontal flight in smooth air, ,
oscillations in pitch accomptitied by chang~ in speed are going on continuously, Such oscilla-
tions may reach an amplitude of 1° or more with a period of approximately 20 seconds, tho
latter depending upon the free period of oscillation of the airplane used.

A fore-and-aft level .svillnot indicate accurately me oscillations of the airplane in pitch,
owing to the linear accelerate.onein the flight path which accompany the an@r motion. ”
Lucas’” hag shown experimentally with the aid of a solar reflector. that a longitudinal lCVC1
indicates a deflection of only about one-third of the true deflection of the airplane, and, further-
more, that ifs movement is one-quarter of a period out of phase with the movement of the.
airplane.

In a turn, a cross-level bubble tends to set itself.normal @ the resultant of the centrifugal
force and the gravitational component, and if the bank is well executed the bubble remains at
the center of the glass, even though the airplane may be inclined 500 or mom. Consequently
the indication at any instant of a level or short penduhun can be accepLcd as indicating a vcrlicul
line in an airplane only if the airplane is known to be free from accelerations.

The application of gyroscopic principles to a@cial horizons has also been attempted.
A gyroscope mounted in gimbals with its spin axis,~ertical can be given a very long period of
oscillation by suitably adjusting the position of the_xmter of gravity. ‘ A period of 100 seconds
or more can readily be secured in this W8Y, corresponding to a pendulum 5 miles long. Sinco.

~‘Theasslstame rendered by Dr. L. J. BrIggs“inwr[tlng the portion of thfe report dealing wILhthe utab”khment ofs wdfral &k!rrme line - -
in slrcraft is acknowledged

u Iqha OwUIatim Or& AeropIsne in Flfg&t,)’K. Lucas (Brltfsh Advkry Comrnlttss for Aoronautfcs). Report 1915-M;~7-m.



.

AERIAL NAVIGAITON AND NAVIGATING ~STRUMEXCS. ’785

this period is Iarge compared with the oscillation periods of the airpkme, the ohanc.eeof progres-
sively building up a kge oscilktion of the gymsoope from the osciLIationaof the airship are
minimized. The spin axis of the gyroscope thus tends to hoId a m.rticaI position in straight- ‘
away flight, even tho~uh the airplane is mnstantly odkting. The system containing the
gyroscope is then said ta be stabilized.

CarefuI piIotirg is an absoIute neoassi~ if an artitieial horizon is used. If this eundition
is met, the errors of observation will be found to average from 10 ta 20 minutes of are, wide
with csdess piIoi5ng ~ errors become so great as to make the resdts usckss.

The development of a satisfactory artficial horizon has proceeded aIong two general Iii-: .

First, the attempt to build an auxiliary horizon to be nsed with a marine type of sextant muoh
—

.. ,—
as the mercury horizon has been used, &d
seoond, to attach the artificial horizon to
the sextant.

Pendulum akijicial horizon.-A hori-
zon of this type was designed and used by
H. N. Russell (Ioc. cit.) in connection with
his investigation of the navigation of air-
craft by sextant observations. It oon-
sists of a pendulum about 10 inches Iong
mounted in gimbzds and having a specu-
lum mirror set horizontdy on top of it.
The bob is arranged to swing in a pot
containing a viscous liquid for damping
vibrations. The vrhole is protected from
the wind by a case.

Satisfactory observations upon both
the sun and the moon wae secured with
the aid of this instrument, while provis-
iomd tests at night indicated that it could
be used for star observations.

Engine vibration caused Iittle trouble
when the instrument was mounted upon fiQ.lL–Ba&sestaut.
a suitabIe shook-absorbing substance.
Probably the most serious objection to an artificial horizon of this type, whether gravitational
or gyroscopic in its nature, is that it is heavy and cumbersome tmd has to be moved to different
positions for M-erent bodies.

=TfiTS U~G ~ATUBALHOMzOX%

In the folIowing dexription of sextants it will be assumed that the reader is familiar with
the principIe and the operation of the ordinary sextant. OnIy the sextants which are particu-
lady adapted to aerial work wiII be desoribed.

M.rrin,emtants.-ltlwse me of the ordinary type used in marine navigation and will not be
dascribed here. For aerial use a teIescope of low power and large field should be used. The
graduations on the arc should be heavy and the vernier shouId be easdy read without the aid
of a reading ghss.

Tle Baler sezt2mt.-Thie instrument (figs. 14 and 15) possesses the unique feature that it
eliminates both the correction for the dip of the horizon (when the horizon is level) and for the
semidiameter of the body. This not ordy adds to the rapidity of obtaining the ahitude, but it
removes the uncertainty due to the Iaok of Imowledge as to the actual height of the aircraft
above the horizon used. -.

The ehnination of these two corrections is accompfid by reflecting into the field with the
imqge of the sun the image of the horizon directIy under the sun and that of the horizon opposite
it. The observer seea the two horizons, one of whioh is inverted, with an open spaoe between,
the width of this spaoe depending on the sum of the dips of the two horizons. No-w, if he bisects

20167—~
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the space between the two horizons with the im~ge of the sun, he elimimdes tlm dip and smni-
diameter corrections.

It has already been pointed’out that this s&tant &n be used only when the horizon is level.
This fact makes it useful in only a few roses -whenth?.ordinary type of sextant can noL be used.

Fig. 15 illustrates the principle of the Baker sextant. The f@ed horizon prisms (H) aro
set at the top of a vertical tube (V) high enough to re~h above. the observer’s head ns h~ looks
into the eyepiece (E).. This is done so that both back and front horizons may IJOvisilh simul-
taneously. These prisms reflect rays of light from the horizoni down through the vertical t.ubo
(V) to the prism (P), where they are reflected horizontally to the eye at (E). An index prism
(I), rotat”~ about a horizontal axie perpendicular to the plane of the paper, is controlled by a
knurled thumbscrew carrying a micrometer head, which operates the altitude scale as will.
This index prism catches rays of light from the celes-iialbody, reflects them through a small
circuk hole drilled vertically through the joint bettieen the prisms (H) down pmallcl Lo tho

lUv

rays-from the horizons- until they are rficctcd by tho
prism (P) to the eye. The sextant itself is shown in
figure 14.

BUBBLESllX’rANTS..
The artificial horizon sextants most commonly used

are of the bubble type (fig. 16). A bubMo tube of tho
ordinary type” or of the circular type is used and tho
image of the celestial body is brought into caincidencc
with that of ‘the bubble when tho bubble is at tho center
of the tube.

Byrd hu8blesetiati.-A s~tantof this Lype@g. 16A)
tied coneideiably in naval aviation has been dovclopcd
by the United States Navy. This sextant,is -wry similar

-L.
~ appearance to the ordinary marine sextant ‘and can,

-, in fact, be tied with a natural horizon by depressing
the mirror (.?@, whi&, reflects the bubble through the
horizon glass ,(II) to the t&scope (T).

E The bubble is contained” in an ordinary spiritJilled
. tube set into the metal tube (B), which is mounted rig-~.

idly to the frame. ” For day observations, the light entor-
~. m-nincfple ofBaker=~t.

ing through }he bottom of the tube is sufficient to make,
the bubble visible to the observer. , At %ht. the l~P w) iS USedto fl~ate th~ bubble”
In order to bring the image of the bubble to a fo~ua at the same point as the image of k
celestial body, a half lens is used to focus the rays of the former while tha rays from tlm body
pass through the open half.

A convenient means is provided for making the_@t rough setting of the arm (A). Under-
neath the arc which catiea tie sc~e is a r~~k @}o w~”~ fi~ a ~ofi” “gem OPe~at~dbY the
micrometer head (D). By moving fie levw ~1) do~~ tie WO~ gem is taken OUtOfmesh wi~
the rack and. the arm can be set to its approfiate-position. The lever is then released, tho
worm gear again meshes with the rack, and the he adjustment is made with the micrometer
head. The head.xggda directly to the nemest 30 ~econk. A lamp (ILJ is used to ilhminata

illuminating the bubble, is operated by the push button @).. ~~e two swi~hcs are located
on the harde of the sextant, -wherethey can be operated by th”ti@em of the hand holding th
instrument. The handle contains the battery used for the lamps.

With this instrument, the imag~ of the bubble and the celestial body movo .in tho same
direction when the sextant is inclined longitudinaliy~ m
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TtWlsonbubh tsextant.-A similar form of bubble sextant (@ 16B} has been designed by
R. W. ‘iVilIson, of Harvard Ihimrsity. The bubble level in this case is of the spherical type,
so that the leveIing of the sextant lateraly is facilitated. In the Iat~t model of this instrument
the focal lengtha of the eyepiece, the objective, and of a lens just over the bubble and the radius
of curvature of the spherical surface of the bubble tube are so arranged that the images of the
bubble and of the celestial body move the same amount in the same direction for a gi-mn incli-
nation of the axis of the telescope. The two images may not move at the same rates; actually
the btibble appears to m-eve faster than the object in the instruments which the writer has so
far examined. The motion of the bubble can be slowed down by the use of a more viscous
liquid, but such a liquid would be seriously affected by low temperatures.

In the Willson sextant the bubble is contained in the Iower portion of the vertical tube (B)
attached to the telescope. b electric hunp (1) ia mounted at the top of this tube to illuminate
the bubble at night. A cap with a small central hole is pIaced just under “thelamp to limit the
ilknina tion when &uhting on a star. If this cap is removed, the dhrmination from the Iamp
is suitable for sun observations, or if both the Iamp and the cap are removedl the light from the
sky is sticient.

The rays of Iight pass through the bubble tube, and then me refiected to the eye from a
semisilvered surface set at 45° to the axis of the telescope. The rays from the object paas
through this surface on their way to the eye.

The arm of this sextant is contrded by a rack, worm gear, and micrometer head, reading
to 30 seconds of arc, just as described for the Byrd sextant. A Iamp (L’) is provided for
illuminating the scale at riight.

The two lamps are controlled by two push buttons 0?)”conveniently situa~ed on the handle
(H) of the sextant. A battery is set into the handle to furnish power for the lamps.

The sunglasses (S) should be phced in front of the horizon glass (G) in order to shut out the
view through the unsi.bred portion of this mirror. This instrument can be used as an ordinary
sextant by turning the sungl~. behind the -horizon glass down out of the. way and using a
natural horizon instead.

t%ha.r&ch17dbubblesedant.+t’hia sextant (i&. 16C), of German origii, was loaned by the
United States Coast and Geodetic Survey for examination in connection with this report. The
bubbIe is of the ordinary tube type and is located just above the lamp OL)in the case (C). The
rays of liiht from the bubble are reflected through the hole in the horizon glass (G) to the eye.
For day observations, the lower portion of the case (C) can be folded back as shown in the figure,
and the white celluloid reflector (W) used to illuminate the bubble by meane of ordinary day-
Light. For night observations, the bottom of the case is folded down so as to inclose the hunp.
A shield in front of the lamp prevents the direct rays of the latter from reaching the bubble.
Only the rap reflected from the sides ihrninate the bubble so that the intensity is reduced.

The battery for the lamp is contained in the handle (H). The current is turned on by means
of a pl~~ at the end of the handIe hidden behind the case (C). This plug is arranged with a
variable resistance, so that the current flowing depends on the amount which the phg @ pulled
out.

The images of the sun and bubble move in the same direction when the inclination of the
sextant is changed and the image of the bubbIe moves at approximately the same rate as that
of the sun.

The arm is set by means of the rack (R) and a pinion operated by the burled head (K).
A vernier (Y), reading to two minutes, is mounted on the arm.

1?. A. E. 7w.W seztan#.-This instrument (fig. 17) was designed by the British RoyaI Air-
craft Establishment. For sun observations the aye is usually placed at (EI). The rays horn
the sun are reflected from the sungh.ss (S), while the rays from the bubble pass through both the
mirror (M) of plain glass and the sunglass. For star observations, the sungIass is rotated back
out of the way and the eye is placed at (Ez). The rays from the star b pass directly through
the mirror to the eye, -whilethe rays from the bubble are partially rbflected by the mirror.

.-—
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Tha bubble level (B) is of the spherical type. The Iamp (L) provides the illumination for
the bubble and the rays are reflected by the prism (T) up through the lens system to tho mirror.

The lamp (Ll) illuminates the scale which is on the large knurIcd head (H). The bat.~eries
for the lamps are-in Lhehandle of tho sextant and are operated by push-buttons located con-
veniently on the handle.

It is claimed 11that the focal Iengths of the lenses”and the curvature of the upper surfaco
of the level are such that the bubl.de appears to move with the sun or star when tho sextant
is tipped, thus facilitating observations.

A later model of this instrument includes a n~ber of improvements, including a vapor
bubble and a handle mounted on the side of the sextant. The vapor bubble is formed by filling
completely the bubble tube and adjusting chamber with the liquid used, and then increasing

,,6
,,‘
,

,,’

-
Fm. 17.—R. A. E. bubble sextmt.

the volume of the chamber. Since the liquid iswrmblo t,oexpand
to till the increased ~olume, a bubble is formed which is filled
with vapctrfrom the liquid.

PENDULUMSEXTANT.

~ yet the pendulum sextant has not been utilized in aerial
navigation to the same extent as has the bubble type. Swrcrrtl
such instruments have been constructed, however, and used
successfully on the ground. In at least one case tho cxtrenm
delicacy of the mechanism is a handicap as regards aerial work.

As a matter of historical interest attention is called to the
fact that a sextant utilizing a pendulum artificial horizon was
carried on the. dirigible America when Welhmm and Vrmirnrm
attempted to cross the Atlantic in 191O.i*

Pulj2i.ch wxt.uti:-T& instrument has ken dm-eloped by
Dr. Carl Pulfrich, of Jena. The telmcope is mounkxl on the
arm which moves over the graduated sector, and the whole is
so balanced on a pivot that the arc always hangs in axactly
the same Position regardless of the position of the arm. The

teltscope is pointed directly at the celest~alobject. ‘A reflecting p~m covers a portion of tlm
field, so that two imagw of. the body are seen—one direct and one reflected. Lb tho instru- ““
ment oscillates, the two images move in opposite directions anfl! w~~ they aro moment.arily
in coincidence, the pressure of a ~er on a spring stops the osculation and tho read”ing“can
be taken, It is claimed that this sextant is both accurate and light in weight.

GYROSCOPIO SE=ANTS.

Two French gyro-sextants are available for use in aerial navigation.
Fleuri.ai88eztant.-Thh instrument (figs. 18 and 19) wfis developed some years ago for use

in the French Navy by Admiral Fleuriais.iS It consists of a sextant of the usual form with a
gyroscopic horizon attached directly behind the horizon glass.

The horizon is mounted on the upper surface .Of a wind-driven gyroscope (G), about 2
inches in diameter, which is inclosed in a case. (See fig. 19.) Air is sucked out of ‘the case by
means of a pump. Atmospheric pressure then forces air into the case through a smaI.1hole so
arranged that the air stream impinges upon vanes arranged around the circumfercnco of the”

-.

gyro, which is thus driven at a high rate of speed. men the MO has attained tho jywpcr speed, ““”
valves are closed so as to seal the case hermetically. Thh is done in order to rcduco air fric-
tion, so that the gyro may not SIOWdown too much while the altitude is being measured. ●

. .... —.
nI(- ~f~~~a~ fm& Na~i~ OfAim~f~~r by G. M B. Dok?on, Q~PhlmI Journal VC4.LVI, No. &P. ~ November, ~;

. . . . . .- ..:

Royal Qeograpbkel Srcfety of Lmdon.
lZ~“rheAdd A~’) la?. tit
u ‘1Tha ~~ fm Iut~M M=m to E~~e Nav@torg to O- the Altitude of a Cde.9thl Body when the Hmizorrk not V4sIbI~~t

bv G. I& 1.4ttleha1e.9.ProeedhueU.S.NavalI~~tubvol.44,No.% Aw@ 1918.Also“WmtfbthandRotdlond Moth;’ by Andrew
way, p. lm
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The horizon consists of a seriesof equally spaced horizontal lines engraved on a ghss plate
(H), the central or horizon Iine more prominent than the others. Rays of light from these lines
are made parallel by means of a piano-con~ex lens (L) so that the lines can be brought to a
focus in the plane wihh the image of the celestial bodv. As the horizon s-rstem rotates with
the gyroscop~ at a high rate o[speed, the

,persistence of vision makes it appear to the
observer that he is tie- a tied horizon.

The image of the mIestiaIbody is super-
imposed on the image of the system of hor-
izontal lines as shown in @ure 19. &i the
gyro precesses, the image of the body ap-

pears to osciIlate up and down between the
Iines on the gIass. The mean position can
be estimated and the reading of the arc cor-
rected accordingly.

Denim gezfant.—This is a French sex-
tant (tlg. 20).utilizing a gyroscope to furnish
an artiticiaIhorizon. A tekcopic Iineof sight
(T) .is mounted rigidly to the frame. The
movable arm (A) carries a horizon gks (H)

Fm. lS.-F’Ieurieis gyrmopIc sextant.

and a gyroscope (G). The latter has a mirror ml) mounted horizontally on its upper surface.
The gfi-oscope serves to keep the mirror (if) horizontal when taking observations.

The operation of this sextant is very simple. The telescope is pointed directly at the celes-
tial body, and the rays of light pass through the unsihred part of the horizon ‘glass. Rays of
light from the object are also rdected as shown in the figge from the gyro mirror, which is
horizontal. However, these rays WW not be reflected by the horizon glass paraI1elto the direct
rays unIessthe horizon @ass is horizontal, or, in other words, paralld to the gyro mirror. % the
bm (A) is moved until the direct and reflected im~ues mincide, when it is known that the horizon
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Fm. 19.—Dfegmm of FlemfaIe sextant. Fm. Z1.-Dwrien ~~pfC -t.

gkss is parallel to the gyro mirror. The aItitude of the body cam then be read. The gradua-
tions on the scale are equal to the actuaI regular distances on the arc instead of being compressed
to one-half the true length, as in most sextants

ACCUEXY OBTAINABLE.

The question next arises as to what accuracy can be obtained in determining one’s position
by sextant observations from the air and what accuracy is ==ntid. In the fkst pIace, it shouId
be realized that the aerial navigator need not know his location as exactIy es the mariner must.
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The aircraft is in general not subject to dangers from shoals and hidden rocks, and its superior
speed makes an error of from 10 to 20 miles at the end of its journey of little moment, since that
distance represents a flight of onIy a few minutes. For finding the exact location of the landing
field other methods are available, and so -wecan consider that an error of from 10 b 20 nautical
miles, corresponding to the same number of minutes of arc, can be permitted.

The usual errors (not inchiding the known corrections for semidiameter and parallax) which
may tiect the measurement of altitudes with the sextant are (u) dip, (b) refraction, (c) index
error, (d) bubble error, and (e) accderation errors. It should be observed that tho artificial
horizon sextant has no dip error, whiIe, on the other hand, the marine sextant can have no .
bubble error.

{a) Dip.—The nature of the dip error has aheady been discussed and it has been pointed ,
out that the dip in minutes of arc may be taken equal to the square root of the height in feet of
the aircraft above the horizon used. Terrestrial refraction is included in tho law, as above
stated, as has been determined by tests made at altitudes up h 12,000 feet.

(b) l?e~nzction.-htronomicaI refraction mak~. the observed celestial body appenr nearer
~e zenith than it actualIy is, except in the Iimiting case, when the body is at the zenith. Tho
maggitude of this error increases as the altitude of the body decreases. Assuming that them
will be no occasion to measure altitudes less than 20”, the maximum value of this error is found
to be slightly greater than 2.5 minutes. This is for an observation made at sea levcl, lm.t at
12,000 feet the refraction error is less than 2 minutes. At an altitude of 45° there exist cor-
responding errors of approximately 1 minute at the ground and 30 secunds at 12,000 feet. For
most aerial work this error can then be neglected.

(c) l%dez error.—This error occurs if the horizon glass is not exactly parallel to tho imicx
mirror when the vernier reds zero. The magnitude of the error can be determined by sighting
on a distant object and bringing the direct and reflected images into coincidence. Tho vernier
should then read zero, and if it does not, the reading as thus determined should bo subt.rfictcd
from any altitude measured subsequently.

(d) Bubbb erro~.-Thia error is due to the line of sight not lmiug horizontal wlum tho bubl.do
is in the center of the tube. Its maa~itude can be determined while the observer is in tho air
by measuring the dip of the horizon from a.known height and comparing the valuo thus obt aincd
with the true value. The index correction must be applied to the measured dip bofom com-
parison with the true dip. Both the bubble and the index errors should be determined for
each fLight.

(e) AcceZeratwn error.—Errors due to accelertition are ‘6f primary importance when an
artitlcial horizon is used. OnIy by the best piloting can satisfactory results be obtained. Tho
oscillations of the craft aflect the pendulum or the bubble, and if tlm latter should happen to
have about the same period as that of the osdlations of the phme, resonance occurs, and it is
hopeless to try to get a reading,. It has been reporkd from the United States navtil air station
at Pensacola, Fla., that students undergoing hTCt@ning have taken sights, using the bubble,
with an average error of about 8.5 minutes, and a maximum error which is rarely greater than
15 minutes. If these results represent average conditions, they are excellent. Russell (1oc,
cit.) reports errors in single readings of from 12 to 14 minutes, using q Willson bubble sextant
under what are probably typical flying conditions.

Other less important errors due to the bubble are caused by -ril.wationof the nircraft,
unsteadiness of the observer’s muscles, and surface tension which may cause the bublh to
stick and then move suddenly. Vibration makes it diilicult to determine the tangency of tho
cekstial body or its coincident. with the bubble and shakes the liquid in the tube. Unsteadi-
ness of the muscles may be at least partly remedied by a support of some kind attached to tho
body of the observer.

It is obviously impo~ible to predict exactly what errors may be reasonably expected
under various conditions of fight using different types of instruments. Nemmthchss, it is
believed that an estimation of the errors involved based on available data maybe useful.

f
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Errorofa singleokematlon. ~1.

NamIsestent-see hmfmn
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GyroecoPfcsdaaIL . . . . . . . . . . . ..-. _.__. -..-’ Notate . . . . . . . . . . . . . . . . . . . . . .
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The above table emphasizes the fact that the ord.imxcys~tant used with a horizon which
is known to be level is suparior to an instrument utihing an artificial horizon. It is doubtful
whether incressed accuracy can be attained by takkg a series of observations on a cloud hori-
zon, as the error is Wally largely due to the cIouds not being exactly le-rel. When an arti-
ficial horizon is used, however, no single reading shouId be reIied on unless it is impo~ble to
take a series of observations, since in this case the errors are largely due to accelerations of
the craft.

CHRONOMITI’ERS.
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‘iVhiIe chronometers are among the most csentid instruments used in aeriaI navigation,
they are so common a type of instrument that no description will be given here. It is ad- ——
ab16to cmry at Ieast two chronometers on board the craft, one keeping sidereaI time, the other

- ._

solar time, both for the meridian of Greenwich. The chronometer keeping solar time may be
set either to apparent or to mean time. In the former case a slight error irdl be inyolved ,

ow@ to the contimud variation m the equation of time, but in the case of @ghta w@ch Iast
.-—

for less than .24hours this error wilI be small.
Extreme accuracy in the, chronometers is not mntial where time signals can be picked

up by wireless. If these me not availabIe, it wilI be advisable te carry a standard chronometer
with which the other two can be comparecL

REDUCI’ION OF OBSERVATIONS.

PBECOMPOTATIOX.

Computation in the air is always difEcuh, except possibly ,inthe c= of a Iarge dirig??le. -
In an open airplane, the force of the wind, the necedy for wearing glo-res in most cases, and
the speed with which the results must be obtained make quick methods for determir@ the
geographical po@ion of the air~aft from the measured aItitude an absolute essentiaL

Under such circumstances it is often advantageous to compute the altitude and azimuth
of the sun, or of any other celestial body which is likely to be used, for certain assumed posi-
tions of the aircraft which can be predicted in ad-raqce. These positions correspond to the
dead reckoning position assumed in the St. Hilaire method, and wlile they maybe in error by
from 50 to 100 ties, this fact wiIl have little efht upon the accuracy of the result provided a
suitable map is used for plottirg the position of the craft. The altitudes’ and azimuths of the
body as it would be seen from each asgurnedposition We computed and tabulatad in convenient
form for .ditYerenttimes during an interval which is so chosen as to include the time when the
aircraft will pass near the point.

The work involved in plotting the position cm be partIy anticipated by drawing from the
assumed positions radiating lines in the direction of the sun’s azimuth as computed for various
times.

The work which must be performed in the air is then ;ery simpIe. The altitude of the
body ia me~red, the difference in minutes of arc between the m&sured =d the computed
altitude is laid off in nautical miles along the proper azimuth line as determined from the table,
and a Iine drawn at right aqlea to the azimuth line through the point so formed is the desired
line of position.

—

..-+

,.. <_

,..-—

—

-—

9



792 REPORT NATIONAL ADVISORY CO~E FOR AERONAUTICS.

CO.WUTATION IN THE NIL

Preoomputation will hot always serve one’s purpose on account of woathor conditions
which prevent obsemations at the proper time on the body whoswaltitude has been computed.
Consaqucmtly much effort has been made to provide suitable means, graphical or mechanical,
to make any dmired computation in the air. A destiription of these mehhods will be inchdod
in the discussion‘of the reduction of observations which folIows.

The fundamental equation to be solved in reducing an observation is
(a) sin h=sin L ain D+COSL COS.Dcost ““-

where L is the latitude of the observer,
his the altitude of the eelestid body,
D is the declination of the celestial body,
t is the hour angle of the celestial body.

For convenience in computation this can be transformed to the cosinehaversims form, in
which all the cpmntities are positive and the chtice “of error is thereby reduced.

@) hav Z =COSL cos D hav t+hav (L*D) _
where Z is the zenith distance of the celestial body
and the haversine is defined as the sine sq~aretl.of one-half the @e.

The reduction of astronomical observations in aerial navigation may be accomplished in
four distinct ways:

— —

10 Logarithmic computation.
2. Use of tables.
3. Graphical methods.
4. Use of mechanical calculators.

LOGARITHMIC COMPUT–ATXON.

Equation (a) is probably the most useful for logarithmic computation, as the ordinary
trigonometric tables can be used. Aerial work, however, doea not warrant this high degree
of aconracy, which can be attained onIy by a comparatively laborious process.

USE OF TABLES.

For the more accurate work required in the air, special tables can be used, such as the
“Altitude, Azimuth, and Line of Position Tables,” p~blished by the United States IIydro-
graphic 0f6ce. Thase tables contain all that is necessary to determine the altitude and the
azimuth, the former accurate to one minute of arc.

The reduction may be made by the use of the double entry” Altitude and Azimuth Tables”
of de Aquino. These tables, which may ak.o be found in the above-mentioned publication
of the Hydrographic Office, avoid the nicessitty for logarithmic computation, but involve more
chances of error.~~

The altitude and azimuth of the celestial body maybe obtained from Hydrographic 05ce
Publication No. 201, “Simultaneous Altitudes and Azimuths of CelestiaI Bodies. ” Them
tables give simnhaneous values of altitude and azimuth for celestial bodies ha-ring declinations
within the range + 24° and for latitudes up to 60° north and south. When using three tables
the observer often flnda it possible to assume his D. R. position on an even degree of latitude
and in such a longitude as will make the hour angle of the observed body a multiple of 10 minutes
from his meridian, and so can reduce the labor of interpolation to a minimum.

The Hydrographic Office is preparing tables for use in aerial navigation comprising simul-
taneous values of the hour angle and azimuth of the celestial body for values of the latitude
of the observer and the declination of the observed”body. These tables allow of a quick deter-
mination of the Sumner line.with very littie interpolation, .,L.. .T. .. ... . .R .7* 3
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Altitude, azimuth, and hour-angle dtigram.-Litt1eha3es has made use of,the hmwrsine

formula for solving the astronomical triangjegraphically.~5 This form of th~ equation is
(c) hav Z =hav (L+.D) +~av (180°– (L+ D)) –hav (L–D)] hav t

The quantities invohd in this equation have already been defined.
If we now let— .

y =hlw z
z =hav t
a =hav (L+@

hav (180° – (~+d))-hav (~–d)
~.

hav 180° .,

equation (c) can be written in the form
y=nu+a

which isthe equation of a straight line in tea of its elope and its intercept on the Y axis.
A diagram is now prepared as shown in figure 21 with the ha-mrsinesof angIea from 0° to

180° hid off along the X and Y axw, representing hav t and hav Z, respectively. Now, if
we lay off on OY hav (L– d) and on O’ Y’ hav [180” – (L + d)] and ccmuect these points by
a straight line, we can immediately solve for t when Z is lmown, or vice versa.

TO do this, we project up from the proper value of t on the X axis to the line just drawn
and from this intersection prcjeot across to the Y =& where the value of Z may be read.

A relation analogous to equation (c) ocnnecting the azimuth and polar distance (90”– D)
exists and may be soIved by the same diagram as that for the zenith distance and hour angIe.

We have —

hav (90° AD) =hav (L–h) +{hav [180°– (.L+7b)]-hav (Z–h)} hav A.

Where A is the azimuth of the cekstial body and the other quantitk have already been
dfied.

By laying off (L–h) and [180° – (.L+h)] in phce of (L– D) and [180°– (Z+ D)] and pro-
ceeding as before we can determine the azimuth if the polar distance is given or tice versa.

ILLUSTRATIVE PROBLEM. ,,

Latitude by D. R. =50° N.
DeoIination of star =30° N.
Computed hour angle of star= 105° =7 hofi.
kfeasnred aItitude (ccrreoted) 13°56’.

.

.-

.-

(a) Altitude: .
Z+D =80”, Z–D =20°.

Laying off (.L+D) on the O’ Y’ scale, L–D on the OY male, connecting these points
with a straight Iine, projecting up to this line from t =7 hours on OX, then from this inter-
section “projecting horiz6ntalIy & OY we find

Z =76= or h =90°–760 =14°. .
(fi) Azimuth:
Using the value for the altitude as just found, we obtain L+ h =64°, L– h =35°, ako

90” –D =60°.
Laying off L+h on the O’ Y’ soale, L–h on the OY smde, connecting these pointa with

a straight line, projeot~~ horizontally from (90a– D) =60° to this line, then projecting down
from this intersection we obtain A =59° 45’.

We now have the information necessary to draw the Sumner Iine on the map.
Accuracy.-This diagram, if so constructed 15 inches square, will give an accuracy of

from 5 to 10 minutes of wc.

-——

.—

—
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Rotatwn oj adronmniccd i%angle.~uppose, for the momcmt, that we ha-m availablo a

sphere with hour circlesand the equator, drown upon it (fig.22). ‘Mo hour circleswill b

graduated from 0° at the pole to 90” at the equator and the equator will be graduutcd from
0° at one intersection of the meridian, which wiIl bo taken as tho meridian of the olmmwr, in
both directions to 180° at the other intersection of the same meridian with tho equator.

Now, in figure 22, let (P) be the pole; (Z) the zenith of the ol.mrver; (S] tho culestial
body; (PD), (PS), and (PC) three hour circles, (PD) betig also tie m~idian of t~~oobs~rv~r,
and (DCB) the equator. (PZS) is the astronomictd triangle which is to bo solvod for (2S)
the zenith distance and angle (1’ZS) the azimuth of the body.

Let us now rotate the astronomical tria@e ~bout the equatorial axis (AB), which is
perpendicular to the plane of the observer’s meridian, by sliding it ovor the surfaco of Lho
sphere, the side (2P) remaining in the observer’s meridian, until (Z) coincidos with the polo
(P) of the .spherci. (S) rotates into the point (S’), and since tho angle (PZS) is unchanged
by the rotation, (P’PS’) is equal to (PZS). But wq can read the anglo (P’PS’) from tho grad-

t’

.

(1)tfowangle‘m (2)Azimufh

FIG.21.-Altitude,azimuth, and hour-angh diagram.
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Fm. 22.-R0tattOll OfSPbOricaltrtfbslgk

uated equator, for the sidea of the angle lie along hour circles. We can also read the arc (PS’)
from the graduated hour circle (PC). The desired quantities huve thus boon found,

To obtain the necessary accuracy, it would be “necessaryto use a sphero or a portion of a
sphere from. 10 to 15 feet in diameter. This is plainly impracticable. Gmsequantly several
methods have been devised for performing the rotation of the trianglb on a projection of the
sphere instead of on the sphere itself.

L4ttZe7iaZeemethod.-Littlehales has used stereographic meridian projection for ~ti pur-”
pose.” Figure 23 shows the stereographic projection of the hemisphere determined by tho
observer’s meridkm (DZYP’) and including the astronomical trianglo upon the plane of this
meridian. (PZ) is the colatitude of the observer, (PS) the codeclination of the celestial body,
and (ZPS) the hour angle of the body. We are ti determine (2S) the zenith distwme and
angle (PZS) the azimuth of the body.

To do this we rotate the ~tronomical trimgle-upon the projection just as we did upon -
—.

the sphere. This is made possible by superimposing upon the system of meridians and parallcls ,
of latitude a network of equally spaced concentric circles drawn about (0), the center of the
—.. ..--—. .- . ...-

u(~A]fft~@-I@ andGwwbIoutPdWion,’~by Q. W. IAttlehaks. Ptitishw by Lippinoott.
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projection, and of radial lines through (0). It should be observed that (0) is the projection
of the equatorial axis (AB) of the sphere (~. 22). The system of circles is numbered consecu-
tively from the center (0) to the bounding meridian of the projection, and the radial lines are
marked by numbers which indicate their angdai distance in minutes-of arc from the merid-
ian (ON).

In practice it is mereIy necessary to rotate point (S]. Note the numbers of the radial
ud the circumference pass@u through (S). Add to the number of the radhd the colditude
(ZP) in minutes of arc to find the radial upon vihich (S’], the rotated position of (S), will lie.
Find the intersection (S’) of the new radial with the same concentric circle that passes through
(S). The rotation is no-w completed and the azimuth (P’PS’) and the zenith distmce (l%’)
can be read from the graduated arcs.

To attain the necessary accuracy, the proj~tion has been made for a sphere 12 feet in -
diameter. The projection is subdivided into 36S overlapping sections, -@ch me numbered in
order and arranged in a compact form. A key diagram is provided showing the whoIe projection
with its subdivision into sectiom. In this way the navigator can edy observe in what sections
the points (S) and (S’) Iie, and can turn to the cor- P
responding plates in order to read off the desired
values. .

In figure 23 tie meridians and padds of lati-
tude are shown sk full Iines. The s~perimposed net-
work of concentric circles and rachals used for per-
forming the rotation is shown in light dash lines in
the upper haIf of the projection. The astronomical
t.riangleis shown in ih original position in heavy fti o
Iines; it is shown in its rotated position in heavy dssh
lines. The subdivision of the projection into over-
lapping sections is not indicated in tie figure as the
addition of another system of lines would be canfus-

k.
Tleati diiqmam.<ommm der Vest-er,of the RoyaI

British Navy, has used the Ef.ercator projection for
this same purpose:7 The observer% meridian is taken - ~~ ~ _mA, *
ss the equator of the projection. Thus rotation about

. .

the equatorial axis AB of the sphere (tig. 22} becomes tiaudati~n paraWI to the observer’s
meridian.

“ Here, as in the Littlehslw method, the projection is subdivided into a Iarger number of
overlapping plates and a key diagram h these pIates is provided. -

31ECH&NICAL DEVICES.

.Gne-i$qosn”tion computer.—This slide rule (fig. 24), d@ned by CharIes Lane Poor, for
solving the cosine-haver@ne formda, is in the form of a circdar metal pkde engraved with 8
group of scales necessary to solve for the altitude and azimuth. This plate is surmounted by a
movable celluloid disk carrying a radial reference Iine and by an arm which cau be rotated to
any point on the circumference of the disk snd clamped there. The instrument giv~ an easy
and rapid reduction, one which is amply accurate for aerkd work. A dawriptiob of this com-
puter and its uss and a comparison of the results obtained by the logarithmic, Aquino, and
mechanical methods is to be found in “ Simplitled Navigation” (lot. cit.).

Bygrare Wide ruZe.-A description of the construction and use of this computer can be
found in “Air Navigation” (kc. cit.). The slide rule is designed fa solve the ttio right-augled
sphericaI trianglss into which the astronomical triamgle can be divided. It is in b form of
two concentric cyIinders, about 6 inches long and 3 inches in diameter, each camying a spiral
scsle. It is c.labd that an accuracy of one minute of arc is attainable in nearly alI cases.
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Nomogram 8h%k ?’de.b—A sfide rule for solving the formula on which the altitude, azimuth,
and hour-angle dia@am is based has been devised by Wimperis and Horsley. The namo of
the slide rule is explained by the fact that the British use this same dirgram under the name
of the ‘(Spherical Triangle Nomogram.”

.lfechanicd mzvigator.-Irdruments which are mechanical re.presmtations of tho celcst”ial
sphere have been buiIt to so~ve either a single astrggomical triangle or two triangles simul-

. .. . . ..-.: -.’

Fm:2L-Uneof-position computer.

tarmouslv. Graduated circk which can be turned and rotated with respecL to each other

.

-.

represen~the equator, the meridians of the observer and the celestial body, and the great circle
pawing through the positions of the observer and ~g celesti~ body. Verniers me provided
for reading the angles.

In one instrument of this type which the wri~r ex~ned, the ~er~iers read to 30 seconds
of arc. It was clear that if the required accuracy were reduced to, say, three minutes of arc,
— . . ...- ,- . . ...-. --, .. . . ..--.’—

M/t~ ~v~tl~~,,~100at.



, —.

AERIALNA?IGA!JZON AND NAVIGATING INSTRUMENTS. 797

which is sufficient for aeriaI purposes, the instrument could be sufEicientIyreduced both in size
and w-eightfor use on dirigibks.

METHODS OF PLOT3!ING POSITION.

The usual method of plotting position has already been described. The dead reckoning
position is plotted on tie map, a,line is drawn through this point in the computed direction of
the sun, the diflerenee between the observed altitude and the computed altitude in minutes of
arc is laid off aIong the azimuth line in nautical miks. “Uthe Qbserved altitude is greater than
the computed, the true position is nearer the geographical position of the sun than the assumed
dead reckoning position. A line drawn through the point thus found perpendicular to the
azimuth Iine is the desired line of position. If we have an observation on ody one body, the
intersection of the azimuth Iine and the Line of position is the most probable position of the
craft.

LitttehaTes metfiod.-LittIeha1es has originated a simp~ed method of plotting posi-
tion~s He selects a suitable position within the limits of the chart and” computes the
simultaneous altitudes and azimuth of selected cekstial bodies as they would appear if viewed
from the chosen position at definite intervals of time. These quantities are tabulated for
use in the air,

The observer, knowing himself to be tithin the limits of his map, measures the altitude
of one of the selected celwtiaI bodies. Compar@~ the measured aItitude with the aItitude
computed for the body at the given instant if viewed from t-hechosen position on the map, he
may fid a diilerence as great as sevend degreesl depending on the area of the earth% surface
incIuded in his map. He measures off aIong a line drawn through the chosen point in the”
direction of the ceIestiaI body a distance which equaLsiu nauticaI mike the aItitude ditlerence ~
expressed in minutes of arc. Then he knows hirnseIfto be on the Iine of position drawn through
the point so found perpendicular to the azimuth he.

Figure 25 is a representation of the earth. The area included in the rectangular figure
(MM’W’) is that incIuded in the observer’s map. (0) is the chosen point of this area for

which the simultaneous altitudesand azimuths are calculated. A compass diagram is drawn

with (0) as center to facilitate laying off the azimuth IMe for the body the altitude of which
is to be measured.

Suppose that at a given instant the aIt.itudeof a star whose geographical position is shown
at (SJis measured. Assume that this measurement gives a zenith distance (SIAJ as against a
computed zenith distante (S1O). The observer then takesthe difference of the me=ured and
computed zenith distances (or altitudes) and Iays off the corresponding distance (OAJ aIong
the computed azimuth Iine of the star, measuring toward the star if the measured altitude is
greater than the computed, and awgy from the star if the reverse is true. He knows that he is
on the arc of the small circIe ha- (S,) for center and passing through (AJ. Notice that (AJ,
however, is not the most probable position of the craft since (0) visa not necessarily the most
probabIe position before the altitude was measured.

If we can measure the altitude of another star whose geographical position is, for example,
(%), we can mtab~> amofi~= sma~’circIe, this one having (SJ for center and passing through
W where (WJ is the a~~tude difference for the second body. me two d circks intersect
at (P), which is then the Iocation of the observer.

For ease in plotting position by this method, it is essential that we use a projection by
means of which great circle arcs. plot pra”cticaIIy as straight lines within the required Iimits.
The Mercator projection is not satisfactory for a case where the altitude difference exceeds a
few minutes of arc. LittlehaIes ha~ sekcted the ordinary or kmrican polyconic projection
and the Lwnbert ze.dhal projection for this particular use ss possessing the desired character-
istic. ‘il%h these projections it is possible to replace the arcs of the eircks through & and A,
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by straight lines without causing too great an crror_b the position of the intersection. ‘1’ho
Lambert zenithal projection was used in the aerial navigation chart of the North Atlantic
Ocean vvhiohwas prepared by Littlehrtlesfor use on the transoceanic flight of tho United St.atM
Navy NC boati in 1919.

Fawf met7tod.-Fav6 has used stereographic projection in a way somevihat simihr to lhatt
described above. He selects the central point of the map as the fi~ed point for wKlch the
simultaneous altitudes and azimuths of suitable stars are computed. Ho then constructs ‘on a
sheet of paper a series of arcs of circles of equal altitudes for the chosen stars. Tho circles of
equal altitudes plot as circles on the stereographic projection. A straight lino is drawn through
the centers of the ares.

The map is constructed on transparent paper. It is laid over the paper cm which tlm
series of areais drawn and is oriented; i. e., it is turned until the straight lino through the centers
of the ares becomes the azimuth line for the obs.erv~ star from the central point of the mnp.
It is then moved parallel to the azimuth line until the altitude circle passing through the cent.rnl
point corresponbto the altitude given by the tal.ie. The observer can then troce on the m~p

\

;
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the required” portion of tho alti~ude circlo cmr~
spending to. the measured altitude to obtain tho line
on which he is located. Figure 25 fl aid in making
this method olear.

Baker navigati~ m.aclik.-h instrument for
obtaining the curve”of position without the necessity
of computmg an altihde and azimuth hns l.wcn
developed in Emdand.

Af..”- ) Tk machh-e carries in a case the map of the,-. —-

1“
Fm. 26.-L4ttlehala9 method of plotting pcskion.

declination of the sun changes. Only
sliding the chart over it. Chmges in declination cause chmges in the ~pacing of the curves and
so it is necessary to make different charts for differat, declinations of thGsun. This hag been
done from 24° N’. to 24” S. by 4 degree intervals. Consecpmt.ly the dech.mtion for which the
chart is drawn need never be more than 2° from th~~~?uede~ination. T’o take accwnt of the
sndl diilerence which may then exist, a first-order ccmectiou is made to the o~s~rvcd altitu~c
by multiplying the difference in the declination by we msti~ of the hour angle. This compu-
tation is made by means of a slide rule attached to@e navigating “machine.

The only operations necessary to obtain the Sumer lke on tie map by tfi method when
the altitude of the celestial body b been detkrmin:d are to slide a special transparent chart
over the map until the proper time as indicated on the time scale of this chart is opposito the
meridim, to correct the indica@d altitud8 for the difference in declina~ion (of the char~ and tlm
celestial body) by Peans of a slide rule attached to the machine, and to mark the Sumner linc
on the map by means.of. oarbon paper.

A chart carrying equal altitude curves for six first maggi@dc st~_ llN nlso been pmparcd
for the machine. For stars the ohange in declination is neghglble, so that one charLis sufficient
and no correction need be applied.

region over which the flight is to take plac~ with a
special chart superimposed ou the map and capable
of being me-red over the latter by mums of mllms.
This ohart carries on its surfuce lines of equal alti-
tudes for the- sm. The equaI aItitude lines arc the
bleroator projections of portions of the equal altitude
circles -ivhiohmay bo imagined to exist on tho earth’s
surface, having for center the subsolar point (assuming
the earth to be a sphere). A moment’s rdlcction wiil
make it clear. that these circles mow westwa~l ovry
the earth as the latter rotates and nort~ or.south as tic
the east to west motion is roproduccd on the map by

—
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Bra7Zmetiioi!.-BriII, in Germany, has used azimuthal (or zenithal) projecticm in a very simiIar
mmner. BriMconstructs on a stripof trac~m cloth curves of positioncorresponding to aJtitudes

of seLected bodies. This is mounted on rolkm so that it can be sIid under the map, which is

drawn on transparent paper. By orienting the map according to the azimuth taken from the
table, and sliding the strip of cloth to a position which depends upon the altitude given by the
tabIe, the observer can trace on his map the cu&e of position corresponding to the measured
altitude.

DIRECTIONAL WIRELESS TELEGRAPHY.

The radio direction fider is a recent development which is usefuI to both mminers and

aviators. It willbe of partictiarvalue in commercial aviation for position ddmnination and
for landing purposes.

Previous to the war with Germany a small amount of work had been done toward deter-
mining the position of aircrtit by means of the directive properties of a radio teceiving coil,,
but it was only during the war that this method came to be used in a practical way.

PUNDAMEXTALPS13WIPL2.

H a rectamguhir coilismounted in a wrtical pIane so that it can be revoIved about a verticaI
axis and its ends connected to suitable receiving instruments, the device can be utilized to deter-
mine the direct ion from which the received waves are coming. The directive properties of the
cd can perhaps be most easily nnderkt,oodby considering the effect on the coiI of the magnetic

force which accompanies the radio waves. This force is horizontal and at right angles to the
direction of travel of the waves. Now, ifthe plane of the coiI is parallel to the direetion in which
the waves are tra-reling, the coil will be threaded moment.ariIy by magnetic lines of force which
vary with the phase of the wave from a maximum in one direction to a mtium in the opposite

direction. This change in the ma=netic lines of force sets up in the coil an induced current

which isa maximum for the assumed positionof the coilbut which decreases to zero as the latter

isrotated untiIitsplane isparallelto the directionof magnetic force,or, @ other words, is at

right angles to the directionof travelof the waves. This is the fundamental principIe involved
in the radio direction tider.

METHODS OF USE.

There are two general methods of navigmt.ionby means of the radio direction finder. ID

the firstthe craft transmits md fixed radio dir~tion finder stations on the ground determine

itsdirection,compute the position,and transmit it by radio back tQ the ship. In the second

method the ship carriesits own direction finder,with which it determines the duection of

two or more fixedbeacon stations,which transmit upon request, or,as willprobably be the case

in the future, send out sign~ at regular interds. The fit method is, desirable for aerial
use, since the apparatus which must be carried iY Iighierl but it has several disadvanttiges.
As the demands upon the ground statiom=grow heavy, considerable delay and confusion may
be experienced in keeping the nec~sq number of aircraft informed as to their location. For
military use, too, this method is impracticable, since the CCIIfor position would imrnediatdy
reveaI the position- of the craft to the enemy. The Germans used this method in connection
with the Zeppelin raids on EngLmd, and consequently the British were able to trace the progress
of the big dirigibles as they crossed the North &a.a Present indications me that thu future
wilI see the direction finder carried on board the aircraft with beacon stations sending signals
at regu15r time interwds. ‘

A number of motivations of the apparatus for use in the air or on the ocean are possibIe.
It is obvious thut either the maximum or the minimum intensity of signal can be used to rMer-
mine the direction. TheoreticaIIy the minimum method is more desirable owing to the fact
that. the point of extinction of the SigIMI is more Clesrly defined than the point of maximum
intensity. Practicably, however, the noise in th raeeiyirugset caused hy the ignition currenfs
of the engines masks the point of ~tinctiont so that instead of a point a zone of extinction is
found. The operator finds the Iimits of this zone and biieeta the an~e.

—
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To overcome this objection to the minimum method, the British have adopted the doublo-
coil aerial. TWOcoils at right angles are used. The approximate direction is found by mctms
of one coil using the mrmimum method. Then the second coil is put in the circuit by throwing
a switch and, if this c@ is not exactly in t]e position for minimum signal, its effect will ~o to
add or to subtract from the signal”received by the maximum coil. If the second coil is in
the position for minimum signal, throwing the switch produces no change in the intunsity of
the signal received on the maximum coil from the direction of ‘which the position of the t.rans-
tittig station is then noted. It will be observed that this method preserves the sharpness
of the mintium method, at the same time yielding a loud signal.

The single-coil system is favored by the Unitd States Naval AiP Service. By improved
methods of eliminating the disturbances due to the magneto, it has been found possible to
u~e the minimum method with a single coil, this having the advantage of being much more
rapid than the double-coil system.

Another mocMcation is possible in the choice of either the L~cd or the rotating coil aerial.
When the first is used, a largo tied coiI is mount~d on the wing and the aircrait must itself
be turned until it is headed toward the beacon station. This arrangement is particularly
useful where it is desired to fly directly toward a pmticular station. It should be remomberud ,
that this procedure will not give the shortest path to the station, as the drift duc to tho wind
will sweep the ship to one aide and thus cause it to approach the station following u “ curvo
of pursuit.”

A tied double-coil aerial maybe used on the wing in coml)intition with two smaller coih
mounted at right angles to one mother in the fuselage and within which a small “search coil”
is rotatad. Rotating the search coil is equivalent to turning the large aerial! but the much
smaller size and weight of the former, as well as its sheltered position, mako it far easier to
manipulate. This arrangement increases the difficulties of tuning.

When the rotating aerial, either,single or double, is used, it is mounted in the fuselage.

SOURCE9 OF ERROR-ACCURACY ATTAmABLE.

It may be said that outside of instrumental errors which. can be compcnsded thero me
two general sources of error encountered: (a) Distortion due to neighboring objects, such as
the engine and’other metallic parts of the craft, and (b) a change in the direction of tho tidvancing
wave front owing to atmospheric conditions. Strays and static disturbances may caum a
great deal of trouble, but they can hardly be classed as errors. Distortion duo to neighboring
objects is practicality ~ due to the craft itself wheri flying. It- can be determined by swinging
the ship, just as is done in compensating the compas~. The atmospheric effect is very marked
at night in the cme of long wavo lengths. -Deviations of the order of 90° may occur in tho cam of
very long cor$inuous. waves,u but this effect is fortunately quite small for tho shorter wave
lengths which are ordinarily used for radio commfiictition with aircraft.

A difficulty is found in the electrical disturbance caused by the mugneto. It has been
found necessury to cut out the short wave lengths given off by the latter in order to decrease
the noise which these waves cause in the telephones. This miiy be accomplished by screening
the whole maemeto systu or by reducing the radiating surfaces.

The magneto was a serious source of trouble h the tr~atlantic flight Of the NC boa~”
Owing to the haste with which the project was organized, there was not stilcient time to
develop the wireless direction-fiding apparatus to the proper point, and, in the case of the
NM at least, it was found impossible to use the system for distances of more than 10 miles
because of disturbances caused by the engines.

The British chiim to have obtained during a number of test flights an average error of 1~”
in bearing using beacon stations ‘at distances ranging from 20 to .500 mibs. This corresponds
to an average error in position of 7 miles. The sensitivity of the system was increased to +0 by

flBureau of Stsnd- Soientido Paper No. 35S, ‘(Variation in DIrmtion & Propaga~lo~d bug Elwtrd&gnetIo Wsres:’ by L1ouLCom-
,..

mandor A. Hoyt T8yIor, U.S. N. R. F’.
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making the area turns on the miniinum coilabout eight times as great as those on the maximum

coil. .

For a fuhr description of the ‘principl~ and application of the radio direction &der the

reader isreferred to the footnot= below.=

METHODS OF PLOTTING POEXI?IOX

The charts used for marine navigation are usmdly based on the 31ercator projection. The
path followed by the wireless wave reaching the aircraft from a fixed station is the arc of a
great circle and, on the Xercator projection, greit circks plot as curved lines. So to plot the
position of the aircraft the navigator should draw through each fixed station a curve, which is ‘
the arc of a great circle aud which will have the proper direction at the point fialIy determined
as the Iocation of the ship. There is no direct geometrical solution of this problem lmown. “

Three methods may he used to determine the position: (a) A conversion angle may be ~
computed and applied to the observed bearing to get the rhumb Iine (the straight line joining
two points on the kk.rcator projection], (b) the Weir
azimuth diagram may be used to plot the position on
the Wrcator projection, or (c) a difFerent projection,
such that great circles plot as straight Iinesl may be Akcrdf -A
used.

(a) Cimwrsz”onangle.a—A conversion angle may

be computed amdapplied to the bearing of the great
circle passing through the fied station and the craft
to give the approximate be- of the rhumb line
through the same two points. ~ angle, shown in .
figure 26, is ecpud approximately to half the dilTerence
of the longitudes of the station and the ship mnlti-
plied by the sine of their mean latitude. So, by using
the dead reckoning position of the craft, the con-
version angle can be computed and the rhumb line
drawn. A second rhumb line through another beacon . s - Stifw
station and intersecting the &t rhumb line gives the
position. This method can bp used up to distaucm
of about one thousand miles.

Ra =.-u-on an@e.

In f@re 26 are shown the great circle, the rhnmb line, and[b) ‘Weira.siniuthdiugratn.—
the position Iine cutting the Iocations of the beacon station (S) and the aircraft (A) as plotted
on a hfercatar chart. The position line is the locus of points such that all great circles passing
through (S) and cutting this Iine at consecutive points make the same angle with the meridians
through these points. Hence we know that the aircraft is located somewhere on the position
line (SA], but we do not Imow the point on this hue. Now, if we obtain another position Iine
from a second station, the intersection of the two wdI locate the aircraft.

The Weir diagram can be used to ftditate the plotting of the position lines on the Wrcator
projection owing to the fact that these Iines are straight on this diagram. The sending station
is marked on the zero hour angle line of the Weir diagram at the proper latitude. A straight
Iine is then drawn from this point tifh a bearing M@ to the observed bearing. The points
in which this position line cuts the hour circks and the Iatitude circb are transferred to the
kfercator projection. The line drawn through these points then determinw the position line
on the latter. Proceeding in the same way, the navigator cm draw a second position line on
the lfercatur chart, and thus determine the position born the titersection of the two.

~Bureau ofStandanMEcIentiflcPaw No. ~ !’PdndpIes ofBdIa Tmmckfon 8nd Ika@onwft&bbmnaand Coil&da @r’byJ. H.
~.

BuzestnOfSkndarda p~tklll (htbcom@ ), “The EadIo DkWon Finder and Its Ap@fdiOn to Na_~” by F. L KoIsW &ml
F. W. Dummxa .

‘Dimc$ionti Pcskfon Hndin&” by H. J. Rot@ Journal InstJtntfon C4EkMcal Em@eers (Britkh), No. & pp. 224-247and 247-257,
--

‘Wireless Ndgatkm fff ~ by L Botdusorq E1wtric@ No. S3, p. 4S), Clctok, 1919.
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(c) Gnanwnti projection.—The determination of position by the radio compass may be
simplified by use of the gnomonic projection. A gnomonic chart is obtained by projcc~ing
points ou the earth’s surface onto a tangent plane by means of lines drawn from the ccntw of .
the earth through the pointa. Thus it can be seen that great circles plot as straight lines on
this projection.

.-.-,

Then, if the bearing of the ship is measured from the fixed station, it is simply necessary
to plot a straight line through the station with a bearing equal to the observod bearing and it
is knmvn that the ship is located on this line. A s~ar .Jinefrom another station will givo an
intersection which locates the ship deti~tely.

If, however, the bearing of the shore sta~~onis fieasured at the ship the prol.iom ia moro
complicahd, since the shore-to-vessel bearing ISnot the same a.s the vessel-to-shore bearing on
account of the fact that great circles do not cut successive meridians at the.same angle. This
dilbculty h= beeq overcome, it is claimed, in a method devised by E. B. Collins, of tho Uniled
States Hydrographic 0fEce2’ He makes use of the gnomonic projection, kgether wilh a sps-
cially arranged compass diagram for each fixed sta~lon, so that tlm observed bearing can be
laid off horn the fixed station.

StilI another method has been developed by L_ittlehales,Zsin which tho navigatcr deter-
mines a position line by means of an observed vwsel-ta-shore bearing and two or more assumed
latitudes.

Littlehales also pointe out in his discussion of the method just mentioned tha~ IIydro-
graphic Office Publications Nos. 71 and 120 (Time Azimuth tabks) can be utiIizcd to furnish
a simple and accurate method of plotting a position line for the ship when the shore-ta-vcsml
bearing from a given fixed station has been determi.ged and trtmsmittml to the ship by radio.
The approximate latitude of the vessel-will be known, so that certtiin ~imitingIatitudes can ho

.,

detknhmd. Then, by the use of the above-mentioned tubles, taking for latitude the latitude
of the fixed station, for’ declination the latitude of the vessel, and for azimuth thu ahorc-to-
VSSSSIbear~m, the hour angle (or longitude of the_vessel m~asnred from tho fixed station)
corresponding to the assumed declination can be read. Thus one point of the position iiio can
be plotted. By determining the hour angles .mrrespggding @ the fimiting latitudm (or declina-
tions) of the vessel and to as many intermediate latitudes as may be necessary for purposes of
plottirg, the navigator can obtain a sufficient number of points to enable him to plo~ the posi-
tion hne.

The use of the gnomonio projection with special compass diagrams appears to be Lhebest
for use in aerial navigation. The work of plotting the position line is extremely simple and the
map can be reduced to a’size which is suitable for use either in airplanes or dirigil)lcs,

.=.
~Up~HOII plottlng by RSCUOBesrLngs,” E. B. Cdl@ U. S. N8~ ~~tute Procwd@” , VOL47,No.& February, IK21.
w (TM ~pwtive U&Hon CMVd+giore Fwlio-CompsssBmhgs in Add Ntdgetlon.)) CLW. LIttkheIes JOUId Amerlmrr

ok.ty of NaveI E@mers, vol. 22 No. 1, Febnrery 162) pp. 3S-44.


