
REPORT No. 131 

AERONAUTIC INSTRUMENTS 
SECTION VII 

C,5 

AERO. & ASTRO. LIB 

IAL NAVIGATION AND NAVIGATING 
INSTRUMENTS 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 
GOVERNMENT PRINTING OFFICE 

11122 

RY, 





REPORT No. 131 

AERONAUTIC INSTRUMENTS 
SECTION VII 

AERIAL NAVIGATION AND NAVIGATING INSTRUMENTS 

70350-22-1 

By H. N. EATON 
Bureau of Standards 

1 



VI 

I 
L_ 

A c 
BYRD SCHWARTZSCHll D 

B 
WILLSON 

FIG. IG.-Bubble sextants. 
2 

.J 
--------------------------------~--------



J DEX. 

Summary . ..................... .. .... .... ... . . . .... .. ........... _ ... _. _ ..... . . _ ......... _ . . ..... _ .. _ .. _._ 
Introduction .......... _ ............................... _ .. ' .. . _ .... _ .. _. __ . . _ ... _ ........ _ .... _ ........ _. 
Aerial navigation methods .. _., ....... .... _ . _ ... . ....... . .. _ . ...... _ ........ _ ...... _ .................... __ 
Dead reckoning ___ . _ . _ . _ .. _ ... . ..... _ ..... _ ....... __ ........... _ . . ...... _ . .. ... . . . ...... . .............. . 

se of di.rection instruments .. ' ..... . ... " ... ..... . .. . . . ....... _ . _ ... _ ... . . . _ ..... _ . . .. ... . . ........ _ ..... _ 
Compasses _ . _ ..... _ ....................... _ ........ _ . _ ..... .. _ . .... _ ......... _ . _ ...... _ ..... _ .. ... . . 
Turn indicators _ ... _ . _ ............ _ . . ............... _ .. . .. ... . ... . . __ ... ... ... . .. _ .. _ .. _ .......... . _ 

Usc of speed instruments. _ .. _ .............. . ...... . . .. . . _ ..... . _ ..... ... ..... .. . . . _ .. .. . .......... _ ..... . 
Air-speed indicators _ .................. . ...... . ..... _ .. _ .. . . _ ......... _ ............. _ ............... . 
Pioneer air-distance recorder ..... _ .............................. _ ............... _ . ...... . .......... . . 
Ground-speed indicators _ ........... . ...... _ ... .. .. .. .. _ ........ _ ......... __ . . ___ ...... _ ............ _ 

Theory of drift measurement ...... _ .... ....... . _ . . .... ..... _ .. .. .... _ ..... _ .. . . ... .... _ ........ . ..... __ .. . 
Drift indicators ...... .. .... .. _ . .. .. .. ..... . . _ .... .. _ ...... - .. _ ..... .. ........... _ ... _ . . . - ... _ . . - .... . 

Webster-Sperl'y- A ngus-Aero bearing pJate-Wimperis bearing plate-Wimperis course setting 
sight-C'hl'istmas-Cl'ocCO (Pioneer)-Le PrieUl'. 

C'omputers and plotting device __ . _ ... _ . __ . _ .. __ .. __ . _ .. _ .. _ . _ . . _ ... _ .. _ .. ...... __ .. __ .. __ ... . _ ..... _ . 
Campbell-Harrison cow'se and distance calculator- Appleyard calcu lator-Bigsworth protlactor, 

parallels, and chart board-map cases-various protractor . 
Astronomical observation ___ ...... . _ ... - . . - _ .. .. ..... _ ...... ... .. . . .. _ ..... . . .. ....... ..... . ........ .. . .. . 

General principles ................ .... ...... . .. . .. . ..... . . .. .. . .. .... ... . .. . ...... . ................. . 
umnel' line method ............................................................ , ............... . 
t. Hilaire method .. ...... .. ............. .. ... . ................................................. . 

Direct measurement of sidereal time ..... . ........... .. ........... . .............................. . 
Sextants ____ ...... __ ... - .. - ........ ...... - ..... .. ................ ... . . ... _ . ............. . ......... _ ... . 

Difficulties of use in aircraft ... _ ..................................................................... . 
Natural horizon _ .................................. . .. - . ........................................... . 
Artificial horizons ..... . .... . ............ . . ... .. - ..... .. ... _ ... . ...... . , .... . ... . ................... . 

extants using natural horizon ..... ... ..... . ....... . ... . ...................................... .. ... . 
Marine-Baker. 

Bubble sextants. __ . - - - - - ... . . - .. .... .. ............. . ................. ' ...... . ...................... . 
Byrd-Willson- chwartz child- R. A. E, 

Pendulum sextants _ . __ ... .. _ .... . ... - .. .... .. ...... ... ................ . .................. , .. - ... . _. 
Equipment of Wellman and Vaniman- Pulfrich, 

Gyroscopic sextants ___ ......... .. . .. .... . ... - . - ... ... .. .. ................. .. .......•................ 
Fleuriais-Derrien, 

Accuracy obtainable - .......... . ............... ... . ... . .. ....... . ...... . .... ' . .. ... ' ............... . 
Chronometers .. . . .... - . ... ..... . .... . ... . ................ . ...... . . , ...... . ............................. . 
Red uct.ion of observations ................................................. , ........................... - . 

Precomputation . __ ........... ... . ... .. . ............ . ....... . ........ ... ... .. ....................... . 
Computation in the air. .... .. .... ....... ........ ...... ... .. ............. . .. . ... ... . . .......... .' ..... . 
Logarithmic computation ..................................................... : ... . ................. . 
Us of tables ........ - ........ , ..................... . ... .. ............ . ........ . .................... . 
Graphical methods ........... .. .. .... ... . ... . .. .... ................................................. . 

Altitude, azimuth, and hour-angle diaO'ram-RoLation of spherical tl'iangl Littl ehal es--Veater. 
1>fechanical devices ..... . .. ..... .... ... .... .... . ... .. ...... ... . .. ..... .. .... .. .. .. .. . . .............. . 

Poor 's line of position computer- Bygrave slide rule-Nomogram lide rule-Mechanical navigator. 
Methods of plotting position .. ..... .... . . ... . .... ... ... . ...... .. . ... ... . ...... .. ..... . ................... . 

Litt lehales-Fave-BaJ.::er navigating mach ine-Brill method, 
Directional wireless telegraphy .......... . ... .. ........ . ... . .. . ............................. , ............ . 

Fundamental principles .. ........ . .... .. ... .......... ........................ . ... . .............. ... . 
:Methods of use ...... .. ............ . ..... . ......... .. .. . ... .. . . .... . .... , .. . .. , . . ........... ... ...... . 
Sources of error-accw'acy attainable ............... .. .............. . ... . ........... .. ................ . 
U ethods for plotting position ........ " ... , ...... ... ... . ..... , ..... . , ...... ' ... " . ........... , ... ' ... . 

Conversion angle-Weir diagram-Gnomonic projection, 
3 

Pug!', 
5 
5 
6 
7 
7 
7 

10 
lL 
11 
11 
1 J 
12 
J :3 

ZL 

2·[ 
24 
2~ 

24 
25 
25 
25 
25 
26 
27 

2 

30 

80 

31 
33 
33 
33 
34 
34 
34 
35 

37 

39 

41 

41 
4J 
42 
43 





REPORT No. 131. 

AERIAL NAVIGATION AND NAVIGATING INSTRUMENTS. 

By R . N. EATON. 

SUMMARY. 

This report is Section VII of a series of reports on ~l,eronautical instruments (Technical 
Reports. Nos. 125 to 132, inclusive) prepared by the Aeronautic Instruments Section of the 
Bureau of Standftrds under re earch authorizations formulated and recommended by the 
Subcommittee on AeTodynamics and approved by the National Advisory Committee for Aero
nautics. Much of the material contained in thi report was made available through the 
cooperation of the War and avy Departments. 

The methods of marine and aerial navigation are fundamentally the same and the develop
ment of the latter has involved no new general principle. Differences in the conditions encoun
tered on the ocean and in the air and the widely different characteristics of the craft involved 
in the two cases hftve necessitated the modification of the methods and instruments used in 
marine navigation, as well as the developmen t of special instruments, to meet the requirements 
of aeronautic . 

This paper outline briefly the methods of aerial navigation which have been evolved during 
the past few years and de cribe the in truments used. 

Dead reckoning, the mo t universal method of navigation, is first discussed. Then follows 
an outline of the principles of navigation by a tronomical observation; a discussion of the practi
cal use of natural horizons, uch as sea, land, cloud, and ha,ze, in making sextant ohservat,ions; 
the use of aTtificial horizons, including the bubble, pendulum, and gyro copic type ; and a 
description of the rapid method and the special instruments which have been devi ed r,o expedite 
the reduction of ob ervat,ion and the plotti.ng of position. La tly, the comparatively recent 
development of the radio direction finder and its application to navigation are discuf'<;ed. 

INTRODUCTION. 

Until the beginning of the recent E mopean war, aerial navigation in a cientific sen (' had 
received comparatively liWe attention. A limited amount of wod( along these lines han been 
done, but comprehen ive methods for overcoming the difficulties peculiar to the navigation of 
aircraft had not been developed. 

Perhaps the mos!' conspicuous example of the u e of this new art prior to 1914 is to be found 
in the celebrated attempt of Wellman and Vaniman to cross the Atlantic Ocean with the rlirigible 
America in 1910. On this voyage a extant, with an artificial horizon was u ed for the absolute 
determination of position, while methods of measuring the air speed, ground speed , compass 
course, and angle of drift provided the necessary data for computing the dead reckoning position 
of the ship.! The methods of navigation used on this flight were very similar to those which 
are coming into use to-day. The most noticeable difference was the absence of the radio compass 
and the turn indicator. 

During the war the art of navigating aircraft was developed somewhat, principally owing 
to the attempts at long-distance bombing. The British found it possible, after con iderable 

1 "The Aerial Age," Wellman. 
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work at Oxfordness, to arrive within 5 01' 6 miles of their objective after flying above the clouds 
for approximately 100 mile. The German in their Zepp'elin raids on England were but partly 
successful in their navigation, for they managed to reach Lheir objective yet often failed to 
return to their base, owing to the almo t insuperable dilliculties encountered in £lying long 
distances at night with uncertain information as to weather conditions. 

The war demon trated the value of aerial supremacy beyond all que tion. The develop
ment of commercial aviation is the mo t promising means by which the heavy co t of aero
nauLi 'al progre s can be at least partially defrayed. Commercial aviation in turn depend to a 
great extent upon the solution of the difficult.ie encountered in aerial navigation. Not until 
aircraft are independent of all but the most extreme weather conditions, not until they can be 
flown for hundreds of mile without sight of the ground and still come out within 15 or 20 
minute flying time of their objective, not until forced landings in fog cea e to be a somce of 
erious danger will thi means of tran portation be suitable for commercial u e. 

Unfortunately, only a beginning ha been made toward olviJ)o' the problems of flying and 
landing in fog. Th e turn indicator has reliev d cloud flying of it. grefLtest danger but landing 
from an uncerLain altitude on a spot which is invi ' ible fmm he air i till a dangerou undertak
ing. In all probability the solu tion will be found not only in addiLional in. trum ntal aids to 
navigation but aloin the utilization of information transmitted by wirele fr m a well-organ
ized and widely distributed meteorological service provided for the a si tance of the aerial 
fleet. 

AERIAL AVIGATlON METHODS. 

The reason Lhat present-day methods of aerial navigation were so well e tfLblished durincr 
the eadiesL dfLYS of aeronautic i. probably due to the do e analogy hetween aerial and marine 
nfLvigation. _\ . hip tnwels through the water on a given comse at a known speed, while fLL 
the same time the ocean currents and the wind carry it [rom its cOllce by an amount which is 
usually quite fLccuratcly known also . The position of the hip at any instanL can he computed 
with a considerable degree of accuraey by d ad r ckonma and che +ecl occa 'ionally hy a tl'OllOm
ical ohser\T!1Lion. The aircraft Oie at a known speed on a given COlU'se through the ai.r. At 
the same time the wind sweep it from the course teered by an amount which, uncleI' favorable 
conditions, is known. Th fLviator can thu determine his position by dead reckoning and occa,-
ionally eheck it by ohsel'\Tation on the sun or a tar just as is done in marine na\-igation. 

Here the llnalog,\T ends, and in the remaining cowidel'ations Lhe di. a(l\-antage lie. almost 
wholly with the aircraft. In spite of certain advantage which are unique to flight, the higher 
rate 0[ . peed of the craft and of the supporting medium, the impo ' ibilit,v o[ charting the winds 
as thC' ocean urrent ' 11,1"e charted, the dangers of landing in fog or darkne s, and the added 
difficulties clue to the ffLct that we have three dimensions invoh'ecl instead o[ two , aU tend to 
make the nltyigation of aircraft more difficult and hazardous than navigation on the sea. Thi 
entails the cle\Tolopment of new methods and instrument ' for aerial use as well as the modifica
tion of tho ' e already in exi tence. 

The method' of aerial navigation which stand out prominently are three in number : {( Dead 
reckoning, ., "a ' tronomical ob ' ol'vfLtion, " and {( directional wireless telecrmphy," if w mi t (1) 
the common practice of Hying by map, con i ting ' imply of steering one's course b~- means of 
object~ on tho ground which can be identified on the map , and (2) the po sible u ' e of a gyroscopic 
devie for indicating latitude and longitude. everal attempt have been made to construct 
such an instrument, but it is ex:trem 1y dOllbtful whether in the present. tnt of development 
of gyro copic apparatu ' ufficient accuracy can be attained in thi ' way. 

No one method or combinati.on of methods has been found preeminent]? suitable for exclu-
ive u 'e under all conditions. Whali might he well uited for a tran atlantic flight would not 

be adapted to use on a eros -country trip of a few hundred mile. Lighter-than-air and heavier
than-air craft each have their own characteristic which involve different variation of the funda
mental methods of navigation. 
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DEAD RECKONING. 

Of the three funuamental methods of navigation, that hy dead reckoning is unquestionably 
the mo t univerdally used. It is always required in orne form however impIe, even when 
reliance i' placed on one or both of the other methods. ~'Uthough dead reckoning may be 
partly superseded by the radio direction fmder, it can never be di pen ed with entirely. 

Navigation hy dead reckoning con i. t in determining the po ition and course of any craft 
from its known or e timated diTection and peed over the surface of the earth. In aerial naviga
tion the direction in which the craft i heading u,nd it peed reI a tive to the air can be found with 
comparative ease, hut unfortunately for implirity, the 'wind are u ually pre ent to complicate 
the problem. In nearly every ca. e thi mcans that hoth the speed and the direction of motion 
with respcct to the ground differ from that shown by the air-speed indicator and the compass. 
If the direction and the peed of the wind are known, the problom still remain. simple, involving 
merely the solu Lion of a veloci ty triangle; bu t the wind is rarely known accurately at the start 
of a night and only too often no information is availablc. In this ca e the navigator is forced 
to rely on obselTations which hc can mak whilo in Lhe air to give him a lI:nowledge of the drift 
caused by the wind. 

In time a morc intimate knowledgo of tho atmosphero and a well-organized meteorological 
'ervice willundoubtc>clly servo Lo gi\' o aviator ' more co:nplote and accuraLe data to aid them in 
Lheir lln,Yigation, but even thrn it will still he nc es~al'.V to check the course aetually followed by 
l1lcans of drift and ground peed obsenrations. 

From whaL ha~ beon 'aid, it can he secn thaL the mcasurcmcnL of four difTcrent quautitie~
hcttcling, air specd, ground 'pcrd, and drift- may he involved in navigation by clead reckoning. 
For the pUl'pOSc~ of this pftpel' the instrumcnt" used in mea uring these quantities and in reducing 
them to useful form may ho classifiou as (n) Direction Indictttors; (b) Sprecl an(t Drift Indicator'; 
and (c) Computers and Plotting Accessorie . 

USE OF DIREOTIQ INSTRUMENTS. 

COMPASSES. 

The det('rmination of lirectioll i ' the mo t fu nclamental proce '~ in navigation. ~'l knowlccige 
of hi.' specci may noL he absolutely e sential to the na,igator, but without the sense of direction 
he may be C'omplet.ely lost. A ide from thc limited pos 'ibiJities of dirccting ono's COUl"e hy 
map, by rough melll'luremenL of angles from the sun or stars, or by the aiel of the radio direction 
finder, the compuss is an absolute neces i1,y to navigation, whether aerial or marine. 

Owing to its supreme importance, this in trument had alrendy been brought to a high 
state of development for marine use beforc the dar of modern aviation. It first applicatioll' 
to aerial u ' e, ho\\'cycr, showed that an entirely new development wa needed before it would 
fnnetion properly in aircraft. It \Va not simply a que tion of reducing the size and weight of 
the instrument hut of altering the de ign radically, in order to make the compas ' fUllction 
properl.\· whC'n subjected to the e"ere condition found in aviation. 

It had already bern learned that the dry compa s or linarily us d on ~hipboard wa unsuit.
able for mall bOl,ts where the rolling and pitching in bad weather and the engine vibrations 
" 'cre HI)' pronounced. Under these conditions the compas card \\'a found to 10 e it stabilit)T 
and to OSCilltltc in hath horizontnl and vertical plane, the amplitude of Len increa iug until 
continuous rotation about tho vertical axis resulted. Furthermore, the vibration damaged the 
pivot point, nnd an increase in pivot friction re ulted which made tho error of the instrument 
still grclltcr. Thcse considerations led to the adoption of tho liquid compass for smull boat. 
The marked similarity between the condition encountered hero and those met with in the air 
explnin the almost uninrsal adoption of thi type of compa s for aerial work. 

The liqui(l in the bo\d el'\es a double purpose: It damps the motion of the card, reducing 
the oscillations and thus improving the stability; and it remo,e a portion of the weight on 
the pi,ot point and so tend to pre er,e the latter, owing to the reduction of the intensity of 
the shocl,;: ' given it. The decrease in the apparent weight of the card i al 0 beneficial in that 
it reduces the pivot friction. 
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Inseparable from the advantages due to the liquid are everal disadvantages. The liquid 
serve as a damping m dium, but it al 0 forms a vi cou connection between the bowl and the 
card, and when the former turn the latter is dragged around, too. The same property of the 
l iquid makes the compas sluggi h, with the result tha t it re pond but slowly to changes of 
direction. 

In adapting the liquid compa s to aerial use a number of modifications were made, the 
most important of which was probably the adoption of a hort period. The period of the marine 
compas i in the neighborhood of 50 econd , and experienc in the air brought prote t from 
the pilot that a compa having 0 great a period took too long to come to re t after a turn. 
Con equently compas e having a period of from 10 to 20 se ond were adopted. Other chanae 
included the u. e of stronger magnetic moment in an attempt to overcome the . luggi hne 
produced by the liquid and the atta hing of the pivot to the card in tead of the bowl in order to 
reduce the turning effect due to vibration. 

During the early day of its use th pe uliar action of the hort-period compass cau ed the 
instrumen t to fall in to discredit. It wa found that on banked turns from northerly cour es 
the compass wung wildly and often indicated a turn in the wrong direetion. A tudy of this 
" northerly-turning error," as it wa called, led to the temporary adoption of a long-period com
pas in an effor t ' to reduc the effect. 

Errors of compa eg.- The compa ,as use~l in aerial navigation, i subject to error due 
to (a) calibration, (b) pivot friction, (c) permanent magneti m of the craft, (d) induced mag
netism, (e) vibration, (j) tilting of the card, (g) linear acceleration of the craft, and (h) turning 
of the craft. 

(a) and (b) The urn of the calibra tion and pivot friction errors should not be greater 
than abou t 2° in a good compa , uch as is needed for navigation. The friction error can be 
reduced to a very mall amount by keeping down the weight of the card. The e error are 
di cus ed in Part III of R eport o. 12 of thi serie. 

(c) The deviation due to permanent maaneti m is caused by the fact that the s teel u ed 
in the construction of the airplane acquire a certain amount of permanent magneti 'm due 
to vibration and , hocks. The field thus set up lie in a general way along the longi tudinal 
axi of the hip. The deviation cau ed by this field change sign when the aircraft cha.nges 
its azimuth by 1 0°; hence it is called the" emicircular deviation." The permanent magnetism 
thu produced i not constant over an extended period owing 0 the vibration and hocks inci
dental to th use of the ship. 

(d ) The earth'. field inouces magnetism in the soft iron of the craft, producing a field 
which varie in direction as the azimuth of the airplane i altered. Thi field causes a deviation 
whi(\h change in ign for each chA.nge in azimu th of 90°, so the name" quadrantal deviation " 
is applied t·o i.t. 

The deviation due to the cau es JU t discu ed can be largely eliminated by "s",ringing 
the airplane " and eompen ating the compass.2 The semicircular deviation, the more important 
of the two, i corrected by heading the craft ~ uccessivel y north, east, south, and west and reduc
ing the deviation found in this way to the smallest pos ible amounts by the use of small cam
pen ating magnet . The quadrantal devia tions are corrected by heading the airplane uece
sively nor thea t , outheast, southwest, and northwest and reducing the deviation found in 
these directions to a minimum by means of two oft iron spheres properly placed. After this 
proce s has been completed the airplane is "swung " again and the remaining oevia tion are 
found for the poin ts of the campa, . A table of these deviations can then be prepared for 
use when flying. Owing to the change in the perm anent magnetism of the ship, the semi
circular deviation hould be compensated at frequent intervals. 

The errors which hRve been considered above can be determined fairly well and corrected 
under ordinary conditions. On short flights or on flight over territory which i 1m own and 
visible they are not very important, a the cour e can be corrected at frequent in terval. On 

1 " Aerial Navigation," by J . E. Dumbleton . 
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long Dil?:ht" Hnd partieulf1.rly on transoceanic flights the ae 'uracy of the compa"l;; is of supreme 
importancl', IH)\I' ('\'er. .\. glance a.t the map of tbt' Atlantic OCt'lln wil1 ('mpha"iz(' at onccthe 
ar'('urntt' IHl\-ignLioll which would he rcquil'0Cl to ena.ble a craft flying , 'fly, to the' Azores to attain 
its objceiin'. .\.n (,I'I'O!' of 2° in following tht' trlle course might caw;t' it to miss its destination 
with tIl(' chanet's crreatly in favor of its continuing on into another Ytlst expanse of ocean. 

Tht' t'l'rOl'" ,d1ieh !'('main to be discussed can not be accuratt'l,Y deLrrmined and compensnted 
11S can the other", although th('y can o[L('n he reduced in amount. '1'11<' ('1'\'01' eaust'll hy the 
('kctl'ic<d ('i r('IIi ts in LI1(' ('ngine is a good ('xmnple of this. This d islurbanc{' may he s('riou:,; 
if the compass is IWltl' Lll(' cngine, bu tit m<ty hc ovcrcom(' hy rem(l\-ing the ('ompasB from tIll' 
field thus ;;et 11 p. 

(e) Rotary ,~ ihrfltion in a horizon till plane has a \'l'l'y erious ('O'('ct upon compasses ill 
which thc pin)t is ftt ten('d to tht' howl and th(' cup i;; ftlStCJl('t/ to Lh(' card. (Tnd('r the influence 
of sllrh \' ihI'IlLions the pivot will cany tbe card around in the direction of tll(' vihration. In 
test~ can'i('d on at the Royal AircrafL Factory with a British Admiralty standard compass,:' 
(leviation:; cluc to this 'ause were found to range feom 7° at 1,400 R. P. M. tOt3° at 1,600 R. P. M. 
Rcvel'.:;ing th(' po;;iLion;; of the pi\'ot and cup 1'educ('d tbi deviation to 1 ° at 1,100 R. P. 1. and 
.J- 0 at J ,GOO R. P. l\I. 

Thc suspension of th howl was also eal'('fully inve tigated itt the' smnt' time. It, was 
com'lu(\ecl after ('xLensi\'e tests that rubber ' tops, unies they are too loose to :r:naintain the 
proper dir('cLion of th(' howl with respect to the C!lse, do not dllmp out ('xc('s;;j\'(' vibration ' . 
Spring mOt.mting;; wer(' al 0 found unsaLisLH'tOl'Y owing to re;..onanc(' at ('('rtain speedS., The) 
m('thod finnll)' adopkcl was Lo snpport 1,11(' howl on a polislwd plat(' with 11 felt pad h('tween 
the two. Flitt leaf "pring mounted on the case supportcd th(' Iwwl and maintained it", direc
tion but allowed it to slide on the felt. 

v\lwn a compas::; with the standard alT!l.ngement of pivot and cup and with thi;; mounting 
was testN\ in an ail'ph-tnt' on the ground wiLh tht' engine running, Lhe d('yitltion due to vihration 
waR redu('ed to ,1 maximum of :20 at l,GOO R. P. M. The results olltlline(l improyc rapidly 
ns the disLnll(,(, of Llw ('ompaRs from th(' engine in(,TeiU:e~. This is dut' both to It I'('dll('tion of 
\' ihn'tLion and to a kssening of the ('ITt'ct of the engine circuits. 

(f) If tlw nxi::; ahou t which the card rotates is inclined to th(' \'('rtieal while t1l(' craft i::; 
flying <L stmight COUl'RE', a large errol' in the compass l' ading may 1)(' introduced. Thi ' is due 
to the Y('rLic,\l COmpOIlC'nt of the eRl'th's magnetic field , which tht'n tC'nds to rotate the card 
abou t i t'l axi;;. 

(y) Li,n('ar accel('ration of the aircraft while flying a traight COUl'Rt' other than magn('tic 
north or HouLh produce an error in the compa reading. Owing Lo tIl(> mass placed on tIl(' 
south ;;icle of 1IH' cllrd to balance thr fo1'cC due to the vertical component of tlw ra.rth's magnl'tic 
firld , tht' ('('nter of gravity of tIl(' ne0Cl1e dors not lie in the Y(,l'tieallint' thl'ough tht' point or 
suppor!,. .\. 1 in (,!U' tH'('('I('ration pl'oduc('s a mom('nt acting about th(' point of ;;UppOl't Lo 
dd"lrct the n('0(lk 

(71) Pt'rhaps the most difficult (,I'l'or to contend with and the ont' that has had tlw most 
;;eriou. con;;e<l u('nc('s is the ,. northrriy turning ('1'1'01'," which occur::; whrn the aircraft ve('l'S 
from a northerly eourse. The shorL-p('riod compas under such condition::; deviatrs widely 
from the corrcct rcading, and, what is worse, often indicates it turn in th(' opposite direction 
to that which is actually being made. When thi occur in a cloud or in a fog, the results arc 
lik('Iy to b(' disastrous , 1'01' thr pilot lost's all Rcns(' of the horizontal undrr thrse circumstances 
and musL drpend on his in;;tl'um('nts tok('t'p the ship in (,quilihrium. 

It is possih1<' to d(']'iv(' the ('C[ulltion of motion for tht' compa;;s card for ;;p('('ifi('d tUI'llS [!'Om 
a givrn COUl'st'.' In its general form this t'quation c,m not 1)(' in tt'gmt('d , hut, hy k('cping the 
values of ill(' , 'al'iahlPs .'uflici('nLly small, approximations ran he mad(' " 'hirh nllow the inte
gration to be performed. Thus it is possible to investigate the initial motion of the eompa'8 

• "Report 011 the Errors o( Compasses on Aeroplan es," by Keith Lucas, Bril ish \d\'isory Committee (or Aeronalllics, \'01. 7, 1915-16, p. 554 . 
• Repor( of the British Ad\'isory Committee (01' Aeronautics, "The Northerly Turning Error o( lhe ~[ agnelir Compass," F. A. Lindeman 

1916- 17, pp. 678- 698. 

70:350-22-2 
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in a tum from the 'north, for example, and a large turn can be investigated by a step-by-step 
process, keeping the variables small for each tep, 

It is usually a sumed that the liquid does not rotate with the bowl during a turn, Thi 
of cour e, is not true, even with a pherical bowl such a is u ed in the R. A, F, Mark II com
pass. The condition :for rotation of the liquid with the bowl can be put into the equation of 
motion and it effect thus determined. The true state of affair must lie between these two 
extremes, and this has been corroborated by actual tests, 

The cause of the "northerly turning error" is discussed in Part III of Report No, 12 of 
thi enes. 

The development of the turn indicator ha made it po sible to neglect the compa s entirely 
during the turn. The latter can now be utilized in its propel' role, that of giving the dil'ection 
of a traight comse, while the former can be used exclusively for turn . 

A detailed description of the different compasses in aerial u e will be found in Part IV of 
Report No. 128 of thi enes. 

TURN INDICATORS. 

While aerial navigation in a strict sense ' may consi t imply of the geometrical problem 
involved in flying from one point to another, in a broader sense it may be con idered to include 
other problem which are essential to carrying out the flight from a practical standpoint, such 
as the determination of the radiu of action or the ability to fly through fog, Commercial 
aviation will never be a succes , however accurately comse and distances can be determined, 
so long as the craft is likely to fall out of a cloud in a tail spin, owing to the inability of the 
pilot to keep hi equilibrium. 

Before the turn indicator was developed it was an an too common experience for the pilot 
upon entering a cloud to notice the compa s needle begillning to wing. This meant that 
the ail'plane was tmning and he would immediately try to correct the comse. With all sen e 
of the horizontal lost, all he could do, however, was to adapt his bank to the turn, ince the 
u ual type of banking indicator give only the apparent vertical. So he would get onto a 
sharper and harper turn, particularly if turning from the north with a short-period compass. 
The airspeed would now creep up and, in correcting this, he would stall the machine, which 
would the:p. fall out of control until a view of the ground enabled him to regain his balance and 
level off or until he crashed. A conspicuous example of uch an occmrence is to be found in 

ir Arthm Whitten Brown's "Flying the Atlantic in L-xteen Hour ," page 59. 
With a turn indicator in front of him, the pilot can recognize a tum as soon as it com

mences and can correct it. The banking indicator will then give the true vertical and the 
ship can be kept on an even keel and flown in a straight line. 

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

The static head turn indicator.-Thi turn indicator consi ts of two static pre sure nozzles 
lllounted one at each end of the wings of the airphme and connected to opposite sides of the dia
phragm of a very sensitive pressure gage. When the airplane bank for a tum, the two static 
nozzles are at different elevations, and consequently are at points of different static pressure. 
Without discu sing the other forces acting upon the pressure indicator, since the subject is 
thoroughly treated elsewhere in this report, it will be said that the resultant force upon the 
diaphragm lllay be considered due to the difference in barometric pressure between the levels 
of the static nozzles or due to the centrifugal force of the air in the tube connecting the indicator 
to the static nozzles. The differential pre~ ure acting upon the indicator i thu a measure of 
the rate at which the aircraft is turning. The Darwin static head turn indicator is the only in
strument of this type in common use. 

The gyroscopic turn indicator.-The operation of this type of turn indicator is based on the 
action of a gyro, cope. IE the axis of spin is fore and aft, the precession then takes place abou t 
an axis parallel to the lateral axis of the ship. Springs limit the precession to a small amount 
and the deflection is magnified and read on a dial. 



AERTAL NAVIGATION AND NAVIGATING INSTRUMENTS. 11 

A number of gyro copic turn indicators have been eleyeloped. In mo t cases the gyro wheel 
is in the form of ttn air turbine which is driven either by the blast of the air stream or by the 
Ruction elevelopN] by a Venturi tube mounted on a wing. In orne ca es all electrical drive is 
used. 

Errors of tllrn indicator .-The static pressure turn indicator works well uneler favorable 
conditions if properly mounted . It ha ,however, everal serious defect. (a) The in trument 
is said to r('ad laLeral accelerations almoRt independently of the bank. Thus it is liable to be 
in error whenev(']' sidc- lipping occurs. (b) Obviously the differential pre sure involved i 
extremely small. This makes a very delicate indicator necessary and increases the liability to 
error due to local pre. surc di turbance . (c) It has an exce ive lag. (d) Under bad weather 
conditions the nozzles may freeze up solid and the instrument will cease to function. 

The he t gyro turn indicators with an adju tment for sensitivity arc ul1que tionably more 
Ratisfactory than the static pressure typ of in trument. They are practically instantaneou 
in action, can he adjusted to the desired sensitivity, start functioning again immediately after 
the plane has been tun ted, and can be made 
strong and l'lJO'ged, owing to the larg forc 
involved. 

USE OF SPEED INSTRUMENTS. 

Unclerthi. heading are included air-speed 
indicators, O'round-spcee! indicators, l'lnd drift 
indica tors. 

AIR-SPEED INDICATO RS. 

Little will be said of air-speed indicator 
in thi paper. The instruments are well 
known, forming a tandard part of the equip
ment of all aircraft, and have been treated 
thoroughly in other part of this report. The 
reader i referred to Parts I and II of R port 

FIG. I.-Pioneer nir-dislaJlrc record r. 

No. 127 of this erie, al 0 ationa! Advi ory Committee for Aeronautics Report 
Altitude Effect on Air- peed Indicators," by M. D. Her ey, F. L. Hunt, and H. 

PIONEER AIR-D ISTANCE RECO RDER. 

0.110, "The 
. Eaton. 

This instrument (fig. 1) i designed to record the air distance traveled. A small propeller 
is mounted on one of the forward wing struts. This propeller make a definite number of revo
lutions for each mile of air which pa e it, and at the end of each mile operate a valve which 
admits the uction created by a Venturi tube to the recorder, thus operating pneumatically the 
mechanism which adds 1 mile to the reading. Since the prop 11er ha ,ery little re i tance 
to its motion, the apparatu i very nearly indepenelen t of the density of the air. The makers 
claim that the maximum error of the in trument due to the change in air den. ity is less than 1 
per cent at 20,000 f et. 

GROUND-SP EED INDICATO RS. 

The two principal types of ground- peed indicators which have been developed for use on 
aircraft are ba eel upon optical and dynamical pl'inciple. The optical type i used to follow 
and mea. ure the relt.tive motion of objects upon the ground with re pect to the aircraft and so is 
dependent upon the visibility of the grouncl from the craft. The dynamical type integrate the 
accelerations of the aircraft, and consequently i independent of visibility. A discu sion of the 
principle upon which the various types of ground- peed indicator are based i. to be found in 
Part III of Report 127 of this eries. 
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'While the mellSUl'Cmellt of gl'tll1nd i-lpeed is a dii-lLincL operaLion, pmcLieal1y it is of Len con
veni nt to combine the optical ground-speed indicator, the mo't commollly u cel type, with. a 
drifL incli('ator owing to the facL thaL in Lhi type of ground-speed indicator Lhe angle of drift 
i ' found, wheLher or noL iL is read. On tili· account the de ' cripLioll of drift indicaLor ' which 
follow' will include d scriptions of se\'"C'l'a l . imple around-speed indicator of the opti al typc. 

THEORY OF DRIFT MEASUREMENT. 

Ju sL fl." in marine nitYig,llioll it is necessary to take into account the spe('(l and direcLion 
of oce/til currellLs in Ol'dcl' to follow a givt>n cour,;e, so in aerialna"igRtioll til(' motion of the ,'up
porLing medium relative Lo Lhe earth musL be eonsie/cree/. And ill the latter ase the difficul
ties involved in taking full accounL of the moLion of the medium are immensely greater. Jot 
only ,t1'e the ,'clocities of the windi-l many time those of the ocean current, but they are chanae
able, var.\' illg from day Lo citty, and even from hour to hour. Unlike ships, which are limited to 
motion upon the surface of the se,\, aircraft often flr at elevations differing by eyeral mile , 
and it i ' a well-known fact that the wind' u ually \'"ary both in amount and direction with alti-
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tude. It i probable that me
teorological informaLion will 
ill Lime reach uch a . tat 
that the cOlJditions which the 
aviator will be likely to meet 
in a given flight can be pre
dicled quite n.ccuratcly in 
advance, but it will never be 

C possible to chart the winds 
as the ocean curren t. ar 
charted. 

The value of meteorologi
cal data for commercial avia
Lion can hardly be oyere Li
mated. By choo ing hi alti
tude properly, the aviator 
can often obtain a favorable 
wind in both goina to and 
returning from hi objective. 
The lack of sueh information 

may often add greatly to the time of his fliaht and, if vi, ibility is poor, he may be wept miles 
from his course. A historic instance of such an occurrence i that of a fleet of Zeppelin which, 
after it raid on England on Octoher 19, 1917, fts('endecl inLo an air currenL very different from 
Lhn,t existing n.L tIle low('l' levels. The crew of the dirigihles , not knowing of this change in 
the wind, made !1 wrong allowllnee for it efrect, with Lhe 1'e ult that the ships were wept over 
France' , where a num l)('l' of them were destroyed." 

The facL that the wind u ually alter the compas comse which should be steer d to reach 
it definite point on the surface of the earth makes it nece sary to deLermine Lhe angle by which 
the heading of the plane mu t be altered in order Lo follow a particular course over the ground. 
The fundamen tal problem in volvod in all ca e i the determination of enough quanti tie to 
solve the velocity triangle who e sides represent in amount and direction the air peed, wind 
speed, Rnd ground speed. 

In figure 2(0) the triangle (OAO) represent. Lhe velociLies invohrecl. Suppose the aircraft 
stnrt from (0 ) to reiLCh it poinL (A'). The angle' (NOA/) which the cour e to be followed makes 
wiLh Lhe gcognLphie meridian can he determined from the map. TIli. will he called the" track 
iLngle" aml the cour e (OA) which the airrraft actually follows over the ground will be called 
the" Lra k," or the" course-ma,de-good," in accordance with eu tomary usage. The wind is 

"~lanual of ~[eteorology, Part IV, page i3. " The Relation of Wind to tho Distriblllioll of Barometric Pressure," by Sir Napjer Sbaw. 

j 
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represented in amount and llirection by the vector (OB). Let us assume that (OB) represents 
the distance which the wind moves in unit time. Now, if we take (B) as center and with a 
radius equal Lo Lhe distance 'whi h the craft move through the air in unit Lime i'iwing an arc 
cutting the straight line [rom (0) to (A'), we obtain point (A) which rrpresents the point which 
the aircraft can reach in unit time if so headed as actuaJly Lo Oy over the ground from (0) 
Loward (A ') in It straight line. Now, drawing (00) parallel Lo (BA) and (OA) parallel to (OB) , 
we have the triangle o[ velocities which i to be sohTed. Knowing (00), (CA), and anglr (OAO, 
it is !t simple maLtrr to olve for the distance covered with respect to Lhe ground in unit Lime 
and for Lhe drift or corre tion angle (AOO). (See next paragraph.) The angle between the 
eourse to he steered (00) and the geographic meridian (SN) i now known ; consequently the 
compass course cu n be corre ted to coun teract the drift due to wind. The sides of the veloci ty 
triangle thus drawn are proportional to the air speed, wind speed, and ground speed. 

It will be advantageous to carry the discussion of drift a little furthN at this point and to 
give arbitrary definitions, for the ake of clearness, to the names « drift ano-Ie" and 'I corredion 
angle," both of which will be invol,red in the following description of drift indicators. 

In figure 2(b) let (01'1.') be the course the pilot wi hes to make good and let (0 ) be his 
starting point. Also let (OA) represent his air speed and (AO) the wind peed in both direction 
and amount. The triano-Ie (OAO) can now be drawn, since both (OA) ancI (AO) are completely 
known. The ground speed (00) and the angle (ex), which is the angular amount by which the 
aircraft i deviated from its de ired course and which we hall call the" drift angle," are now 
known . This triangle is often olved in variou ways by the navigator while in Lhe ail' in order 
to determine the wind or his ground peed. But the pilot desire actually to follow the course 
(OA') and to do thi he must steer tbe compas course (OE). For this purposeitisn0tsufficient 
[or him imply to apply the drift angle (ex) to the direction of tbe course to be made good, but 
a new Lriangle mll the olved. In other words, he must determine angle ((3), which is tho true 
correction to be applied to his compass course in order to overcome the component of motion 
due Lo the wind. ,(3) will be called the" correction angle " and can be found in terms of the 
angles (ex) and (")')! where (")') is the angle between the desired track and the direction of the 
wind. 

Applying the law of ines to each triangle and remembering that the ratio of the air speed 
to the wind speed is the same in each. we have 

,. (3 - S1I1 ex S10 ")'. 
sm - . ( ) 

' In "),-IX 

The (, cll'ifL Hngle" will Lhu be defined. as the angle by wllieh Lhc erafL is dcyialed from its 
compass course by the wind, while the name" correction angle" will be applied Lo a par
ticular drift angle, namely, the drift angle which exists when the craft i following the desired 
track. 

DRIFT INDICATORS. 

Drift indic,ltori'i arc a class of ill5Lrul11cnts whose lise is depenr/enl on n ,·iew of the ground 
or Lhe ocran. The usual typr is 1)n cd on t hr fact that it is pos, iblr to tell wbrn poinls on thr 
ground, .flvating Objl'cts on the sm-fncc of water, or pnt ches of foam (11o,'e parallel La to line 
whi('h cnn be rotated in a horizontal plane in the ail'cmft. 

lV,'7)stl'r dl'l/t sir/iIt. -Prohahl.v thr simplest dl'ift sighL in u»(' ;s Lhnl d('visrd h) D. L. 
W·rhste r. ll'i~l'd win's nuliate aL 10 degroe intervals from a point so placed that thl' pilot can sight, 
n.long them aL I h(' ground. By waLchillg the poir,ts on the gl'ouncl as t.he.v mOl e hy Lhe c wires, 
the piJot can e.'LimaLo Lhr drift angle to abouL 2°. A movable .:igh1 ing wire which can be 
operated from tlw corkpil is sometimes used to replace the fixe,l wires. 

Sperry synchrolli;.ed drift 8et.- 1'hi. ckvire (fIg. 3) is a combilJation compass anll orin 
indicator so connccted that the obser\'r]' can move the lubber line on thr pilot's compass and 
thus correct the rompll"-s rourse for drift without hu.ving dirrcL comn~lUni('nlion with the pilot. 
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The ch·ift indicator consi ts of a pri matic telc. cope havillg a series of parallel lines in the 
focal plane of the eyepif'ce. The e lines can b turned by a tillf'r wheel until they arc parallel 
to the <1,pparent motion of objects on the grouncl. A pointer indirates on a fixed Rcale the angle 
w hi(lh these line make ,,-i th the axi of the hi p; i. e. , the drift angle. 

A wire eord is wrapped around the tiller wheel 0 that as the ob 'erver e(s the drifL line in 
the tele3cope he nlO,e this cord, which is attached to anothpr Liller wheel on the eompas~ . This 
eeond Liller wheel turn ' the movable lubber line, am! 0 the pilot, whu merely k<.'ep the llip 

FIG.3.-Spcrry yncl!ronizcd drift 5 L. 

headed. along the indicated compass course, 
alltuma tically correct for the drift. 

The correction thus made is not exact, 
since the cI rift angle, liS di tiuguisheel. from 
the correction angle, is laiel. ofT. Practically 
the twu angks are nearly equal ann. uccrs ·ive 
corrections for drift counteract the 'light. error 
in \'01 vell. 

Angus cOIr£pas" COllr e indicator.- This in
sLnul1ent (fig. 4), el.esigned by Capl. _\.ngu , 
R .\. F., iR intended to solve Lhe velocity tl"i
D nglr when the airspeed, the compus course, 
<lnd the amount lind direction of the wind arc 
known. 

A 'I Uflrc of tran paren L celluloid ('- ) re ts 
on the map,its centN al the point, of uep::uturo. 

narrow aL the midpoint of on' of Lhe ide marks the geographic: north. The square is 
oriented by means of a parallel rule (R ), which can be set to coincide with a convunient mericiian. 
At the cen tel' of the quare of celluloid i a circular celluloid protractor (P), which call be 
re,ol'\'en. The point of the compa. s arc engra \pd on thi - cm·d. Three grarluated arm ('1') , 
(A), and eW), which can be suitahly adjusted relative Lo each other, serve to olve the velocit.y 
triangle mechanically. 

The firsL of the 0, a. long r:lclial arUl ('1') , caile(l the Lnlck calc, is pivoLed at the center of 
the proLracLor. Onp edge of thi ' arm, if pro
longed, would pa 's through !.11<' pi,ot (0) and 
i graduuLed in miles per hour ",·i(,h Lhe zero 
point at (0). 

Pivoted nl 0 It!. (0) i another arm (A). 
This has a longituclinal slot, 0 t.hat it can 
be slipped hy the pivot (0) <mcl clumped 
there by means of a thumb scre,,·. One end 
of the arm carrie ~1 pill which can be set into 
the hole. in the third arm (W), ,,-hich will be 
described shortly. Th arm (.\.) is used to 
repre ont the air speed and is grael.uate(l in 
miles per hour with (he zero at tho pin. 

The third arm (W) is callpd the \Vinri 
scale. It slide ' on the traek scale, while it.s 
direction with 1'e p ct to the lattpr can he 1"1. 

R 

o 
FIG. 4.-Angus compass course indicator. 

by mean of a mall compas disk (C) attached rigidJy to it. The wiud cale i graduated in miles 
per hour and has ' mall holes drillrcl in it at eu nh graduation to receive Lhe pin on the air- peed 
scale . 

..:Uthough this apparatu. ",ill sol .. e sevf'raJ different problems im-ol ving the triangle of 
velucities, i~ priIlcippJ use is to determine thr compass course to 1)e teered in order to follow a 
fixer. route and the ground speed which will bp attuined over this route ,,,hen the air speed, the 
desired track, and t.he amount and direction of the wind are known. 

. J 
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The imtrument is placen on the map with the center (0) over the point of departure and 
is then oriented by means of the parallel rule. The protractor :5 turned until the declination 
is laid off (i. e., a magnetic needle sllspendrn at (0) woulJ read zero). The track scale i laid 
a long the cour'e to he followed and the wind Gall' is set to the proppf direction by means of 
the ~Olllpas ('arcl (e), the arm being turned unt.il the graduation on the card corresponding to 
the known wind direction iR parallel to any convenient meridian line. The pin nt the end of 
tho sir- peed 'cale i now placed in the ho[o 011 'U1£' wind scale cnrresponcling to the wind speed. 
Th e air-speed scale i slid pn t (0) until tho graduation at (0 ) represent the air speed. A 
this is dOllO, thf' wind scalf' 'lides on the track calc and when the ail' • peed is properly set, the 
ground speed can be rean 011 the track eale. The course to be stcered to overcome the drift 
due to the wind i given by the reading oC the air-speed seRle un the protractor. 
• The angle between th' track ~md the air- peed cales corre ponds to the correction angle 
of figu ee 2 (a). 

Drift or aero-bearing l)late.- Thi in t.rument ll1dY consist merely of a rotating graduated 
circle with ({iametral "i1"' for mea uring the drift or it m}t~" cOlubiue with thi a ground-speed 
attachment. (co fig. 5.) Only the littter type will 
bp clC'scrihed a it includes the former. 

The frame of the in.'trument 1. attachrd rigidly 
to the fu. elage with the liLIO through the indox (IL) 

anu tho center of the fixed circle parRlleJ to the 
longitudinal axis of the plan. .in inner circle (0), 
gralluated clo-.:kwi e from 0° to 360 0 and with the 
cnrdinal point of the compass enarav',d on it, slide., 
in thc fixed framc (F ) and can be set in uny desircd 
po ition. An ouLermoyahle circle 0'0 canie two 
dial1letral parallel line engraved on strips of (! 'llu
loid (L ) together with an inde." (I) readillg on the 
inner O'mduntl'd cirele. In mea uring the drift an~le, 
the inner circle is set with its 7,ero at the index (IJ 
of 111<' fixed circle; i. c., in the dil'ection in which the 
plane is heading. TIle ou trr circIr is now rota ted 
until points on the '"round move paraE l to the 
diallletmilincti (L). The index (I) on the ou tel' circle 
now Tralls the drift angle. 

The tandard at the end of the celluloid strip 

\. 

w �N_--A 

F 

FIG. 5.-DrilL bearing plate. 

carry two ball sights (B) in a horizontal plane. One of the tandards also carries a vertical 
folding arm (A) with a central vertical wire (W), and a sliding ring ight (R) who e center i in 
the same vertical plane as the two ball ights and is directly over one of them. Thi ring 
ighL carries an index which read on an altitude scale ( ) graduated from 0 to 6,000 meter 

on the vertical arm. By setting the index of the ring sight to read the altitude oC the aircraft, 
etting the outer circle so that the plane of the sights i in the direction of motion over the 

ground, and timina the pa age of an object between the two ball sights, the ground speed 
can be computed from the known length of base line on the ground. (ee Report No. 127 of 
thi series.) In the case of the particular in trument just described, this ba e line is 5 miles 
or 8 kilometer. 

IT'ind-gauge bearing plate. 6-This i an ingeniou instrument dcyi ed by .Maj. H. E. Wim
peri, R. A. F., to mea ure the drift angle by mean of tail bearing and to determine the ground 
peed and the direction and amount of the wind by using the principle of the" wind star." 

uppo e the navigator ha a horizontal O'raduated bearing plate with a tran parent gla s 
or celluloid center. (ee flO'. 6.) A traiO'htedge (Ae) is pivoted at (A), (AB) being the center 
line of the device fixed parallel to the longitudinal axi of the airplane. The straightedge (Ae) 

' ''Air NaYigalion," by H. E. " -imperis. Constable & Co., Limited, London. 

• 
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can be adju ' Led unLil it ii:i parallel to the direction of motion O\Ter the ground. \. line i now 
d1'<1.\\,11 along Lhis tnlighLrdge on the transparenL cenLer of the plate which hould be oriented 
with the aid of lho compass. Now, uppo e that (AO) represent the air peed, which is know11. 
Then in the HlociLy tr i angle (e), which is properly oriented to illustrate (a), lht' 1 in(' j usL drawn 
includes the side representing the ground s pe('d C\.P). Th(' position of the point (P) 011 this 
line (AC) is not k'1.own, ho\Yoyer, as the ground spe('d has noL yet heen determined. 

ow, s uppose the airplane is deyiated from it cours(' hy, SfLy, 30 0 or 40 0
• ReorienL the 

hearing platC'. ow, i:leL Lh(' tmightedge p<1.rallC'1 LO the dl'ifL lines again and dmw a new ljne 
(. \. '(") (fig. 6h). (A'C") will inter:3ecL (Ae') aL (P ), thus determining Lhe second ide of the 
yelocity triangle repre enling the ground peed. The clo ing side (OP) represent the wind. 
(P ) i c<lll('d the (, wind point " and the diagram is called a c, wind star." 

In deigning an ins trumenL to use the method jusL desc ribed, it is n('('(' sary to make some 
provi ion for Yal'y ina t.lle di Lance (.AO) for different air speeds. Wimperi proYidcd [or Lhis 
by making Lhe pi"oL (A ) movahle along the line (AB) , it mot.ion being conlrolled by a thumb

B 

(a) 

c 

crew and t.he proper lenaLh 
being determined hy an air
peed cale. The drift angle 

can be read hy an index slie/
ina over a calc at the end of 
thi arm. The cenL('1' o[ the 
hearing plaLe i of gla and 
ha concenkic circle 1'ep1'<.'-
senting wind peeds differing 
by 10-mile interval. The piv
oted straightedge or drifL bar 
earfle peed and time call' 
and ha a he'Teled edge for 
drawing line, on the0'1a plate 

c' with a g]a s-ma1'king pencil. 
(6) A diametral wind arrow carry

ing a iiding red wincl point 
can be rotated in the fixed 
circle of the bearing pinte, 
The h 'aring pIa te is grad
uated and has an iml<.'x which 
cnablt' the obsene!' to orient 
it as above described. 

1<'10 .6.- Wi"d s tar diagram, 
A ground- peed att.achment 

IS al 0 combined with t.hi bearing plat.e. It. con ists of a vertical arm a described [or the 
aerO l)('aring plate and two horizonLal wir(' , ('ueh carryiuO' two head ights. One of these 
wire, gi\-e' a ba ' (' line on the ground of one-half mile, while Lhe oLh('1' is arranged Lo give 
til(' numher of minu 1.(" taken to n.\, :30 miles. 

('OII/\~(,-8 ('llillg sighl. - Anothe1' in 'trument. in\-ented by ,Yimperi ' is t.he COllrso-, etting 
sigllL <ksigned foJ' u e in til(' no ' c of Lhe t1.ircmfL La 'et 00' the course 1,0 bc followed. Here are 
combin('d a Y('ctor t.rianglc linkage and a bearing plat(' , Lhe laLteI' commonly, alLhollgh not 
ne('(' , arily, conLaining a compass n('('dl<.'. Bl'idly, the aclion of lhi instrument. i a follow: 
The nil' spc('(] i set 00' on the ail'-sp('cd hal'. The ll1achin(' i ' t.hcn OOW11 directly up the wind , 
thi b('ing dOlle hy adjusting t.hc COUl"e until the sight how ' no drifL. The bearing plaLe is 
orienLe l by means o[ Lhe compass needle. The ail' raft is Lhen tUl'Iled off thi cour e by about 
90 0

. The hearing plat(' i reorienLed hy the neeelle find t11(' wind cal aclju ted unLil point 
on the ground appeal' to tra,Tel along the drift wit('s. The ground speed and \vincl peed can 
now be read. 



AElUAL NAVIGATION AN D NAVIGATING INSTRUMENTS. 17 

The geometry of the soluLion i as follows (see fig . 2a): By flying up the wind we determine 
the direction (CA) of the wind vector. For any course we Imow the direction ann amoun t 
of the air- peed vector (OC) . Now, if we observe the drift, we know the direction (OA) of 
of the ground-speed vec tor, and the intersection of a line through (C) in the direction of Lhe 
wind ycctOl' and H line through (0 ) in the direction of the around-spe cl vector gives the poinL 
(A), and the wind and ground speed are then completely determined. 

Christmas d1'1ft indicator.-This instrument (fig. 7), invented by Pilot Valdemar de ChrisL
rna , of thc F rench Air Servicc, fits over the map board used in the French fl.irplanes and has 
an adjustment at right angle to the motion of the map. With the aid of this in trument, the 
pilot can take the air without knowing the wind and by a single observation can obtain the 
correction angle, thus enabling him to steer 0 as to follow the desired track. 

The apparatus is compo ed es entially of two circular limbs, an inner one (A) rotating 
in ide of the other (B), which i fix:ed. The outer one i graduated from 0° to 360 0 clockwise 
in the u ual manner. The interior limb carrie 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 graduated in kilometers from t.he center 
outward. 

Before leaving the airdrome the navigator 
marks on the map the route to be followed and 
the geographic meridian is drawn through the tart
ing point. The drift indicator i mounted on the 
map case and i adjusted, together with the map, 
un til its center is over the starting poin t. The zero 
graduation (I ) of the outer limb is set to the me
ridian on the map and the index of the interior 
limb (II) is now set on the desired track, thus indi
cating on the outer limb the track angle. Making 
the necessary correction for declination, the pilot 
lays off the tr ack angle on his compass by means 
of a movable index and flies so that the compass 
needle is directed toward the index. 

FIG. 7.-Christmas drift indicator. 

At the end of a uitable period- three minutes, fo r example- he notes the point, directly 
beneath him on Lhe ground and mark it on the map. Thi new point (0') i now Lakrn as a 
center for the drift indicator and the slide is turned until the graduation corresponding to the air 
distance covered during the three-minute interval cuts the route line on the map in point (B). 
(See fig. 2c.) Angle (a) i here the drift angle and angle «(3) the correction angle. ow, if 
the ship is headed at an angle ({3) to the route to be made good and to ehe windward of the 
latter, it will move over the ground, following a route parallel to the route to be made good at a 
ground peed represented by (O'C) . Consequently the duration of the trip can be computed. 

Since the center of the drift indicator is at the point (0') to 'which the ship has drifted at, 
the end of the 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 traveled in three minutes and then from the 
graduated circle the angle (1 0° + 1'). Or by first moving the drift indicator un til its c('n tel' 
is at A, he can read th angle b) and the wind peed directly. The ground speed represented 
by (O'C) can be determined by mea uring the equal distance (AB) with the aid of the graduated 
inner limb. 

Crocco drift and ground-speed indicalor.- This instrument (see fig. 8), de igned by Col. 
Crocco, of the Italian Air Service, has been used in a modified form by the United States Naval 
Air Service and is being adopted in this form for dirigibles by the United States Army Air 
Service. 

70350-22-3 
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It performs two distinct operations: It measure the ground speed and the angle of drift, 
and it ol\(' the velocity triangle. The in trument i et in the tail with the long ide of the 
frame paralJd to the lonO'itudinal axi of Lhe ship. The arm (A) at the extreme right of the 
photograph can be turned by mean of the larO'e Imurled screw ( ) until objects on the ground 
appeal' to move al ng the longitudinal wire (W), when the angle hetween the object and the 
axi of the plane- i. e. , the drift angle- can be read on the graduated drift sector (C) at the 
base of the upright (D) by means of the index (I ) show'n on the right. If it i de ired to pick 
up a 'particular ohject on Lhe ground , the arm (A) can be moved without alte ring its angle 
wi th res-peel to the axi o[ the airplane by the paraliel motion (P ) connecting Lhe ann to the 
ba e. An adju table eyep ie e (E ) on Lbe upright erves to keep Lhe eye in the proper po ition 
and to hold jt tea ly. 

1'hc ground spec 1 can be determined by measuring with a top watch the time it takes 
an objoct a tel'll on the ground to travel from the fixed wire (F ) to the movable wire (M) when 
the eye is at the eyepiece (E) . The movable wire (M) i set to correspond to the altitude by 
mean of the calc on the ground-speed arm (A) . Two scale arc ngraved, one on either ide 
of the arm, the fi rs t g iving al titudes from 600 to 3,000 meters and the oLhe1' from 3,050 to 6,000 
metel'. To these 'cul(' corre pond base lines on the ground of 600 and 1,200 meter , re pee

s. 

u 

I , H 
A W 

c 

c~ \, I .. C, 

M 

tinl.r, 0 that when the movable wire i prop
erly et [or altitude, the di tance aetually 
traveled , when a poin t on the ground move 
from one wire to the other, can be omputed. 

It ha already been explained how the 
ground speed and the drift angle arc deter
mined. The air pe d, al 0 , is known from 
the reading of the air- peed indicator cor
rected, if nece ary, for air den ity. Onee 
the e three quant ities are known, the velocity 
triangle can be olved for the di!' ction and 
amount of the wind by mean of the in tru
ment. 

The air peed is first set on the cale (CI ) 

Flc . . -Crocco drift indicator. by moving the liding base (B) parallel to the 
longitudinal axi of the ail'crafl hy means of the thumb crew ( J) until the index (II) read the 
airspeed. 

The ground speed is now laid ofT on the gro und-speed 0 1' track calc (C2) I y liding he 
index (12) to Lhe pr pel' reading. The track arm (C2) canie three eale. the two outer ones 
corn' ponding to Lhe two altitud e scale on Lhe O'J'ou nd- peed arm (A) and graduated in seconds, 
o Lhat the Lime Laken for an object to pa s between the wire (F ) and (M) ean he laid off directly 

without the nece ity of compu ting the ground speed. The central call' on (C2) i in meters 
per eeond , und gives tbe ground peed corresponding to the mea ured number of econd. 

The graduated arm (C,,) repre ents the wind in rlirection and amoun t. This arm i mounted 
on two po t (PI ) (onl y one of which i vi ib]e in Lhe figure) atLachecL to the ring (R) , which 
can be rotated relative .Lo the graduated circle (C. ), a part of the base (B) . (C3) can lide pa t 
the track arm (CJ and can chanO'e it direction relative Lo the latter. Holding the index (12) 

aga in t the ground speed on the track arm Lh(' navigator turn the wind arm (C3) by means 
of the hand Ics (I-I) and the rotating ring (R) un t il the inc10x (I,.» ) which j rigidly attached to 
the arm (c., ) and which read zero when the track arm i ' parall 1 to the longitudinal axi of th 
ship , coincide with the index (I ) . A (I ) i set [or Lhe elrift, this procedure amounts to etting 
the arm (C2) for the drift. 

The procedure ouLlined above has brought the wind arm into ueh a position that the 
amo un t and direcLion of the win i can be read direc tly. The index (13 ) indicate on scale (C3) 

the speed of the wind. The direction of the wind with re pect to the longitudinal axis of the 
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plane can be read on cale (C.) by mean of index (I.) . The emi il'culal' double scale (05 ) 

and the index (I :;) give the angle between the track and the wind. 
The proce s above described so lves completely the velocity triangle. ow, if the navi-

gator wishes to determine the correction flngle which will enable him to follow a chosen track 
over the ground, he can reverSe this proee s. He fil'st sets off his air speed on scale (C.). He 
then sets on cale (Cj ) the wind peed ju t found , and turns the calc by mean of the handle 
(H) until index (15) r eads the known angle beLween 
hi de ired track and the wincl. The cOl'l"e tion ano-Ie 
can then be read on Lhe drift eetor (C) hy mcnns of 
index (16) , 

The Crocco drifL indicator i e sen tially an in tl'U
ment for dirigibles, where the matter of size and 
weight are noL 0 important as in heavier-than-air 
craft. However, by the substitution of a computer 
for the portion of the instrument which solves the 
velocity triangle we can make the indicator much 
lighter and more compact Drirt; indicatol' mod eled 
after the Crocco, hut altered as ju t suggesLed , were 
useu successfu lly in the flight of the nit('d . tates 

avy NO boat acro the Atlantic. 
Pioneer drift indicator.- A still later modification 

of the Crocco drift indicfttor i to be found in the 
11'10. 9.-Pioll{,Cf drift illdicator. 

Pioneer drift and ground-speed indicator (fig. 9). Thi instrument measures the ground speed 
in a manner imilar to that de cribed above. The arm ha two altiLude cales, having 
corresponding ba e lines on the ground of ono-tenth and four-tenths nautical miles. 

Le Prieul' navigl'aph.- This in trumen t (fig. 10) is a synehroni7.ed drift set. It is com
prised of Lwo pltrLs: . \. derivograph, with which the navigator plots ft drift line , and 0 deter
mines the drift angle and thc wind Yector, and It repeating dis k plftcNI in front of Lhe pilot 

FIG. lO.-Le Pri('ur navigraph. 

'connected to thederiv-
I 

ograph by mean of a 
flexible cord , 0 that 
i ts indication are syn
chronou with the ittt
('('1", thus cnabling the 
na\Tigittor Lo indicate 
1,0 til(' pilot the propel' 
course to follow . 

• \. f et1.ture of the 
na\' igraph which is not 
found in the other 
drift-m easu ring in-
tl'umen t described in 

th is pRper i the 
11l('ans provided for 
determining the drift 
more accurately than 

can be done hy sighting along a wir(' and e. Limftting the direction of motion over the ground. 
Owing to the yawing, rolling, and pitching of the aircraft, point on the ground appear Lo 
follow It inuous line whose general dir('ction i often hard to estimate. 

With the navigraph an objecL upon the ground i followed wiLh a telescope (T) (fig. 10) 
and a eries of poin L i plotted on Lhe sheet of paper (P ) wi th the pencil (P.), which j con
nected to the tele cope (1') by mean of th parallel motion (M) . In thi way a drift line is 
obtained on ( ) for the object on tho ground whose relative motiun is being followed. The 
advantage of Lhi drift line lies in the fact that it enables the navigator to obtain the mean 
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drift by averaging the irregularitie due to the unavoidable pitching and yawing of the aircraft. 
In practice s venti drift Jin es may be obtained from as many obj eet on th ground and the 
m ean of thl' e lin s taken. The heel, of ptLpel' (P ) i mounted on roll cl's and 0 can be et to 
any de ired po iLion. 

The opera tion 0:[ the derivograph i based upon the" wind star " principle a .i the Wim
peri wind-o-age bearing plate. By m ea uring the drift angle for two different course the 
navigator 'an determine the ,vind vector and. the correction angle which hould be applied 
1,0 the bearing of the de ired track to o-jve Lhe proper compas cour e. 

To make the following di cu ion of the principle and opera tion of Lhe navigraph more 
concrete, the following problem will be a sumed: 

The navigator wi hes to follow a track who e direc tion is 40° (N. 40° E.). Hi air peed 
i 100 M. P. H. How can he determine the compa scour e to be followed ? 

The d.erivograph i fixed with the long ide of it base (B) paranel to the longitudinal 
axi of the aircraft. On the ba e are mounted. (1) a movable carriage (e ) supporting the roll 
of paper and. the Lelescope, pencil, and parallel motion already described, and (2) a graduated 
di k (D), which can be rotated about a vel'ti0al axi by means of the handle (H ). Thi disk 
i graduat d in degrees clockwi e from 0° to 360° and the cardinal point of the compa s are 
engraved upon iL: north corresponding to 0°, ea t to 90°, outh to 1 0°, and we t to 270°. A 
circular table (1') urmounts the disk (D) and can be moved relative to (D) again t friction. 
(1\) carrie two indice (1) 1 0° apart, and a fixed index (I ) is mounted on the longitudinal 
center line of the ba e (B) 0 as to r ead on the graduated scale on (D) . 

A circular chart (e), on which are drawn a eries of concen tric circles and parallel lines, 
is fastened to (1') with its diametralline coinciding with the indice (I ) . (1',) i then turned 
by friction relative to the disk (D) uncil one index (I ) r eads the bearino- of the desired track; 
in this ca e, 40°. The table (1',) is kept in this po ition relative to (D) throughout the flight . 
It will bc observed that, if the aircraft i headed along the cour e indicated on (D) by the 
index (I ,), (D) i properly orien ted and the indi es (I ) and the parallel line on (e1) lie in the 
direction of the de ired track. This rela tion i maintained during the flight with the aid of 
the repeater di k (R ) a follows: 

The graduated disk (D) is connected to the r epeater disk (R ), which i graduated exactly 
like (D), by mean of a flexible cord (F ). (R ) is so set that the index (12) reads the bearing 
indicated by (I ), corrected for magnetic declination. The pilot watches the repeater (R ) 
and steer hi ship 0 that hi compas read th bearing shown by the repeater. 

At the SLart of the flight the disk (D) is turned until the bearing of the de ired. track (40°) 
is opposiLe Lhe index (I J. The pilot, following the ins tructions given by the repeater, heads 
the ship parallel 1,0 Lhe de ired track. The navigator plot a drift line on the paper (P ) for 
an object on Lhe ground. H e then eL Lhe movable carriage (e) 0 that the index (1

3
) (not 

vi::; ible in fig. 10) read the air peed on the cale (). When thi i don e the center (0 ) of 
the chart (e) is oppo iLe the graduation giving the air speed on cale (S,) on the arm (A) J 

which i pivoLed. at (P 2). The arm (A) can be turned about (P 2) so Lhat the line ruled parallel 
to the fiducial edge of (A ) on the glass (G) coincides with the drift line ju t plotted . The 
drift angle can Lhen be read on the cale ( 2)' 

When the arm i et for zero drift angl and so pa e through the enter (0 ) of the chart 
(0 1), it r epre cuts the air-speed vecto r of the velocity triangle. Thc pivot (P 2) COITC ponds to 
the air-speed-grou lld- peed vertex of the velocity triangle. When the arm i et to the proper 
drift angle, it then repre. ents the ground- peed vector in direction, but the length of this vector 
is not knOWll unle s either the ground- peed or the wind vector is known. 

The principle of the navigraph i ' hown in figure 11. The inner circle (BDGH) repro en t 
thc chart (e,) . 'I'll, outer circle (NE W) r epre ent · the graduated compass disk (D). The 
outer arc (AFO) repre ents the locus of po itioll of the pivot (P z). In th actual instrument the 
compass disk and. chart rotate while the pivot remains fixed, but in figure 11 , for implicity, the 
di k and chttrt are considered as fixed and the pivot is considered to move in the arc (AFe). 
'T'his is justifiable ince the relative motion is the ame. 
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When the navigator has set the arm (A) according to the drift line on (P) he draw along the 
fiducial edge of the arm (A) the line (OB) , which i known to include the point (E). The inter
section of the wind and ground-speed vector is not yet known. To determine the po ition of 
(E) on the line (OB), the navigator first arbitrarily elects a new cour e (in this case 320° or 
N. 40° W.) and rotates the compass disk by means of the handle (H) until the index (II) read 
320°. This correspond in figure 11 to rotating the. pivot (P z) from (A) to (0). The navigator 
now determine a new drif t line on (P ), sets the ann CA) to this drift line, and draws the line 
(HD) (fig. ll) . The inter ection of COB) and (HD) determines the wind point (E) and the 
line from (0) to (E) represent the wind vector. 

N ow that the wind vector is known, the naviO'ator can correct his compass course so as 
actually to follow the desir ed track. If he rotates the compass di k CD), holding the arm CA) 
in contact with the wind point CE) until the arm i parallel to the lines on the chart, the reading 
of the index (II) will he the co urse which should he foll owed. Th is is shown in figure 11. The 
rotlttion of the campa s disk is r epresented by the shif ting of point (C) to (F), where (FE) is 
parallel to the system of line on the char t. These lines point always in the direction of the 
desired track, and therefore, wh en the arm (A) 
is adjusted as explained, it is parallel to the de-
sired track. But since (A) al 0 passes through 
the point (E), it include the ground-speE'd 
vector for the desired tr ack and a should coin
cide with the directio n of motion of points over 
the ground. This can be checked by observing 
the motion of sui table points . U ually a small 
di crepancy will he ob el'ved owing to instru
mental errors, observational error, and changes 
in the wind. In thi. case a second trial will 
usually suffice to give the proper cour e wi th 
sufficient accuracy. 

When the arm CA) pas 'es through the wind 
point (E), the graduation on the arm opposite 
this point gives the ground speed. 

COM P UTERS AND PLOTTING D EVICES. 

Oampbell-Harrison course and distance calcu
Zator. - This computer (fig. 12, A and B) i a 
simplified modification of the naval Battenherg 
course and distance indicator . It consi ts of a 
circular disk rotating in ide a ring which i 

FIG. H.-Principle of navigraph. 

/ 
/ 

graduated from 0° to 360° clockwise. The disk is laid off in squares of suitable size, reading 
from 0 to 140 by intervals of 10 unit. from the cen ter of the circumference. Two rotating arms 
graduated from 0 to 140 to the same scale It th disk and carrying slides complete the device. 

In the form just described, the computer can he u ed for solving the velocity triangle and 
can he used in an approximaLe way It a lide rule for computing time and speed. 

Appleyard course and distance calculator.- This compu ter is similar to the one just described 
except that it include also a computing dial or circular lide rule on the circumference. (See 
fig. 12C.) 

The computers shown in fig ures 12 A and 13 have cen tral eli k about 7 inches in diameter, 
while that of the Appleyard compu ter is considerably malleI'. 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 
instrumen t. 

The u e of these compu ters is ill ustrated by the following example: 
(1) (fig. 12A). The course steered is 104° and the air speed is 110 miles per hour. 

The wind is blowing from 205° at the ra te of 40 miles per hour. What is the direction of the 
track and what is the ground peed 1 

70350-22-4 
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It may be said , in general, that the arms houlcl be u en for lhe known quantities and the 
di k for the unknown. Thi I'ul i applicable to nearly all ca o. Proceeding in thi way, 
we et one arm to 205 0 and m '\e slide to 40. et tho other arm to 104° and se t slide to 110. 
Rotate the cli. k ~ntil the arrow j paralIc] to the line through the inc/icc of Lhe two lidos, the 
sense of direc tion being obtained from' the air-speed arm. The dirc:cLion of th e track is Lhon 
read opposite Lhe' arrow as .50 and tho O'I'ouncl speed is gi\' en hy the distance hetween the two 
lide as 20 + 105 = 125 miles per hour. The two arm ann the line through Lhe indice of the 
lide form the velocity triangle, which is so lved with lhe aid of the O'raduaLion on th computer. 

(2) Gi\Ten the co Ill' e Leered a'l 120°, air peed 90 milos J er hour , observed track 95 °, 
ground peed 100 mile per hour. VVhat is the amount and direction of the wind ? ( ee fig. 
12C.) Layoff on one arm the ground 'poed 100 mile per hour and turn the arm until it read 
95°, the oh erved traclc Lay oft' on the oth r arm, 90 mile, pel' hour, the ail' peed, and turn 
this arm until it reads 120°, the compass cour o. Turn di k unLil the Jines are parallel to the 
line of the inc! ices. The ano\v then reads 31 0 . The se n e of direction i ' gi ven by the relative 
directions of Lho ('our 'e steered and the obsclTerl track. In (,his case the wind i. blowing 

A B 
c 

I'· 'G. 12.- Collrsr and distanc calculators. 

toward 3 l o 01' from 211 0 . The s peed of Lhc ,,-ind is found from Lhe dis Lan ce bclween lhe Lwo 
indices, in lhi case ahoul 42 mile per houl' . 

(3) Gi\' en the same da ta as in (1), how long will it Lake Lo fly 4 0 mile? The proportion 
used is 

or in thi case 

lime required in minut es rlisLancc co \'cred in mil es 
60 = ground speed in _mile p r how' 

lime 4 0 
60 ] 25 

(Fig . 12B.) ,cL slide on onE' arm to 12.5 and lum arm unLil the index lies on th line 
through 60. Th(' other arm is noL tI sed. Read line on disk corrcsponding Lo 4 0 on arm. 
In this ca<;e we ohtain 230 minuLes 0 1' 3 hour .50 minuLes . 

Th (' B igsu'orlh p7'Olrac1or, parall('Zs, and chari board.- This is one of the mos convenient 
iL'\aiJab\e outfits (fig. 13) for plotting and determining course, finding position, etc. Two 
size are provided, 14 and 17 inche quare, depending on the room available. A number of 
chart can be carried under the celluloid upper mfa e of the board and held in place by clip 
with the one de ired for u e placed uppel'mo t. 

A parallel motion can,ring a celluloid pr tractor and straightedge can be clamped to the 
side of the board in any de i1' d position. The parallels are fitLed with a hinge, so that the 
protractor can be lifted ofI the board if 0 de ired. 

I 
I 

J 
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The protractor can 1 e et with its arrow pointing magnetic north by means of the compass 
rose or by a convenient m ridian and the known variation for the region. 

For mea uring distances, two interchangeable protractors are provided, one graduated in 
inche and tenths for the tandard charts which are drawn to the cales 10 nautical miles 1.0 
the inch for General Chart and 3 nautical miles to the inch for Coastal Charts (the e specifica-

FJG. 13.-Bigsworth cbart board. 

hans are for the Briti h Ail' Service), and the other graduated in miles and halves on a scalel 
of ~OlJl(}()O. 

A special pencil is used [or drawing on Lhe celluloid urface, the mark being easily eraEed 
by rubbing with the finger. 

},fap caSfs.- A number of map case h:we been devised, mo t of which are quite similar 
in form. They consist of small rectangular case with the map , which i cut in a long narrow 
strip, including Lhe route to be covered, mounted on two rollers which can be revolved by hand, 
thus bringing the de ired portion of the map into view. A celluloid COVCl' protecLs the visible 
surface of the map. A lighL is orne times pTOvi led beneath Lhe portion o[ Lhe map which i in 
u e to illuminate the laLtel' for work at night. 

Protractors. - I'arious protractors have been devised for aerial use. Thesc consist ~suaUy 
of a circular or square piece of celluloid with angles laid off on the circumference or the sides 
and often. with square ruled on them to the scale of map used. A string or movable arm is 
used to determine COUl' e . 

l 
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ASTRONOMI AL OBSERVATION. 

GENERAL PRINCIPLES. 

Astronomical ob ervation are made for the purpo e of checking or correcting the position 
as found by dead reckoning. The observation involve the mea urement of either the altitude 
or azimuth, or both, of the sun or orne other heavenly body. In the majority of cases the 
al titude alone i mea ureet , ince thi lead to the customary imple ".Sumner line " method , 
which ha been u ed for about 0 years in marine navigation. 

It wa natural that in the fir t attempt at aerial naviaation by astronomical ob ervation 
the methods and instruments which long experience had hown to be the best for marine 
navigation hou ld be adopted. The aviator , however, is concerned with omewhat different 
requirements and conditions from those ftffecting the mariner. He ha greater need of an arti
ficial horizon for use with hi sextant. Owing to the much higher peed of hi cr aft, he mu t 
be able to reduce his ob ervations quickly. Fortunately, a slight sacrifice of accuracy is per_ 
missible in accompl: hing this , ince there are no danael'ou rocl- and shoals to endanger the 
aircraft, and an error in position which might increase the duration of the voyage for a mariner 
by an hour would mean but a few minutes additional for the aviator. Only in exceptional 
ca es i it necessary for the aviator to know hi po ition with great accuracy, a ide from landing 
in a fog. 

The ahove onsiderations have al ready brought about for aerial use the modification of 
the marine ex ant, new method of reducing ob ervations , and the u e of pecial maps to facili
tate the graphical work invol,eel in plotting posit ion . The nature of the observations made 
till remain practically the arne ,1 in marine navigation, but the urgent need of simplifying 

the work has led to the attempt to obtain latit ude and longitude more directly than i po sible 
wi th the orthodox method . 

umner line method.- In u ing the 'I uroner line " method, the observer mea ures the 
al titude of orne cele tial body, ay the sun. He then know that he is on a small circle whose 
radius in nautical mile is equal to the zenith distance of the un in minute of arc and whose 
center i the ub olar point. The posi tion of the ub olar point can be computed from the 
Greenwich olar time, the equ'ation of time, and the declination of the un. The fir t of the e 
quanti tie i read from a ehronometer and the second and third are obtained from table in the 

au tical Almanac. If observina a star , the observer makes u e of the right ascension of the 
star a determined from the J au tical Almanac. 

In practice he u ually knows hi location wi thin 2°, so only a mall portion of the curve 
is needed. Thi mall portion i a sumed to be a straight line tangent to the cir Ie and i called 
a II umner line." 

St . Hilaire method.- A modification of the above procedure i found in the Marcq t . 
Hilaire method. The ob erver lays down on the chart his dead reckoning (D. R.) po ition. 
If actually at thi point, he would at a definite in tant ee the un at a parti ulal' al titude and 
azimuth, both of which can be computed. The ob erver perform the e computations and 
measure the true alti t uele of the un. Hi comp uted al ti t ude will u ually differ from his 
observed al titude by a few minutes of are, depending on the accuracy of the D. R. position 
assumed. Alina i drawn tlU'ough the D. R. po ition in the computed direction of the un 
from the ob erver. The umnel' line is now drawn at right angle to thi line and at a eli tance 
from the D. R. posi tion of as many nautical miles a there are minute of arc di fference between 
the ob erved and computed al ti ude . If the ob erved altitude i greater than the computed , 
the umner line is nearer the un than the D. R. position ; if les , the rever e j true. The 
most probable po ition i at the intersection of the Sumner line and the D. R. azimu th line, 
since the D. R. position \Va the most probable location of the hip before the altitu Ie of the 
sun wa measured , but all that i positively known is that the craft is at ome point on the 
Sumner line. If the observer ha both the sun and moon available, or if two ui table star are 
vi ible, he can measure the altitude of the two bodie , thu obtaining two umner line whose 
inter action will fix. hi position. 01' if he can mea w'e the azimuth of the un, as well a it 
altitude, his position is determined upon the Sumner line. 
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Direct measurement of sidereal time.- A radically different and theoretically much simpler 
method of determining position ha been suggested for aerial usc. In thi method the ob erver 
measures the altitude of Polaris and the angle tlU'ough which the vernal equinox has turned 
ince upper transit at the observer' present meridian. The corrected altitude of Polaris gives 

directly the la titude of the observer. The rotation of the vernal equinox is determined from 
{3 Cassiopeire, which has approximately zero right ascension. Mea uring thi angle in the equa
toriaJ plane, the observer obtains local sidereal tim. Then if he ha a chronometer giving 
Greenwich sidereal time, he can find hi longitude by taking the dif1'erence of the. e two times. 

SEXTANTS. 

DIFFICULTIES OF USE IN AIRCHAFT. 

The sextant, as might be expected, i at pre ent the univer al instrument for astronomical 
observation from aircraft as it h as been for seagoing craft. The condition under which it i 
used in aeronautics a.re often much more adver. e than in mm'me navigation. A very apprecia
ble difficulty i found in using it in an airplane. The force of the wind makes it difficult to hold 
the instrument and affects the vision, the sun or the particular piece of horizon beneath the sun 
may be ob, eured by the wing or by a s trut, the ohserver's fingers may be numbed with the 
cold; and when we ad 1 to these a cramped position, it can be een that the navigittor's task is 
not an easy one. 

NATURAL H OHIZONS. 

The horizon used as a basis for measuring the altitude of the celestial body may at times 
pre 'ent serious problems both as to it visibility and as to the magrutuc1e of the dip correction. 
The mo t favorable conditions are fOWld when the ea horizon is visible or one formed by flat 
land is available. Ob ervations can then b e made with nearly the precision obtained on 
shipboard. 

A mn,ll error i introduced, however, in the reduction of the observations owing to the 
uncertainty as to the correction for the dip of the horizon. Theory tells us that the dip in min
utes of arc is almost exactly equal to the square root of the height in feet and this relation has 
been confirmC'd np to an altitude of about 12,000 feet. 1 The error involved in the dip correc
tion is thus dependent upon the accuracy with which the height of the aircraft above the surface 
of the sea or the land can be determined. This height i obtained from the altimeter carried 
on board the craft. Very few altimeters which have been properly tested and accepted, unle s 
damaged by rough handling, will how an error greater than from 200 to 300 feet at an altitude 
of 12,000 feet and this maximum error dimini hes with decrea e in altitude to about 100 to 120 
feet at 1,000 feet altitude. Under these circnm tances the greatest error in determining the 
dip correction would be abou t 1.5 minu tes at alti tudes between 1,000 and 12,000 fcet. This 
accuracy will not be attained, however, unless the altimeter is set at the tart of the flight to 
read the altitude corresponding to the existing atmo ph eric pre nre at the starting point and 
unless the reading is occasionally checked during long flights by dropping down close to the 
level of the sea in order to take account of local change jn atmospheric pre:ssure. It seem8 
reasonable to a sume that in the future we may expect to SBe the arne degree of intelligence 
exercised in aerial navigation as is found in marine navigation, and in this case the correction 
for dip hould never be in errol' by more than two or three minute., an amount which, when 
added to the error of observation, is mall compared with the error. which are involved when 
artificial horizons are used. 

In thr cleare t weather the sea horizon may be visible up to an altitude of abou t 10,000 
feet, and a horizon formed by flat land, owing to it greater contrast, has been seen up to 12,000 
feet.s Ordinarily no such range of visibility is found on account of haze in the atmosphere. 
Even when the horizon is seen distinctly at ea level, it is usually found that the line between 
sea and sky becomes les and Ie s clear with increasing altitude, until, at a height of from 1,000 

1 " Reporton the Navigation of Aircraft by Sextant Observations," by H . N. Russell, Proceedings Astronomical Society oj lbePaciiic, June, 1919, 
vol. 31, No.1 1, pp. 12l}-149 . 

• H . N. Russell, loco cit. 
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to 2,000 feet depending on atmo. pheric condition , it i indio tingui hable. However , by 
climbing till higher, the aviator often finds that a horizon reappears di tinctly at from 4,000 to 
6,000 feet. The new horizon i form ed by the uppor mface of the haze or mist wbich lie over 
th e wator and wbich i not opaque to the observer at ea level, ince the horizon 'een from this 
h eight i only about 5 mile away. With increasing altitnde thi distance b come rapidly 
greater, until at 1,000 foet the obsorver i ighting through 0,7er 30 miles of haze through which 
ray of light from the horizon may be unabl e to pen trate. By eontinuing to climb he may 
reach a point whore the upper urface of the haze furnishc another natural horizon , but ono 
whose altitude i not usually known. 

In somo case it i pos~i.bl e to dotermin the altitude of the upper surface of the haze when 
climbing through it. In such a case it is po ibl to determine the dip COlT ction with fair 
accuracy if it i. Imown thaL tho horizon i' level. Russell in his work at Langley Field (loc. cit.) 
found that eluring the months of Auglrt and September ob ervations made on haze horizons 
were almost without exc ptlon l' liable, whereas in ovember similar observations ,vere value
Ie S . ITe concluded from his work that the layers of haze were nearly level in summer, while 
in the late autumn irregularitio exi ted. In everal ca e his observations indicated that h e 
}1l.td sigh ted on a ridge of haze in toad of a true horizon. 

ndcr uch conditions the u c of an aI'tificial horizon i. an absolute neces ity. If the haze 
furnishe a level horizon we can dispen e with a knowledge of it h eight by u ing a sextant like 
the Baker, or pos ibly by u ing a dip-mea uring in. trum n t such a ha been oc a ionally used 
at sea. But if the navigator docs not feel confident as to the uniformity of the horizon , h e had 
better di ' cal'd i t and avail himself of an artifi cial horizon in. tead. 

Clouds occa ionally furnish good naLural horizon , but, a in the ('ase of haze horizons, 
they must be u eel with caution . 

ARTIFICIAL HORIZONS. 

In probably a majority of a e it will be found neces ary to use an artificial horizon in 
making a tronomical observation from aircraft. In this event it vertical reference line is neces
sary.9 ince we mu t have reco urse to gravity in order to establish and maintain a cl'tical 
line in an airplane, whatever device we u e for the purpose, such as a level or plumb bob , will 
also be influenced by the accelerations to which the airplane is ubjected. Of these accelera
tions the most important are the lineal' acceleration. in the line of flight and the angular accelera
tions accompanying a change in course. Even in traightaway horizontal flight in smooth air, 
oscillations in pitch accompanied by change in peed are going on continuously. Such oscilla
tions may reach an amplitude of 10 or more with a period of approximately 20 seconds, the 
latter depending upon the free period of 0 cillation of the airplane u eeL 

A fore-and-aH level w'ill not indicate accurately the oscillations of the airplane in pitch, 
owing to the linear accelerations in the flight path which accompany the angular motion. 
Luca 10 ha shown experimentally with the aid of a solar reflector that a longitudinal level 
indicate a deflection of only about one-third of the true deflection of the airplane, and, fUl'ther
more, that i t movement i one-quarter of a period out of pha e with the movement of the 
airplane. 

In a turn, a eros -level bubble tends to et itself normal to the re ult.ant of the centrifugal 
force and the gravitational component, and if the bank i well executed the bubble remains at 
the center of the glass, even though the airplane may be inclined 50 0 or more. Con equently 
the indication at any in tant of a level or short, pendulum can be accepted as indicating a vertical 
line in an airplane only if the airplane is known to be free from accelerations. 

The application of gyroscopic principles to artificial horizon ha also been attempted. 
A gyroscope mounted in gimbal with its pin axis vertical can be given a very long period of 
oscillation by suitably adjusting the position of t,he center of gravity. A period of 100 econds 
or more can readily be secured in this way, corresponding to a pendulum 5 miles long. Since 

, The assistance rendered by Dr. L. J. Briggs in writing the I)ortion of this report dealing with the establishment ot a vertical relerence line 
in aircraft is acknowledged . 

10 "The Oscillations oC an Aeroplane in Flight," K. Lucas (BriLish Advisory Committee for Aeronautics). Report 1915-16; 267-277. 
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this period is large compared with the oscillation periods of the airplane, the chances ofprogres
sively building up a large oscillation of the gyroscope from the oscillations of the airship are 
minimized. The spin axis of the gyroscope thus tend to hold a vertical position in straight
away flight, even though the airplane is constantly oscillating. The system containing the 
gyroscope i then said to be stabilized. 

Careful piloting is an absolute necessity if an artificial horizon is used. If this condition 
is met, the errors of observation will be found to average from 10 to 20 minutes of are, while 
with careless piloting the errors become so great as to make the results useless. 

The development of a satisfactory artificial horizon has proceeded along two general lines: 
First, the attempt to build an atLxiliary horizon to be used with a marine type of extant much 
as the mercury horizon has been u ed, and 
second, to attach the artificial horizon to 
the sextant. 

P endulum artificial horizon.- A hori
zon of this type was designed and used by 
H. N. Russell (loc. cit.) in connection with 
his inve tigation of the navigation of air
craft by sextant observations. It con
sist of a pendulum about 10 inches long 
mounted in gimbals and having a specu
lum mirror set horizontally on top of it . 
The bob is arranged to wing in a pot 
containing a viscous liquid for damping 
-vibrations. The whole is protected from 
the wind by a case. 

Satisfactory observations upon both 
the sun and the moon were secured wi th 
the aid of this instrument, while provis
ional tests at night indicated that it could 
be used for star observation . 

Engine vibration caused little trouble 
when the instrument was mounted upon 
a suitable shock-absorbing substance. 

FIG . l4.-Bakcr sextant. 

Probably the mo t serious objection to an artificial horizon of this type, wheLhel' gnwitational 
or gyro copic in its nature, is that it is heavy and cumber orne and has to be mo \' eu to differenL 
positions for different bodies. 

SEXTANTS USING NATURAL HORIZONS. 

In the following description of sextants i t will be assumed that the reader i familiar with 
the principle and the operation of the ordinary extant. Only the extants which are particu
larly adapted to aerial work will be described . 

.Marine sextants.- The e are of the ordinary type used in marin e navigation and will not be 
de cribed here. For aerial u e a tclescope of low power and large fielcl houid be used. The 
graduations on the arc should be heavy and the vernier should be ea i1y read without the aid 
of a reading glass. 

The Baker sextant.- Thi instrument (figs. 14 and 15) posse ses Lhe unique feature thaL it 
elimina tes both the correction for the dip of the horizon (when th.c horizon is level) and for the 
semidiameter of the body. This not only adds to the rapidi ty of obtaining the altitude, but it 
removes the uncertainty due to the lack of knowledge as to the actual height of the aircraft 
above the horizon used . 

The elimination of theee two corrections is accomplished by reflecting into the field with the 
image of the sun the image of the horizon directly under the un and that of the horizon opposite 
it. The observer sees the two horizons, one of which is inverted, with an open space between, 
the width of this space depending on the sum of the dips of the two horizons. Now, if he bisects 
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the pace between the two horizons with the image of the sun, he eliminates the dip and semi
diameter correction. 

It has already been pointed out that till extant an be u ed only when the horizon is level. 
This facl; makes il; useful in only a few ca e when the ordinary type of sextant can not be used. 

Fig. 15 iUu trates the principle of the Baker extanl;. The fixed horizon pri m (H) are 
stat the top of a vertical tube (V) high nough to reach above the ob erver's head as he looks 
into the eyepiece (E). This i done so that both back and front horizons may be visible imul
taneou ly. These prism reflect rays of light from the horizon down through the vertical tube 
(V) to the prism (P), where they are reflected horizontally to the eye at (E), An index pri m 
(I), rotating about a horizontal axis perpendicular to the plane of the paper, i controlled by a 
knurled thumb cr w carrying a micrometer head, which operate the altitude cale as well. 
This index pri m catche ray of light from the cele tial body, reflect them through a small 
circular hole drilled vertically through the joint between the prisms (H) down parallel to the 

rays from the horizon until they are reflected by the 
\S'<:-? prism (P) to the eye. The sextant itself is hown in 

figure 14. 
BUBBLE SEXTANTS. 

The artificial horizon extants mo t commonly u eel 
are of the bubble type (fig. 16). A bubble tube of the 

Front Horizon Bock Horizon ordinary type or of the circular type is used and the 
...:-'-.~~::::"':'='->----t:jM:±-~~~~~~' image of the celestial body j brought into coincidence 

v 

p 

FIG, l5.-Prineiple of Baker sextant. 

with that of the bubble when the bubble is at the center 
of the tube. 

Byrdbnbble exlant. - A extanLof this type (fig.16A) 
used con iderably in naval aviation has been de\cloped 
by the United States Navy. This extant. is very similar 
in appearance to the ordinary marine sextant and can, 
in fact, be u ed with a natural horizon by depressing 
the mirror (M), which reflect the bubble through the 
horizon glass (H) to the telescope (1.'). 

The bubblE! is contained in an orcliuary spirit-filled 
tube set into the metal tube (B)} which is mounted rig
ielly to the frame. For day observation, the light enter
ing Lhrough the bottom of the tu be i .. ufficient to make 

the bubble visible to the observer. A night the lamp (L) is used to ijluminate the bubble. 
In order to bring the image of the bu bbie to a fo u at the ame point as the imaae of the 
celestial body, a half lens is u ed to focus the ray of the former while the ray from the body 
pa through the open half. 

A convenient means i provided for making the first rough etting of the arm (A). Under
neath the arc which carrie the scale is a rack into which fit a worm gear operated by the 
micrometer head (D). By moving the lever (Ll ) down, the worm gear is taken out of mesh with 
the rack and the arm can he et to its approximate position. The lever j then relea ed, the 
worm gear again meshe with the rack, and the fine aelju tm nt i made with the micl'ometer 
head. The head read directly to the nearest 30 seconds. A lamp (Lz) i u ed to illuminate 
the scale at night. 

The switch (S) i u ed fot' the lamp (L z) , which illuminates the scale, while Lhe lamp (L) , 
illuminating the bubble, is operated by the pu h button (P). These ·wo witches are located 
on the handle of the extant, where they can be operated by the finger of the hand holding the 
instrument. The handle contains the battery u ed for the lamp. 

With thi instrument, the image of the bubble and the celestial body move in the ame 
direction when Lhe sextant is inclined longitudinally. 
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Willson bubble sl'xtant.-A similar form of bubble extant (fig. ] BB) ha been designed hy 
R. W. Willson, of Harvard University. The hubble level in this ea e i' of the pherical type, 
a thctt the leveling of the extant laterally i facilitated. In the latest model of thi instrument 

Ule focullengths of the eyepiece, tho objective, and of a lens just over the hubble and the radius 
of CUlTnture of the spherical surface of the bubble tuhe are 0 arranged thal the imagcs of the 
buhble and o( the cde tial body move the ame amount in the same <iircdion for a gin'n incli
nation of the axis of the telescope. The two image may not move at the am rates ; aetuall.v 
the bub hIe appear to move fa tel' than the object in the instrument which the writ('r has, 0 

far examined. The motion of the bubble can be lowed down by tIl{' u e of a more "i cou 
liquid, but such a liquid would be eriously afl'ected by low temperatul' s. 

In the Willson sextant the bubble j contained in the lower portion of tllC' vertical tube (B) 
attached to the telescope. An electric lamp (L) i mounted at the top o( Lhi' tube to illuminate 
the bubhle aL nigh!" \. cn,p with a mall cen tral hole is placed just under the lamp to limit the 
illumination when ighting on a tal'. If thi cap i removed , th(' iJjuminatioll from the lamp 

uituhle [or sun ob el'vations, or if both the lamp and the eap are ['emo,'('(l, the light from the 
sky is ullicient. 

The rays of 1iO'hL pa s through the bubhle tube, and then fire l'efleeled to the eye from a 
semi ilvered surface set at 45° to the axi of the tele cope. The ray from the object pass 
through this mfnce on their way to the eye. 

The arm of this extant j controlled by a raek, worm gear, and micrometer head, reading 
to 30 econdH ,)f <IrC', ju l a described for the B.vl'd sextant. A lamp (U ) is proyidcd for 
illuminating the sC'ale at night. 

The two lamps are controlled by two pu h buttons (P) conveniently situaLed on the handle 
(II) of the sC'xtant. A hattery is et into the handle to furnish power for the lamps. 

The sunglasses (8) should be placod in front of the horizon glas (0) in or<it'r to shu 1 ou L ill e 
yicw lhrouO'h the lUl iIvered portion of this mirror. This instrumcnt ('an he uscd as an ordinary 
sextant by turning the unO'la e behind the horizon gla s down out of the way and using a 
natural horizon instead. 

SC711l'artzclti7cZ bubble sextant.- This sextant (fig. 16C), of German origin. 'NH loaned by the 
nited StaLes Coast and Geodetic Survey for examination in connectian with thi rep or\'. The 

bub hIe i of the ordinary tube type and i located just above the lamp (L) in the ea e (C). Thc 
ray, of light from the bubble arc reflected through the hole in thc horizon glass (G) to the eye. 
For day obH(,n'ntion" the lower portion of the ('a. e (C) can he fold('d hack as shown in th(' figul'(" 
and th(' ,,-hiLt' cellu loid ]'C'(1ccLor (W) LI ed to illuminate Lhe bubhle by mellllS of ordinary day
lighL. Fol' night obscl'\'ation , the bottom of the ca e i folded d.own 0 n to inclo 0 the lamp. 
A shield in front of thc lamp prevents the direct ray of the latter from reaching the hubble. 
Only the ray reflected from the ides illuminate the bubble 0 that the inten ity is reduced. 

The battery for the lamp is contained in the handle (H). The eurrent i turned on by mean 
of a plug at the end of the handle hidden behind the ca e (C) . Thi plug i arranged with a 
variable resistance, so that the currenL flowing depcnds on Lhe amounL which the plug is pulled 
out. 

The imag('s of the sun and bubhle move in th same direction when the inclination of Lhe 
sextant is changed and the image of thc bubble moves at approximately the same rate as that 
of the S Ull. 

The arm i set by mcans of the l'ack (R) and It pinion operated by the knur'led head (K). 
A ,ernier (V), l'C'ading to single minutes, is mounLed on the arm. 

R. A. E. bubble sextant.-This in trument ({lg. 17) was designed hy tho British Royal Air
craft Establi hment. For un ob ervation the eye is usually placcd at (EJ. The rays from 
the sun are reflecLed from the sungla s ( ), while the rays from the bubble pas through both the 
mirror (M) of plain gin and the sunglas. For star observation, the sunglass i rotated back 
out of the way and the cye i placed at (E z). The ray from the Lar then pas directly through 
the mirror to Lhe eye, while the rays from the bu bble are partially reDected hy Lhe mirror. 
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The bubble level (B) i of the sphericfl.l type. The lamp (L ) provides the illumination for 
the bubble and the rays are reflected by the pri m (P ) up through the lens system to the mirror. 

The lamp (L l ) illuminates the scale which is on the large knurled head (II) . The batterie 
for the lamp are in the handle of the sextant and are op rated by push-button located con
veniently on the handle. 

It i claimed 11 that the focal lengths of the len es and the curvature of the upper surface 
of the level are such that the bubble appears to move with the un or tar when the sextant 
i tipped, thus facilitating ob ervations. 

A later model of thi instrument include a number of improvement including a vapor 
bubble and a handle mounted on the ide of the extant. The vapor bubble is formed by filling 
completely the bubble tube and adjusting chamber with the liquid u ed, and then increasing 

L 

B 

P-

" the volume of the chamber. Since the liquid is unable to expand 

" '~~ " ?, " with vapor from the liquid . 
",uc.. ",,// to fill the increased volume, a bubble is fOI'med which is fill d 

.. c::........ " 

FIG, l7.-ft, .\ . E, bubble sexLant, 

PENDULUM SEXTANT. 

As yet the pendulum extant has not been utilized in aerial 
]h1vig~Ltjon to the same extent a ha the bubble type. Several 
such instruments have been constructed, however, and u ed 
ucce fully on the ground, In at least one case the extreme 

delicacy of the mechanism is a handicap a regards aerial work. 
As a matter of historical intere t attention is called to the 

fact that a sextant utilizing a pendulum artificial horizon wa 
carried on the dirigible America when Wellman and Vaniman 
attempted to cross Lhe Atlantic in 1910.12 

Puljrich sextant,-Thi instrument ha been developed by 
Dr. Carl Pulfrich, of Jena, The telescope is mounted on the 
arm which moves over the graduated sector, and the whole is 
so balanced on a pivot that the arc always hangs in exactly 
the same po ition regardles of the position of the arm. The 

Lele~cope is poinLed directly aL the cele tial object. A reflecting prism cover fl, portion of the 
field, so that Lwo images of thc body are seen- one direct and one reUectecl. As the insLru
ment oscillate, the two images mo\'e in 0Ppo ite directions and, when they are momentarily 
in coincidence, Lhe pressure of a finger on a spring tops the 0 cillation and the reading can 
be taken. It is claimed that this sextant is both accurate and light in weight. 

GYROSCOPI C EXTANTS. 

Two French gyro- extant are available for u e in aerial naviO"ation. 
Fleuriais sextant.-Thi instrument (fig. 1 and 19) wa develope lome years ago for u e 

in the French Navy by Admiral Fleuriais. 13 It consists of a extant of the u ual form with a 
gyro copic horizon attached directly behind the horizon gla s. 

The horizon i mounted on the upper surface of a wind-driven gyro cope (G), about 2 
inche in diameter , which is inclosed in a case. (ee fiO". 19.) Air is ucked out of the case by 
means of a pump. Atmospheric pres ure then forces air into the ca e through a small hole so 
arranged that the ail" stream impinge upon ,-ane arranged around the circumference of the 
gyro, which is thu driven at a high rate of speed. When the gyro has attained the proper speed, 
valve are closed so as to seal the case hermetically. This is done in order to reduce air fric
tion, so that the gyro may not low down too much while the altitude i being measured. 

11 "Design of Instruments for the Na\'igation of Aircraft," by G, M, B. Dobsoll, Geographical Journal Vol. LVI, No.5, p, 3iO, November, 1920; 

Royal Geographical Society of London . 
" "The Aerial Age," loco cit. 
" "The Search [or Instrumental Means to Enable Navigators to Ob erve the Altitude of a Celestial Body when the Horizon is not Visible," 

by G. M. Littlchalcs. Proceedings U, S. Naval Institute, vol. 44, No.8, August, 1918. Also "Gyrostatics aud Rotational Motion:' by Andrew 

Oray, p. 12 • 



AERIAL NAVIGATION AND NAVIGATING I:Y TRUMENT . . 31 

The horizon consists of a eries of equally spaced horizontal lines engraved on a glass plate 
(H), the central or horizon line more prominent than the others. Rays of light from the e lines 
are made parallel by means of a plano-convex lens (L) so that the line can be brought to a 
focu in the plane with the image of the cele tial body. As the horizon system rotate with 
Lhe gyroscope at a high rate of peed, the 
per istence of vision makes it appear to the 
observer that he is viewing a fixed horizon. 

The image of the celestial body is super
imposed on the image of the system of hor
izontalline as shown in figUTe 19. A the 
gyro precesses, Lhe image of the body ap
pears to oscillate up and down between the 
line on the glass. The mean po ition can 
be estimated and the reading of the arc cor
rected accordingly. 

Derrien sextant.-This is a French sex
tant (fig. 20) utilizing a gyroscope to furnish 
an artificial horizon. A telescopic line of iaht 
(T) i mounted rigidly to the frame. The 
movable arm (A) carries a horizon glas (H) FIG. 18.-l"lcuriais gyroscopic sextant. 

and a gyroscope (G) . The latter ha a mirror (M) mounted horizontally on it , upper surface. 
The gyroscope serves to keep the mirror (M) horizontal when taking ob erv-ation . 

The operation of this sextant is very simple. The tele cope is pointed directly at the celes
tial body, and the rays of light pass through the un ilvered part of the horizon glas. Rays of 
light from the object are al 0 reflected as hOWD in the figure from the gyro mirror, which i 
horizontal. Howev-el', these rays will not be reflected by the horizon gia parallel to the direct 
rays unless the horizon glas is horizontal, or, in other words, parallel to the gyro mirror. b the 
arm (A) is moved until the direct and reflected images coincide, when it is known that the horizon 

Telescope 

G 

FIG. J9.-Diagram of Fleuriais sextant. l·'IG. 20.-Derricn gyroscopic sextant. 

glass i parallel to the gyro mirror. The altitude of the body can then be read. The gradua
tions on the scale are equal to the actual angular di tances on the arc in tead of being compressed 
to one-half the true length, as in mo t extants. 

ACCURACY OBTAINABLE. 

The question next arises a to whaL accuracy can be obtained in determining one' position 
by sextant observation from the air and what accuracy is e sentiai. In the first place, it should 
be realized that the aerial navigator need not know his location a exactly as the mariner must. 
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The aircraft i· in general not subject to dangers from hoals and hidden rocks, and its superior 
speed makes an error of from 10 to 20 miles at the end of it journey of little moment, since that 
distance represents ft flight of only it few minutes. For finclina the exact location of the landing 
field ot11('r methods a1"(, a,Yailable, a,nd so we can consider that an error of from 10 to 20 nautical 
miles, corresponding to the ame number of minute of are, can be permitted. 

The u ual error (not including the known corrections for semidiameter and parallax) which 
may affecl the measurement of altitude with the extant are (a) dip, Cb) refraction, (c) index 
eLTor, Cd) bubble error, and (e) acceleration errors. It should be ob elTed that the artificial 
horizon extant ha no clip error, while, on the other hand, the marine sextant can have no 
bubble errOl". 

Ca) Dip. - The nature of the dip error has already been di cus ed and it has been pointed 
out that the dip in minute of arc may be taken equal to the square root of the height in f et of 
the aircraft above the horizon u cd. Terre trial refraction is included in the law, as above 
stated, as has be('n determined by tesL mad at altitudes up to 12,000 feet. 

(b) R~rTaction.-A tronomical refraction makes the ob erveel. celestial body appear nearer 
the zenith Lhan it ac(,uall is, except in the limiting ell e, when the hody is aL the zenith. The 
magnitude Ol thi error increa e as the altitude of the body decrea e. A umina that there 
will be no occa ion Lo mea ure altitude Ie than 20° the maximum value of thi. error is found 
to be slightly greater than 2.5 minute. Thi is for an ob ervation made at sea le,el, but at 
12,000 feet Lhe relraction errOl" i 1 ss Lhfln 2 minute. .\..t an altitud of 45° there exi t C01"

re ponclina error of approximately 1 minute at the around and 30 eeond at 12,000 feet. For 
mo t aerial work Lhi error can then be neglected. 

(c) Index error.- This error occur if the horizon glas is not exacLly pa.raUel to Lhe index 
mirror when the vernier reads zero. The m.agniLudc Ol the errOL" Citll b determined hy siahting 
on a cli tant object and bringing the direct and reflected images into 'oincidence. The yernier 
should then read zero, and if it docs not, Lhe reading as thus determined houlcl be ubtractcd 
from any altitude mea ured subsequently. 

(d) BubbZp error.- This error i due to the line of ight not being horizontal when the bubble 
i in the center of the tube. Its magnitude can be determined while the ob erver is in the air 
by mea urina the dip of the horizon from a known height and comparing the value thus obtained 
with the true value. The index correction must be applied to the measured dip belor com
pnrison with Lhe true dip. Both the bubhle ,UH! the index errors hould be determined for 
each night. 

(I') .t("crlerolio/l ('ITO!". Errors t l llt' [0 nccelcl"a.lioll arc of primar'y importance' when an 
artificial horizon is used. Only by the be ·t p iloLing can satisfactory resu lts be obtained . The 
o ' cillations of the craJt oJrect the pendulum or Lhe bubble, and if the latter hould happen to 
ha,-e about the same period as that of the 0 cillations 01 the plane , re onance occur, and it i 
hopele to try to gel, a reading. It ha been reported from the United tf[te naval air station 
at Pen aeola, Fla. , that tudent undergoing C Lraining have taken ight, using the bubble, 
with an f\,\"erage error of about .5 minutes, and a maximum error which i: rarely greater han 
1.5 minutes. If the:e re ult repre ent avenwc condition , they arc exc-ellent. Ru ell (loe. 
cit.) reporL: etTors in single rc~tdings of from 12 to H minutes, using it Willson bubble sextant 
under 'wlutL arc probahly typical flying conditions. 

Other less important errors due to the bubble are C"illlsl'd by vibra.tion of the aircmft , 
unsteadiness of Lhe observer' muscles , Hnd Slit· race tension which may cau 'e the bubble [0 

stick and then moye suddenly. Vibration m<tkes iL difficulL Lo determine the tangency of the 
celestial body or its coincidence wiLh the bubble and hakcs the liquid in the Lube. Un teadi
nes of the mu cle may be at lea t partly remedied by a upport of ome kind attached Lo he 
body of the ob erver. 

It is obviously impos ible to predict exactly what errors may be reasonably expected 
under various conditions of flight using different type of instruments. Nevertheless, it is 
belio,' ed that an e ' timll.tion of the elTors involved hased on avaih,ble Ua.t(~ m(~y bo useful. 
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Error 01 a single observation. 

1------------------------------I 
Good piloting. I Ordinary Ili. 

10Ling. 

Naval sextant-Sea horizon ........................ 2 to 4 minutes .................. . 
Naval sextant-Level cloud horizon ............. . ...... . do ............ . ............. . 
Naval sextant-Average cloud horizon ......... . ... 15 minu tes ..... . ............... . 
Naval sextant with auxiliary arWlclal horizon .. . ... 15 to 20 minutes. 40 minutes + . . 
Bubble sc."tant. ........................... ........ JO to 15 minutc. . . ..... <10 ......... ' 
GyroscopiC sextant. .............................. . No data ................. . ...... . 

Dip error. 

2 to 4 minutes. 
Do. 
Do. 
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The above table emphasizes the fact that the ordinary sextant used with a horizon which 
is known to be level is superior to an instrument utilizing an artificial horizon. It is doubtful 
whether increased accuracy can be attained by taking a series of observations on a cloud hori
zon, as the 01'1'01' is usually largely due to the clouds not being exactly leve1. When an arti
ficial horizon is used, however, no single reading should be rolied on unless it is impossible to 
take a series of observations, since in this case the errors are largely due to accelerations of 
the cr aft. 

CHRONOMETERS. 

While chronometers are among the most essential infltrumcnts used in !'Lorio.l n1wigation, 
they are so common a type of instrument that no description will be given here. It is advis
able to carry at least two chronometers on board the craft, one keeping sidereal time, the other 
solar time, both for the meridian of Greenwich. The chronometer keeping sola.r time may be 
set eiLher to apparent or to mean time. In the former case a slight error will he inyolyed 
owing to the continual variation in the equation of time, but in the case of flights which last 
for less than 24 hours this eITor will b~ small. 

Extreme accuracy in the chronometers is not es ential where time signals can be picked 
up by wircle s. If th so arc not a ailable, it will be advi fible to carry a standard chronometer 
with which the other two can be compared. 

REDU TION OF OBSERVATIONS. 

PRECOMPUTATION. 

Computation in the ail' is always difficult, except possibly in the case of a large dirigible. 
In an open airplane, the force of the wind, the necessity for wearing gloves in most cases, and 
the speed with which the results must be obtained make quick methods for determining the 
geographical position of the aircraft from the measured altitude an absolute essential. 

Under such circum tances it is oHen advantaO'eous to compute the altitude and azimuth 
of the sun, or of any other celestial body which is likely to be used, for certain a sumed posi
tions of Lhe aircraft which can be predicted in advance. The 0 positions correspond to the 
d-ead reckoning position assumed in the St. Hilaire method, and while they may be in errol' by 
from 50 to 100 miles, this fact will have little effect upon the accUTacy of the resul t provided a 
suitable map is used for plotting the position of the craft. The altitudes and azimuths of the 
body as it would be seen from each a sumed position arc computed find tabulate,d in convenient 
form for difforent times during an interval which i so chosen a to include the time when the 
aircraft will pass near the point. 

The work involved in plotting the position can be partly 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 vet·y simple. The altitude of the 
body is measUTed, the dillel'ence in minutes of arc between the mea UTed and the computed 
altitude is laid off in nautical mile along the pl'opel' azimuth line as determined from the table, 
and a li.ne drawn at right angles to the azimuth line through the point 0 formed is the desired 
line of posi tion. 
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COMP UTATIO rN THE AIR. 

Precomputation will not always serve one's purpose on account of weather conditions 
which prevent obs~rvation at the proper time on the body whose altitude has been computed. 
Consequently much effort ha been madc to provide suitable mean, graphical or mechanical, 
to make any de ired computation in the air. A description of these methods will be included 

. in the di eu ' ion of the reduction of observations which follow . 
The fundamenLal equation to be oIved in reducing an obs rvation is 

(a ) sin h = in L sin D + cos L cos D cos t 
where Lithe latitude of the ob erycr, 
h i the altitude of the celestial body, 
D is th declination of the celestial body, 
t is the hour angle of the celestial body. 

For convenience in computation this can be tr ansformed to the cosine-havel'sine form, in 
which all the quantities are positive and the chance of error is thereby reduced. 

(b) hay Z = cos L cos D hav t+hav (L±m 
wher~ Z is the zenith di tance of the cole tial body 
and the haversine is defined as the sine squared of one-half the angle. 

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

1. Logarithmic computation. 
2. Use of tables. 
3. Graphical methods. 
4. Use of mcchanical calculators. 

LOGARITHMIC COMPUTATION. 

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

USE OF TABLES. 

For the more accurate work required in the air, specia.l tables can be used, such as the 
"Altitude, Azimuth, and Line of Position Tables," published by the United States Hydro
graphic Office. These tables contain all that is necessary to determine the altitude and the 
azimuth, the former accurate to one minute 01 arc. 

The reduction may be made by the use of the double entry" Altitudo and Azimuth Tables" 
of de quino. Those table , which may also be found in the above-mentioned publication 
of the Hydrographic Office, avoid the nece sity for logarithmic computation, but involve more 
chances of error. 14 

The altitude and azimuth of the celestial hody may be obtained from Hydrographic Office 
Publication o. 201, " imul taneous Altitude and Azimuths of elestial Bodie." The e 
tables give imultaneou values of altitude and azimuth for cele tial bodie having declination 
within the range ± 24° and for latitude up to 60 0 north and south. When using these tables 
the observer often find it po sible to as ume his D. R. po ition on an even degree of latitude 
and in such a longitude as wil l make the hour angle of the observed body a multiple of 10 minutes 
from his meridian, and 0 can reduce the labor of interpolation to a minimum. 

The Hydrographic Offire i preparing tables for u e in aerial navigation comprising imul
taneous yalues of the hour angle an 1 azimuth of the celestial bod? for value of the latitude 
of the observer and the declination of the ob eryed body. The e tables allow of a quick deter
mination of the umner line with very little interpolation. 

14 "Simplified aYigation," by Charles Lane Poor. 
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GRAPHICAL METHODS. 

Altitude, azimuth, and hour-angle diagram.- Littlehales has mftde use of the haversine 
formula for solving the astronomical triangle graphically.15 This form of the equation i 

(c) hay Z = hav (L ±D) + [hay (180° - (L + D» - hay (L - D)] hav t 
The quantities involved in this equation have already been defined. 
If we now let-

y=hav Z 
x =hav t 
a =hav (L ±d) 

hay (180°- (L + d»-hav (L-d) 
m = - -haY 1800 -

equation (c) can be wTitten in the form 
y=mx+a 

which is the equation of a straight line in terms of its slope and its intercept on the Y axis. 
A diagram is now prepared as shown in figure 21 with the haversines of angles from 0° to 

180° laid off along the X and Y axes, representing hay t and hay Z, respectively. Now, if 
we layoff on OY hay (L -d) and on 0' Y' hay [180°- (L + d)] and connect theso points by 
a straight line, we can immediately so1-,e for t when Z is known, 01' vice versa. 

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

A relation analogous to equation (c) connecting the azimuth and polar distance (90 0 -D) 
exists and may be solved by the same diagram a that for the zenith distance and hour angle. 

We have-

hay (9 00 ± D ) = hav (L - h) + {hav [180°- (L + h)] - hav (L-h)} hay A. 

Where A is the azimuth of the celestial body and the other quantities have already been 
defined. 

By laying olf (L - h) and [180° - (L + h)] in place of (L - D) and [180 Q 
- (L + D)] and pro

ceeding as before we can determine the azimuth if the polar distance is given or vice versa. 

Latitude by D. R. =50° N. 
Declination of star =30° 

ILLUSTRATIVE PROBLEM. 

Computed hour angl of star = 105° = 7 hours . 
Measured altitude (corrected) 13° 56'. 

(a) Altitude: 
L + D =80°, L-D = 20°. 

Laying off (L+D) on tho O'Y' scale, L-D on the OY scale, connecting these points 
with a straight line, projecting up to this line from t = 7 hours on OX, then from this inter
section proj ecting horizontally to 0 Y we find 

Z =7Go or h = 90° _ 76° = 14° . 
(7) Azimuth: 
Using the value for the altitude as just found, we obtain L + h =64°, L-h =35°, also 

90 0 -D =60°. 
Laying off L+h on the O'Y' scalo, L - h on the OY scale, connecting these points with 

a straight line, proj ecting horizontally from (90 0 
- D) = 60° to this line, then projecting down 

from thi intersection we obtain A =59° 45' . . 
We now have the information nece sary to draw the Sumner line on the map. 
Accuracy.-This diagram, if so constructed 15 inches squal'e, will give an accuracy of 

from 5 to 10 minutes of arc. 

l>" Altitude, Azimuth, and Hour-Angle Diagram," by G. W . Littlehales. Proceedings U. S. Naval Institute, No\-ember, 1917. 
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Rotation of astronomical t1'iangZe.-Suppo 0, for the moment, that we have available a 
phere with hom cir les and the equator drawn upon it (fig. 22). The hour circle, will he 

crraduated fl'om 0° a(, (,he pole to 90° at the equator and the equator will be graduated from 
0° at one inLel"ection o[ the meridian, which will be Laken as the meridian of the observer, in 
both di.recLion Lo 1 0" at the other inter ection of he arne meridian with the equator. 

Now, in figure 22, let (P ) be the pole ; (Z) the zenith of the ob ervel'j (8) the celestial 
body ; (PD), (P ), and (PC) three hour circle, (PD) being al 0 the meridian of the observel', 
and (DeB) the equator. (PZ ) is the a Lronomical triangle which is to hr olved for (ZS) 
the zenith distance and angle (PZ ) the azimuth of the body. 

Let us now rotate the a tronomieal tJ'iancrie about the equatorial axis (AB) , which i 
perpendicular to the plane of the ob erver's meridian, by sliding it over the urIace of the 
sphere, the side (ZP) remaining in the ob e1','e1" meridian until (Z) co in ide with the pole 
(P ) of the phere. () rotate into the poi lIt ( ' ), and since the angle (PZS) is unchanged 
by the roLation, (P'P ') is equal to (PZ ). But "ve can read the angle (PIP ' ) from th(\ gl'ad-

FIG . 2L.-A ltifudc, azimuth, and houl'~allglr diagr:11TI. FlO. 22.-Rolalion of ,,,hcrioal triangl~. 

uated equator, for the sides of the angle lie along hour circle. Wc citn a lso rcad the arc (PS') 
fJ'om Lhe gl'o,dui\,Lod houl' irete (P ). Tho desired quantities hayo thus heen found. 

To ohtain the noce a]'y i\,CCUril,CY, i L would he neces al'Y to use a phere 0)' a portion of a 
sphere from 10 to l5 feet in diameter. Thi i plainly impracticahle. Consequently scyeral 
method have heen de\'ised for performing Lhe roLH,Lion of ih triiUlgle on i\, projection of the 
phere instead of on the pheTe it elf. 

LittZphaZe mPlhod.- Littlehrue hi\, used tel'eographic me],idian projection for thi PUl'

pose.1 6 Figure 23 how the stereogl'aphie projection of the hemi phere dete rmined by Lhe 
observer's meridian (DZPP') and including the a tronomical triangle upon the plane of thi 
meridian. (PZ) i the colatitude of the observe]', (PS) Lhe codeclination of the celestial body , 
and (ZPS) the hour angle of the hody . We arc to deLermino (Z. ) the zenith distance and 
angle (PZ ) the azimuth of the hod,)". 

To do this we l'(}tate the a tl'onomieai Ll'ia.ngle upon the pl'ojection ju. t it wc did upon 
the phere. Thi i made pos ible by superimposing upon the y tem of meridians and parallel 
of latitude a network of equally spaced concentric circles drawn about (0 ), the oenter of the 

" " Altitude, Azimuth, and Geographical Position ," by O. W. Littlehales . Published by Lippincott. 
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projection, and of radial lines through (0). It should be ob erved that (0) IS the projection 
of the equatorial axis (AB) of the sphere (fig. 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 angular distance in minutes of arc from the merid
ian (ON). 

In practice it i.s merely necessary to rotate point (S). ote the numbers of the radial 
and the circumference pas ing through (S) . Add to the number of the radial the colati tude 
(ZP) in minutes of arc to find the radial upon which (S'), the rotated po ition of (S), will lie. 
Find the intersection (S') of the new radial with the same concentric circle that passe through 
(S). The rotation i now completed and the azimuth (P'PS') and the zenith distance (PS') 
can be read from the graduated arc. 

To attain the neces ary accuracy, the projection has been made for a sphere 12 feet in 
diameter. The projection is subdivided into 368 overlapping sections, which are numbered in 
order and arranged in a 'ompact form. A key diagram is provided showing the whole projection 
with it subdivision into ections. In this way the navigator can easily observe in what sections 
the points (S) and ( ') lie, and can turn to the cor
responding plates in order to read off the de ired 
values. 

In figW"e 23 the meridians and parallels of lati
tude are shown as fuUlines. The superimpo ed net
work of concentric circle and radials u ed for per
forming the rotation i shown in light dash lin in 
the upper half of the projection. The astronomical 

p 

triangle is hown in its original position in heavy full 0 11-r--r--H~f-L~'+-f44-+-Ij-..lJ-L+-l 
lines; it i shown in its rotated position in heavy dash 
lines. The subdivi ion of *the projection into over
lapping sections is not indicated in the figure as the 
addition of another y tem of lines would be confus
mg. 

Yeater dia.qram. - Comrnander Yeater, of the Royal 
British Navy, has u ed the Mercator projection for 
this same pm'poseY The observer's meridian is taken 
as the equalor of the projection. Thus rotation about 

N 

FIG. 23.-Lilllchalcs diagram. 

the equatorial axis AB of the sphere (fig . 22) becomes translation parallel to the observer's 
meridian. 

Here, a in lhe Littlehales method, the projection is subdivided into a larger number of 
overlapping plates and a key diagram to these plates is provided. 

MECHANICAL DEVICES. 

Line-oj-position compule1'.-This slide rule (fig. 24), de igned by Charles Lane Poor, for 
solving the co ine-haversine formula, is in the form of a circular metal plate engraved with a 
group of scales necessary to solve for the al titude and azimuth. Thi plate is urmounted by a 
movable celluloid disk arrying a radial reference line and by an ann which can be rotated to 
any point on the circumference of the disk an 1 clamped there. The instrument gives an easy 
and rapid reduction, one which is amply accurate for aerial work. A description of this com
puter and its use and a comparison of the results obtained by the logarithmic, Aquino, and 
mechanical methods i to be found in I'Simplified Navigation " (loc. cit.). 

Bygrave sl?"de 7'ule.- A description of the con truction and use of this computer can be 
found in "} ir Navigation" (loc. cit.). The slide rule i designed to olve the two right-angled 
spherical triangle into which the astronomical triangle can be divided. It i in the form of 
two concentric cylinders, about 6 inches long and 3 inche in diameter, each carrying a spiral 
scale. It is claimed that an accuracy of one minute of arc i attainable in nearly al~ ca es. 

11" Air Navigation," loc. cit. 
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omogram slide rule. \ - A slide rule for solving the formula on which the altitude, azimuth, 
and hour-angle diagram is ba ed ha been devi cd by Wimperi and HoI' ley. The name of 
the slide rule is explained by the fact that the Briti h use thi ame diagram under the name 
of the " p herical Triangle N omoO'ram. " 

~!Jfechanical navigator.- Instruments which are mechanical repre entations of the ccle tial 
sphere have been built to solve either a single astronomical triangle or two triangle imul-

FIG. 2J.- Li llc-o[-positi oll com puter. 

taneotlsly. Gl'lulunled circle which can bc turned and rolated with respect to each other 
repre ent the equator, the meridian - of the ob cryer and Lhe eclest.i.)l body, and the great circle 
pa sing through the po it.ions of the ob etTer and the celrslinl body. "'\ emiers arc provided 
for reading the angles. 

In one in trument of this type which the wriLer examined Lhe verniers read to 30 eronds 
of arc. It wa clear that if the required accuracy were reduced to, say, three minute of arc, 

1SU .\ir o3\· iga liou," Joe cit. 

.J 
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which is sufficient for aerial purposes, the instrument could be sufficiently reduced both in size 
and weight for use on dirigibles. 

METHODS OF PLOTTING POSITION. 

The usual method of plotting position has already been described. The dead reckoning 
position is plotted on the map, a line is dmWll through this point in the computed direction of 
the sun, the difference between the ob erved altitude and the computed altitude in minutes of 
arc is laid off along the azimuth line in nautical miles. 1£ the observed 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 line is the desired line of position. If we have an observation on only one body, the 
intersection of the azimuth line and the line of position is the most probable position of the 
craft. 

LittZehales method.-Littlehales has oTiginated a simplified method of plotting posi-t 
tion.lo Hfl selects a uitable po ition within tho limit of the chart and compute the 
simultaneous altitudes and azimuths of selected celestial 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 within the limits of hi , map, measures the alLiluc1e 
of one of the selected celestial bodies. Comparing the measured altitude wilh tho alti t ude 
computed for the body aL the given instant if viewed from the chosen position on Lhe map, he 
may find a difference a great as several degrees, depending on the area of tlle eaIth's surface 
included in 11i map. He measures off along a line drawn through tho chosen point in tho 
direction of Lhe celestial body a distanco which equals in nauLieal mile the altitude difference 
expre cd in minuLe of arc. Then he knows bimself to be on the line of position drawn through 
Lhe poinL so found perpendicular to the azimuth line. 

Figuro 25 is a representation of the earth. The area included in Lhe rectangular .figure 
ClvTh1' IN') is thaI, included in the observer's map. (0 ) is the cho en point of this area for 
which the simuHaneo us altitudes and azimuths are calculated. A compass diagram is drawn 
with (0) as center to facilitate laying off the azimuth line for the body the altitude of which 
i~ to be mea med. 

8uppo e that at a, given instant the altitude of a star 'who e geographical posiLion is shown 
at ( ,)is measured. Assume that this measurement gives a zenith distance O:\A,) a again t a 
computed zeniLh distance (810 ). Th ob erver then takes the difference of the measUTed and 
computed zenith distances (or altitudes) and lay off the corre ponding distance (OA) along 
Lhe computed azimuth line of the star , mea uring toward the star if the measured altitude i 
greater than the computed, and away from the star if the r everse i true. He knows that he is 
on the are of the small circle having (8,) lor centor and pas ing through (A,), otice that (AJ, I 
however, is not the mo t probable position of the craft since (0 ) was not neccssa,rily the mo tJ 
probable position before the altitude wa mea meel. . 

If we can mea UTe the altitude of another star whose gcographica.l po ition is, for example, 
(82), Ke can e'tablish another small circle, this one having (82) for center and pa sing through 
(Az) where (0."\'2) is the altitude difference for the second body. The two small circles intersect 
at (P), which is th n the location of the ob erver. 

For ease in plotting position by this method, it is essential that \\'e usc a projection by 
means of which great circle arcs plot practically as straight lines within Lhe required limit . 
The Mercator projection i not satisfactory for a case where the altitude difference exceed a 
few minutes of ar c. Littlehales has selected the ordinary or .American polyconic projection 
and the Lambert zenithal proj ection for this particular u e a posses ing the desired character
istics. With these projections it is po sible to replace the arcs of the circles through Al and Az 

I. "The Chart as a Means 01 Finding Geographical Position by Observations of Celestial Bodies in Aerial and Marine Navigation," by 
G. W. Littlehalcs. Proceedings of ~he U. 8. Nayal Institute, March , 1918. 
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by straight lines without causing too great an error in the position of the intersection. The 
Lambert zenithal projection was used in the aerial Dfwigation chart of the North Atlantic 
Ocean which wa prepared by Littlehales for u e on the transoceanic flight of the nited tate 

avy N boats in 1919. 
Fave method.- Fave has used tereographic projection in a way somewhat imilar to that 

de cribed above. He select the cen(;ral point of the map as (;he fLxed point for which the 
imultaneous altitude and azimuth of suitable stars are computed. He then con tructs on a 

sheet of paper a serie of a,rcs of circle of equal altitudes for the chosen tars. The circles of 
equal altitudes plot a circles on the tereographic projection. A tI'aight line is drawn through 
the centers of the arcs. 

The map is construc(;ed on transparent paper. It i laid over the paper on which the 
eries of arcs is drawn and i oriented; i. e. , i(; is turned until t,he straight line through the centers 

of the arc becomes the azimuth line for the observed s(;ar from the central point of the map. 
I t is then moved parallel to (;he fLzimuth line until the altitude circle pa sinO' through the central 
point corre pond to the altitude given by the table. The observer can then trace on the map 

FIG. 2J.- LiWcbaJes meihod of ploWng position. 

the required portion of the altitude circle corre
sponding to the measured altitude to obtain the line 
on which he is located. Figure 25 will aid in making 
thi method clear. 

Baker navigating machine.- An in trument for 
obtaining the curve of position without the necessity 
of computing an altitude and azimuth has been 
developed in England. 

This machine carries in a case the map of the 
region over which the flight is to take place with a 
pecial chart superimposed on the map and capable 

of being moved over the latter by means of roller . 
This chart carries on its surface lines of equal alti
tude for the sun. The equal altitudE:' lines are the 
Mercator projections of pOl' Lions of the equal altitude 
circles which may be imagined to exist on the earth' 
surface, having for center Lhe ubsolar point (assuming 
the earth to be a sphere). A moment's rellection will 
make it clear that Lhe e circles move westward over 
the earth as the latter rotate and north or outh as Lhe 

declination of the sur.. changes. Only the east to we t moLion i reproduced on the map by 
sliding the chart over it . ChanO'es in de lination cau e changes in the spacing oJ the urves and 
o it is necessary to make different charts for different declinations of the un. This has been 

done from 24 0 N. to 24 0 
. by 4 degree intervals. Consequently the declination for which the 

chart is drawn need never be more than 20 [rom the true declination. To take account of the 
small difference which may then exi t, a fir t-order correcLion i made to the ob erved altitude 
by multiplying the difference in the declination by the co ine of the hOLlr angle. This compu
tation is made by mean of a slide rule atta hed to the nayigating machine. 

The only operations necessary to obtain the umner line on the map by this method when 
the altitude of the cele tial body has been determined are to slide a special transparent chart 
over the map until the proper time as indicated on the time cale of this chart is oppo ite the 
merid ian, to correct the indicated altitude for the difIerence in declination (of the chart and the 
cele tial body) by mean of a slide rule attached to the machine, and to mark the Sumner line 
on the map by mean of carbon paper. 

A chart carrying equal altitude curves for six first magnitude stars has also been prepared 
for the machine. For stars the change in d clination is negligible, so that one chart i uflicient 
and no correction need be applied. 
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Brill method.-Brill, in Germany, has used azimuthal (or zenithal) projection in a very similar 
manner. Brill constructs on a strip of tracing cloth curves of position corresponding to altitudes 
of selected bodies. This is mounted on roller 0 that it can be slid uncleI' the map, which i 
drawn on transparent paper. By orienting the map according to the azimuth taken from the 
table, and sliding the strip of cloth to a po ition which depends upon the altitude given by the 
table, the ob erver can trace on his map the curve of position corresponding to the measured 
altitude. 

DIRECTIONAL WIRELESS TELEGRAPHY. 

The radio direction finder is a recent development which is useful to both mariners and 
aviators. It will be of particular value in commercial aviation for position determination and 
for landing purposes. 

Previous to the war with Germany a small amount of work had been done toward deter
mining the position of aircr aft by means of the directive properties of a radio receiving coil, 
hut it was only duri.ng the war that this method came to be used in a pracLical way. 

FUNDAMENTAL PRINCIPJ.E. 

If a rectangular coil is mounted in a vertical plane so that it can be revolved about a vertical 
axis and its end connected to suitable receiving instruments, the device can be utilized to deLer
mine the direction from which the received wavcs are coming. The directive properties of the 
coil can perhaps be most easily understood by considering the effect on the coil 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, if the plane of the coil is parallel to the direction in which 
the waves are traveling, the coil will be threaded momentarily by magnetic line of force which 
vary with the phase of the wave from a maximum in one direction to a maximum in the opposite 
direction. This change in the magnetic lines of force set up in the coil an induced current 
which is a maximum for the assumed po ition of the coil but which decrea es to zero as the latter 
is rotated until it plane is parallel to the direction of magnetic force, or, in other words, is at 
right angles to the direction of travel of the waves. This is the fundamental principle involved 
in the radio direction finder. 

METHODS OF USE. 

There are two general mothods of llavigation by llleallS of the radio direction finder. In 
the first the craft tran mits and tixelll'adio (lirection finder s tutions on tIl(' grounrl determine 
its direction, compute the po, ition, ann Lransmit it by radio hack to the hip. In the second 
method the ship CillTie its own directiull finder, with which it determine. the direction of 
two or more fixed heacon stfl tion , which transmit upon request, 01", flS will probahly he the ease 
in the future, senll ou l, sigmtls at regular intervals . The fu·sL method is Jesil'able for aerial 
use, since Lhc flpparatus which must be carried is lighter, but it ha'> e'.'eml ,lisadxantages. 
As the demands upon the ground tations grow hoavy, considerable delay and confusion may 
be experienced in keeping the nn,~essary number of ai~·craft informed as to their location. For 
military use, too, this lllethorl is impracticablf', sinee the ('ull for pO 'itioD would immediately 
reveal the position of the craft to the enemy. The Germans used this method in connedian 
with the Zeppelin raids on Englund, and consequently the British were able to ll·ace the progress 
of' the big dirigil,les at; they crossed the North Sea.2 Present inJications nre that the future 
will see the direction finder can-ied on board the aircraft with beacon statiolls sending signals 
at regular tille in tervals. 

A number of modifications of the apparatus for use in the air or 011 the ocean are possible. 
It is ob,lous that either the maximum or the minimum intensity of signal can l)e userl tv net,er
mine the direction. Theoretically the minimum lllethod is more desirable owing to the fact 
that the point of extinction of the signtll j~ morn clearly defined than the point of maximum 
intensity. Practically, however, the noise in the r0~eivins set cawed hy the ignition currents 
of the engines masks the point of extinct~on, so tlwt instead of a point a zone of extinction is 
found. The operator finds the limits of this zone and bisects the angle. 

'" Aeronautical Journal, August, 1919, p. 465. 
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To overcome thi' objection to the minimum method, the Briti h have adopted the double
coil i1erial. Two co ils at righ t n.ngles a rc u ed. 1'ho approximate direction is found by mean 
of one coil using the m:lXimmn methoo. Then the second coil is put in the cU'cuit by throwing 
lL switch an 1, if this co il i. not cxactly in tho posit.ion for minimum signal, its cITed will be 1,0 

add or to u btract from the signnJ received by the maximum coil. If the ~econd coil is in 
the po iLion fot minimurr. ignll l, throwing the witch produces no cb~1Dgo in Lhe inten ity of 
the signal received on Lbe rllllximum coil 1'1'010 1,he direction of which the position of t1l0 lrar.s
mitLing tation is t.hen noted. It 'wiH be ob erved that this method pre eryes L}lC shllrpllC'ss 
of the l1l!nimum method, at the. aille time yielding a loud ignal. 

'rhf' sUlgle-coil system is favored 1y the DniLed StaLes _ ava l Air Service. By improyed 
methods of eliminating the disturbances due to the magneto, i.t has Leen found po. sible to 
u, e the minimum method with a single coi l, this hf1Ying the advantage of being much more 
l'ftpid than the double-coil system. 

A])ot11('1' moclifiea tion is possilJ1e in the cho ice of either the (L-x.ec1 or the rotat.ing coil acr·inl. 
When the fir t i u.-ed, a large fixed coil is mounted on the wing and the aircraft musL its If 
be turned un til it i headed toward the heacon tation. Thi ' arrangement is particularly 
useful where it i (le.'ired to {ly directly tow[lrd a particul.'1r station. It hould be remembered 
that this procedure wiJllJot give the horte t ptlth to the ~tation, n, the drift due to the wind 
,\ill weep the ship to one side and thus cau e it to flppl'oach the stnlion following a" curve 
of pursuit." 

A fixed double-coil acrialmay be used on the wiug in combinatiol1 with two smaller coils 
mounted at right angles to one tmother in the fuselage and within which a mall « seareh coil" 
is rotaterl. Rotating the eal'eh coil is equi val \:ln t to turning the In,rge aC'rial, but the much 
smaller si%e and weight of the former, a well as its sheltered position, make it far easier to 
tlulllipulaLe. Thi arrangement increases the difficultie of tuning. 

'When th rotating a rial, either ingle or !1ouble, is used, it. i mounted in the fuselage. 

so RCE OF ERROR-ACCURACY ATTAINABLE. 

It mS\.y be saill that outsiJc uf instrumental errors which can be compensated there arc 
two gelle!';)'l ources of elTor eneountererl: (a) Distortion due to neighboring obje'c(,s, such as 
the engine and other metallic purts of the critft, and (b) a change in the direction of th" ad vancing 
wave front owing to tLtmospheric condition . Strays and stabc disturbances may c.ause a 
great deal of trouble, but they CDon hardly b cIa sed ftS error. Distortion due to neighboring 
obj<:'cts is practically all clue to the eraft it elf when flying. It can be determined by winging 
the ship, just as i done in compen3fl t.ing tbe compa R. The atmospheric effect i yery marked 
at night in the Cllse of long Wi:Lve length. Deviation of the order of 90° may occur in the c,llse of 
very long continuou waves,2L but thi , effect i fortunately quite small for the shorter wa,e 
length which arc ol'llinarily used for radio communication with aircmft. 

A difficulty i ' found in the elodl'ical di"'turbance caused by Lhe magneto. It has been 
founel neceSSltry to cut out lhe ShOlt \yave lengths giY"n off by the latter in order to decrea e 
the noise which the e \I-ave e:Hlse in the telephon s. This roilY be accompli hed by s~l'<:'ening 
the whole miigneto ystem or by reducing th radiating surfaces. 

The magneto wa a serious source of trouble in the transatlantic flight 0 f the NO boat. 
Owing to the haste with which the project was organized, there wa not sufficient time to 
eleyclop the wirele direction-finding apparatu to the proper point, and, in the case of the 
NC- 3 at least, it wa found infPos ible to u e the ystem for distances of more than 10 miles 
becau e of eli turbances caused by the engine. 

The Briti h claim to have obtained during a number of test fl.ights an average error of lio 
in bearing u ing bea on stations at di tance ranging from 20 to 500 miles. Thi corresponds 
to an average error in po ition of 7 miles. 'rhe ensitivity of the system was increased to iO by 

II Bureau o( Standards cientific Paper No. 353, "Variation in Direction of Propagation of Long Electr<rMagneUc 'Waves," by Lieut. Com
mander A. Hoyt Taylor, U, . N. R. F. 
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making the area turns on the min,imum coil abou t eight times as great as those on the maximum 
coil. 

For a fuller description of (,he principles and application of Lhe rndio c1ireeLion finder the 
render if; referred to the fo otnotes helo,v.22 

METHODS OF PLOTTING POSITION. 

The charts u 'ed Jor marine navigation arc u ually based on Lhe MereaLor projection. The 
path followed by the wireless wave r eaching the aircrafL from a fixed s('uLion is Lhe arc of n. 
great circle and, on the Mercator projection, great circle plot as curved lines . So to plot the 
po ition of the aircraft the navigator should draw through each fixed station a curve, which is 
the arc of a great circle and which will have the propel' direction at the point finally determined 
as the 10caLion of the ship. There is no direct geometrical solution of t his problem known. 

Three meLhod may he used to determine the position: ((/,) A conversion angle may be 
compuLed and applied to the observed bearing to get thE' rhumb lin e (the straight, line joining 
Lwo points on the Mercator proj ection), (b) the Weir 
azimuth diagram may be used to plot the po ition on 
the Mercator projection, or (c) a different projection, 
such thaI, great circles plot a straight line, may be 
u ed. 

((/,) Corzve7'sion angle.23- A conversion angle may 
be computed and applied to the bearing of the great 
circle pas ing through the fixed station and the craft 
to give the approximate ben,ring of the rhumb line 
through the same two points. This angle, shown in 
figure 26, is equal approximately to half the difference 
of the longitudes of the station and the ship multi
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 
station ancI inter ecting the first rhumb line gives the 
position. This method can be used up to distances 
of about one thousand miles. 

FIG. 26.-C'0l1yorsiOll angle. 

(b) Weir azimuth diagram.-In figure 26 are shown the great circle, the rhumb line, and 
the position line cutting the location of the beacon station ( ) and the aircra ft (A) as plotted 
on a Mercator chart. The position line is the locus of points such that all great circles pas ing 
through (S) and cutting this line at consecutive points make. the same angle with the meridians 
through these points. H ence we know that the aircraft i 10caLed somewhere on the position 
line ( A), but we do not know the point on this line. Now, if we obtain another position line 
from a second station, the inter ection of the two will locate the aircraft. 

The Weir diagram can be used to facilitate the plotting of the po ition lines on the Mercator 
projection owing to the fact that these lines 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 
line is then drawn from this point with a bearing equal to the observed bearing. The points 
in which this position line cuts the hour circles and the latitude circles are transferred to the 
Mereator projection. The line drawn through these points then determines the position line 
on the latter. Proceeding in the same way, the navigator can draw a second position line on 
the Mercator chart, and thus determine the posi tion from the inter ection of the two . 

.. Bureau of Standards Scientific Paper No. 354, "Principles of Radio Transmission and Reception witb Antenna and Coil Aerials," by J. 11. 
Dellinger. 

Bureau of Standards publication (forthcoming), '''1'he Radio Direction F inder and Its Application to Navigation," by F. A. Kolster and 
F. W. Dunmore. 

"Direction and Position Finding," by II. J. Round, Journal Institution of E lectrical Engineers (Britisb ), No. 58, pp. 224-2./.7 and 247-257, 
March,1920. 

"Wireless Navigation for Aircraft," by J. Robinson, ElectriCian, No. 83, p . 420, October, 1919. 
"Air Navigation (loc, cit.) . 
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(c) Gnomonic projection.-The determination of position by the radio compass may be 
implified by use 0[' the gnomonic proj ction. A gnomonic chart is obtained by projecting 

point on the earth' urface onto a tangenL plane by mean of line lrawn from the center of 
the earth through the point. Thus it can be een that great circle plot as straight lines on 
this projection. 

Then, if the bearing of the ship is measured from the fixed station, it i imply nece sary 
to plot a traight line through the Lation \\rith a bearing equal to the observed bearing and it 
is known that the hip is 10 ated on thi line. A similar line from another station will give an 
intersection which locate the ship definitely. 

If, however, Lhe bearing of the hore Lation is measured at the hip the problem i more 
complicated, ince the hore-to-vessel bearing is not the same a Lhe ve el-to- hore bearing on 
account of the fact that great circles do noL cut succes ive meridian at the same angle. This 
difficulty ha been over orne, it is claim e1 , in a method devi ed by E. B. Oollin , of the U niLed 

tates Hydrographic OlfLCeY H e make~ u e of the gnomonic projection, toO'ether with a pe
cially arranged compa s diagram for each fixed station, so that Lhe observed bearing can be 
laid off from the fixed staLion. 

Still another method ha been developed by Vttlehale /J in which Lhe navigator deter
mine a po ition line by mean of an observed vessel-to-shore bearing and two or more as umed 
latitudes. 

Littlehale al 0 point out in hi discu ion of the method jut mentioned that Hydro
graphic Office Publi ations No . 71 and 120 (Tim<l Azimuth tab le) can he utilized to furni h 
a imple and accurate method of plotting a position line for the hip when the shore-to-ves el 
hearing from a given fixed station has been determined and tran mitted to the ship by radio. 
The approximate latitude of the ve scI will be known, so that certa in limit ing latitude can be 
determined. Then, by the use of the above-mentioned tables, taking for latitu Ie the latitude 
of the fLxed tation, for declination the latitude of the ve sel, and fo[, az imu th the hore-Lo
ves el bearing, the hour angle (or longitude of the ve el measured from the fixed staLion) 
corre pouding to Lhe a sumed declination can be reacl. Thu one point of the position line Can 
be plotted. By deLermining the hour angles corresponding to the limiting latitudes (01' declina
tions) of the ve el and to a many intermediate latitudes a may be necessary for purposes of 
plotting, the navigator can obtain a uflicien t number of points to enahle him to plot the po i
tion Ime. 

The use of the gnomonic projecLion with special compas diagram app aI'S to be the b st 
for use in aerial navigatjon. The work of plotting Lhe po ition line i extremely imple and the 
map can be reduced to a size which i uitable for u e either in airplane or dirigible. 

"" Posiliol1 Plotting by Radio Bearings," E. B. Collins. . S. ~aval Institute Proceedings, vol. 47, No.2, February, IP.21. 
""The Prospective Utilization of Vessel-to-Shore Radio- om pass Bearings in Aerial ?\'avigaiion." O. W. Littlebales Journal American 

Society o[ Nava IEngineers, vol. 32 ,No. I, February ,1920 PI).3 H. 
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