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INSTRUCTIONS FOR THE COMPENSATION OF THE
MAGNETIC COMPASS.

INTRODUCTION.

1. The place of the magnetic compass in navigation.—The mag-
netic compass has been the mainstay of navigators for centuries.
The increased use of iron and steel In the construction of vessels
developed difficulties in the use of the compass which at first ap-
peared insuperable, but the problems have all been solved. In most
vessels a properly placed magnetic compass will give satisfaction if
the navigator uses the same care in its use as he does in his astro-
nomical work. In spite of the development of the gyrocompass, tho
magnetic compass still holds the field and is likely fo continue to do
80 Tor the majority of vessels, especially those of smaller types.

2. The fact that the compass needle does not point to true north,

and that its departure from true north varies with locality and also
at different times at the same place

r no longer gives serious trouble.
Magnetic surveys have been extended over tho major part of the
frequented waters and on the adjacent lands, and fixed magnetic

observatories assist in keeping records of changes, so that correct
magnetic information now apgears on nearly all mariners’ charts.
Magnetic surveys of the United States and its adjacent waters have
been made by the Coast and Geodetic Survey. These have been
supplemented by the work of the Carnegie Institution of Washington,
whose nonmagnetic vessel, the Carnegie, has made accurate observa-
tions on all oceans. .

8. Magnetic north and variation.—Magnetic north is the direction
taken by the needle of & compass free from mechanical defects, and
which is acted on by the earth’s magnetic field alone. Variation is

the angle between magnetic and true north measured either east or
west from true north.

The earth’s magnetism is so distributed that the variation does
not change uniformly from place to place. Fortunately for the navi-
ator this change is more uniform over the water than it is over the
and. In a few localities the variation along the shore and over
adjacent water areas is very different from the normal for the region
and changes very rapidly. In most localities, however, the variation
can be considered constant for a limited area, such as a harbor or
roadstead. In proceeding from place to place change of variation
should always be taken into account in navigation.

4, Deviation,—On a vessel free from magnetic material the com-
ass points to magnetic north no matter what direction the vessel is
ea.dinﬁ. Practically all vessels have an appreciable amount of iron

or steel in their construction and the ship’s magnetism, as well as
that of the earth, acts upon the compass, causing it to point to ono
side or the other of magnetic north, depending on the heading of
the vessel. The amount by which the compass needle points cast or

1
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west of magnetic north is called deviation. On vessels constructed
almost entirely of iron or steel deviations would be so large as to be
unmanageable if a means were not provided to make them smaller.

Not only does deviation change with the heading of the vessel,
]lzutl it is different when, for any reason, the vessel is not on even

eel.

6. Compensation.—Compensation of the compass is the process of
counteracting the effect of the ship’s magnetism so that deviations
will be small. It is based on the general principle that the effect of
iron and steel of the ship, acting at various distances, can be bal-
anced by magnets and soft iron placed close to the compass. The
principles underlying compass compensation will be exlﬁlnmed in de-
tail in Part 1I. They are not mysterious nor particularly difficult
to understand, but they require study. A knowledge of the prin-
ciples involved is not essential for practical compensation, which can
be carried through in a satisfactory manner by using Part I alone.

6. Purpose of publication.—This publication has been prepared
especially for the use of the Coast and Geodetic Survey as a guide
to its officers in keeping the compass adjusted sufficiently to meet
the demands of hydrographic and magnetic surveys and to give them
some understanding of tﬁe underlyin(% principles, so that this result
can be most eflectively accomplished. Other navigators, however,
will find it useful, as modern requirements in navigation are prac-
tically as rigid as in surveying.

7. References.—A few of fie numerous publications on the sub-
ject of the magnetic compass which have been issued durinf the 70
years that the subject of compensation has been understood will be
mentioned as having been of special use in the preparation of this
publication: -

Muir’s Navigation and Compass Deviations, 1908,

British Admiralty Manual of the Compass (va.rious editions),

British Admiralty Manual of Navigation, 1922.

Practical Manual of the Compass, U. S. Naval Institute, 1913.

J. J. Thomson’s Elements of Electricity and Magnetiem, 1909,

8. Acknowledgment is made here of the help received from various
members of the Coast and Geodetic Survey. Numerous officers
with experience in command or as navigators of survey vessels have
made valuable suggestions and constructive criticisms. Special
mention is made of tghe contributions of Commander J. T. Watkins,
U. S. Coast and Geodetic Survey, who pre]ired much of the discus-
sion on the testing of compasses; Lieut. A. L. Giacomini, U. S. Coast
and Geodetic Survey, assistant chief, division of charts, and D. L. Haz-
ard, mathematician, assistant chief, division of terrestrial magnetism.

9. The binnacle.—Many different types of binnacles have been
made. The requirements for a binnacle which permits complete
and accurate compensation of the compass include: .

(1) Holders or trays for fore-and-aft magnets, directly below
compass, which permit the magnets to be brought to the desired
position with regard to the compass and held there.

(2) Holders or trays which permit the magnets to be placed in an
athwartship direction, symmetrically with regard to a vertical
athwartship plane through the compass, and to be held at the de-
sired distance from the compass.
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FIG. 1.—BINNACLE, U. S. NAVY TYPE—FRONT VIEW.
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FIG. 2—BINNACLE, U. S. NAVY TYPE—SIDE VIEW WITH FLINDERS BAR REMOVED.
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COMPENSATION OF THE MAGNETIC COMPASS. 8

(3) Hollow iron spheres mounted on each side of the binnacle so
that their distances from the compass may be varied. ) )

(4) A vertical holder directly under the compass pivot, which will
permit the vertical heeling magnet to be placed at any desired dis-
tance belov\a 3he fconz as%.r ders bar

h or the Flinders bar. : .

Egg i&t ig Vg‘y desirable that there should be graduations on the
first three namod holders so that the effect of change of position can
be readily obtained.

O

¥16. 4—Converston of bearings—compass, magaotie, true.

The U. 8. Navy type binnacle shown in Figures 1 and 2 is an ex-
cellent type of binnacle involving all these features.

10. Compass card.—Many forms of compass cards are in use,
most of them still showing the influence of the days when the point
was the most important subdivision. With the degree coming into
universal use as a designated stecring point, the advantages of
the standard Navy compass card are so great that it is recommended
for general use. It is seen from Figure 3 that it is graduated from
0° at north to the right through 360°. Every bearing or course is
designated by a single number, as for cxample, 105°. It is easy to
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convert bearings or courses with this card. ‘The rules which apply to
both variation and deviation, calling east plus, and west minus, are-

11, Rule for correcting bearings.—To change from compass to
magnetic bearing, or from magnetic to true, add or subtract deviation
or variation according to sign.

To change from true to magnetic bearing, or magnetic to compass,
reverse signs of the variation or deviation and apply according
to the changed sign.

A simple form of these rules which will aid in remembering them
is: Always think of compass—magnetic—true, or truc—magnetic—
compass. If the words have the order of the alphabet, apply signs
directly. If the reverse order, reverse signs before applying. (gee
Figure 4.)



Part I.—COMPENSATION AND CARE OF THE COMPASS.

Schedule covering chief details of compensation.

Paragraphs.
1. Test compasa for magnetic moment and sensitivity......cooieeeriiinnens 77-84
2. Test AZiMULH CITCIC-wueusn v e e e eseearaneasaceaaaesnscneaassesssnasenns 95-98
3. Compensation by standard methods: N
Prepare table of sun bearings in order to steer magnetic course........... }5—17
Fore-nnd-aft and athwartship magnets and spheres....................... 30-3G
Heeling error compensation. .. .....sueneaeemaasrannaeeoeaiiias 38-39, 184
Placing Flinders bar....... e ; 4047
4. Swing ship, and compute devigtion..........ooooiiiiiii 22-27,87
Occasional tests: :
Spheres....cceeeoiiiiiiann e e e cataeaaiieeeaaranaae s 75
FLBAEIS DAT. - e e e amveacaasaeneanaresasansamaneacacaaeasaarananaaas 76

12. Requisites for proper use of the magnetic compass.—There
are certain fundamental things that a navigator must know how
to do in order to have a compass satisfactory for use in surveying
and navigation. . )

(@) He must know how to find out whether his compass, binnacle,
and azimuth circle or pelorus are in satisfactory condition.

(b) He must know how to steer a magnetic course and how to
obtain the deviation of the compass on any heading.

(¢) He must know how to make the compensation.

(d) He must kiow how to keep the compass compensated.

Tlesting of compnss and_aztmuth circle—The uselessness of under-
taking compensation without knowing whether the compass is ca~
pable of compensation should be clearly recoglmzed. The customary
tests, with the explanation of most of the likely defects of & com-
pass, are discussed in paragraphs 75 to 90.

STEERING A MAGNETIC COURSE AND OBTAINING DEVIATION.

13. Steering a magnetic course.—In order to compensate the
compass 1t 18 necessary to hold the vessel on certain magnetic courses
while the compensation is going on. Most vessels are provided
with af least two compasses so that one can be used to steer by while
the other is being compensated.

n order to steer 8 magnetic course or to obtain the deviation the
magnetic bearing of some object, whether astronomical, as the sun,
or some land object, must be known. In the former case the bearing
of the astronomical object is constantly changing, but is not affeoted
by a change of position of the vessel.” In the latter caso, unless the
shore object is directly shead or astern, its bearing is constantly
changing with the position of the vessel; the more distant the object
the less rapid the change.

Express the magnetic bearing of the selected object in degrees
measured to the right from north through 360°.° Express the
desired magnetic course in the same manner. Take the difference.
If the bearmg of the object is the greater, set the pelorus or azimuth
circle to the right of the lubber line by the amount of the difference.

)
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If the bearing of the object is the smaller, make the setting to the
left. Swing éle ship until the object is sighted on and note the course
by the steering compass.

14. In order to compensate the compass it is necessary to head on
a given magnetic course. In order to find the amount of the devia-
tion this is not necessary. It is simply necessary to know the mag-
netic bearing of some object. The difference between the compass
bearing and the magnetic bearing is the deviation.
~ The sun is the most used astronomical object for compass work.
Its magnetic bearing at any time can be obtained in the following
manner. _

15. Magnetic hearing of sun at any time,—Azimuth tables pub-
lished by the U. S. Hydrographic Office give the true bearing of the
sun at intervals of 10 minutes for each full degree of latitude and
declination of the sun. The variation at any place can be obtained
from the navigatiopal charts or from one of the various magnetic
charts showing the lines of equal variation. From these two quanti-
ties the magnetic bearing of the sun at any time and place can be
obtained.

18. As the sun’s bearing is constantly changing, it is necessary
to prepare in advance a table, or preferably a diagram, covering the
period of the proposed observations, from which the bearing at the
moment of observation may be readily obtained. The published
azimuth tables give the true bearing of the sun, east of north for the
morning and west of north for the afternoon. Ior the method
adopted in this publication these tabular quantities must be sub-
tracted from 360° in preparing a table for afternoon observations.
The following example will make clear the mothod of preparing
such a table. By setting the watch to apparent time the table
can be used directly.

17. Preparation of table of sun’s bearing.—A table is required
for interval 7.40 to 9 a. m., local apparent time, latitude 41°.3 N.,
declination 9°.7 N. (declination therefore same name as latitude).

First copy from table the bearings for the desired interval for
the nearest full degree below (numercially). Then by interpolation
find the bearings for the beginning and end of the interval for the
given latitude and declination as follows:

Latitude, | Latltudo, Desired

" Diflerence
Timea. m.| 41° decli- |41°.3; decli-| Difference.
nation, 9°, | nation, 9.7. bearing. | por minute.

° ’ : ’ ° ’
h. m. ° ! !

7 40 00 52 27 09 25 ... .........
50 101 40 —27 101 13 10.8

8 00 103 32 —26 103 08 11.3
10 105 27 —20 105 01 1.6
20 107 24 ] 106 30 11.8
30 g 20 —25 100 01 12.2
40 111 32 —24 111 08 12.7
50 113 43 —24 113 19 13.1

9 00 115 58 —23 115 85 18.8

For time 7.40, latitude 41° the difference between the tabular
quantities for 9° and 10° declination is — 50 or 5'.0 for one-tenth of
a degree. Then the correction for 0°.7 is — 35’ and. the bearing for
9°.7 is 99° 17’. By the same method for latitude 42°, declination
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9°.7, the bearing is 99° 44’. The bearing for latitude 41°.3 1s then
99° 17"+ (0.3 X 27') =99° 25’ , o axr

Using similar methods, the 9 a. m. bearing is found to be 115° 35,

Next enter difference botween these bearings and the corres onding

ones in column 2. Then space evenly the intermediate differences.

b y applying these corrections we then arrive at column 5, the desired
earing.

18, %urve of sun’s magnetic bearing (see figure 5).—A serios of
oints sre then plotted on cross-section paper, with the horizontal
ines representing time and the vertical lines true bearings. Draw o

line or smooth curve connecting these points. Then draw a parallel

20 Pt

3
\

ﬂC :
110 M”ﬁqg/ A F yNé/
¢! I
< B
%/oo "

o’/.z:o 50 800 0 20 30 40
APPARENT TIME

F1a. 5.—Diagram of sun’s bearings.

50 900

line or curve so that the vertical distance botween them represents
the variation. This line is drawn above the other if varation is
mimus, below if plus. The magnetic bearing for any minute can
then be read directly. The same result can bo obtained by compu-
tation, using the difference per minute in column 6 to obtain the

correction to tho next previous tabular bearing and then applying
the magnetic variation. The graphi

] ic mothod is worth tho timo
required to prepare it
n obtaining the deviation for any desired compass course, the
‘1798801 1s steored on that course and tho bearing of the sun is obtained.
M this caso the computation of tho sun’s bearing may be postponed
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till after the observations, though a table prepared in advance is well
worth while.

19. Use of shore objects.—A distant land object may be used
instead of the sun if its bearing can be obtained irom the chart and
if its distance is so great that its bearing does not change ap’Freciably
over the area covered by the ship during compensation. The same
bearing is used throughout. This method can be used with a distant
peak not less than 20 miles away. The following method is especially
applicable to survey vessels, but is also suitable for coastwise vessels.
’Igle position of the ship is obtained by the three-point fix method
much used in coastwise navigation. As nearly as possible at the
same time a compass bearing is taken of a shore object and sextant
angles are measured between fixed objects on land or such objects
as%uoys on the water. The shore objects may be either well-defined
objects that can be identified on the chart or well-defined tangents to
islands or projecting points. The position is plotted on the chart
and the magnetic bearing of the ohject whose compass bearing was
observed is obtained. If the vessel is moving fast, allowance should
be made for time elapsing between taking of position and of compass
bearing. The method can be used only in a region where the charts
are based on accurate surveys.

Mugnetic declination on course from obscrvations on shore objects.

[Steamer, Lydonia; date, Juno 8, 1022; observers, R. F. Luce, (R) R. P. Eyman, (L) E. F. Lewis; lati-
tude, 43° 21; longitude, 124° 26’; weather, clear; wind, light; sea, smooth.]

Mark '
Time, Ship’s and Tovia- | Magnetic|  True Decli
No. pos. | 120 mer. Angles. i . 8 | ‘bearing | bearing ocll-
P.m. head. (} ;)e?x]xﬂll);z? tlon. of mark. | of mark. nation.
° ’
6 49 |oieeeen... (617 R J Y P s East.
". m, ° ° ’ ° Fa ° ’ o ? o7
60 2 02 ) 8? 243 161 50 +2 10 164 00|-185 31 21 31
61 2 06 ) 27 246 | 161 00 +2 01 163 01 184 31 21 30
80 00 |
02 2 10 3 0(1) 2447 159 30| +2 07| 161 37| 18 31 21 54
4 .
0G4 2 21 R 2(':| 248 157 40 ] 41 55 159 35 181 25 21 50
47
I
G5 2 25 03I 246 ) 157 00 42 01 169 01 180 16 21 14
23 \
66 2 30 21 248 | 155 BO| +1 55| 157 45} 170 05 21 20
Mean........oooifiaeinniaiii i, e 158 48 +2 02 160 50 182 23 21 33
i

Enter sign of doviation, plus if casterly, minus if westerly. Enter E. or W, after declination. If pos-
sible make a set of slx observations on a run of not over 5 miles. 1f the set can not bo completed wi{)}?in
that limit, use a new form for subseguent observations. Enpter latitude and longitude for middle of set.
If practicable, measure true bearing of mark with protractor as soon as posltlon%s plotted.

20. Use of ranges for steering magnetic courses.—It is sometimes
possible by the last method to identify two objects on range on one
of the magnetic bearings used in compensation. It is necessary that
either the front or rear range should be sharply defined and that
there should be some distance between them. {)raw a line of the
desired bearing on the chart through onc of the objects, place the
vessel on this line by the three-pomnt method, and sece if another
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desired range object can be identified. If no distinctive object can
be identiﬁeg, it iJs ofton possiblo t6 select an object on cach side and
then to keep the shavply defined object in range with an 1m1g1nz}3y
point which remains at the samo relative distance between the side
objects. ) ) . ) ied

Tven if a range having a desired magnetic bearing can bo identified,
it can not be used for compensation if there is a strong side current.
In this case the vessel can be kept on the range, but it will not head
toward the range. )

21. Use of ranges for getting deviation.—The use of any range
whose magnetic bearing can be taken from the chart will, if well
defined, provide one of the best mothods of obtaining deviation. The
range is crossed by the vessel on any desired heading by compass,
and the compass bearing of the range is noted in passing. It 1s, of
course, essential that the vesscl be on her course at the instant of
YﬁSS'mg the range or that any small difference in courso be noted.

f only one range is available, there will be some difficulty in crossing
the range when the compass course corresponds closely to the mag-
notic bearing of the range. Further, on certain courses objects on
the vessel wgl interfere with getting the bearing.

Observation of compass deviations.

[Steamer, Surveyor; standard com]p:’xrss No. 51413; date, April 19, 1919; observer,

. 'T. Watkins].
S{\)ip’shegd )Tir)?olby Slim'sll))ear- !
y stand- | hack chro- n
y ard nometer. stagdaxd .Remnrks.
compass. | No.577. | compass.
° h.om. & ° ,
45| 2 29 30 248.0 | Latltude, N. 37° 02", | g
60 32 0 248.2 | Longitude, W. 76° 10",
7% 38 30 248.0
80 40 20 2560.2 | Rudder, right.
105 44 30 250.9 | Weather, fair.
120 48 10 251. 4 | Wind, light.
136 52 10 252.2 | Sea, smooth,
150 56 10 252. 8 | Temperature, 60° F.
185| 3 00 20 253.6 [ Heel, none.
180 07 10 255.1 | Trim —-.
106 10 30 255.6 | Hack wasset tolocalapparent time.
210 15 267.0
% %g % %g Chronometer comparison.
265 27 40 261.0
270 31 0 262, 2
235 34 50 263.0
38 00 284, 1
315 41 20 265.0
330 44 30 285, 3
345 51 00 266, 6
0 56 10 267.1 1 Local A. T......
15 50 20 207.2 ) Hackreads..............[.........o.......
301 4 03 40 267.8 | Hack corroction onlocal
apparent time......... ...,
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Computation of compass deviations.

{8teamer, Surveyor; date, Aprll19, 1919; sun’s declination 11°01’ N.; ship’s
rudder, right].

Compass error—mean compass error==Deviation *
Deviation=A +deviation.*

Ship’s Local Sun’s 8un’s Error of
h ea% apparent | bearing by | a2ilmuth | standard | Deviation.
: time. compass. |fromtables.| comnpass.
o h 7"' 8 o ’ ° ? o ’ o ’
0 3 &6 10 267 0 2650 48 -7 18 —1 33
15 59 20 27 12 260 6 52 -1 07
30 4 03 40 2067 48 261 04 6 44 -0 59
451 2 20 30 48 o0 241 57 6 03 -0 18
60 32 00 248 12 242 35 6 387 +0 08
5 36 30 249 00 243 42 5 18 +0 27
80 40 20 250 12 244 38 5 34 +0 11
105 44 30 250 b4 245 34 5 20 +0 25
120 48 10 251 24 246 22 5 02 +0 43
135 52 10 252 12 247 21 4 51 +0 54
150 56 10 252 48 248 14 4 34 +1 11
185 3 00 20 253 36 249 08 4 28 +1 17
180 07 10 255 06 230 35 4 31 +1 14
105 10 30 255 36 251 18 4 2 +1 25
210 15 00 267 00 262 10 4 +0 85
225 19 20 257 54 253 02 4 52 +0 53
240 23 20 36 263 49 4 47 +0 68
255 27 40 261 00 254 39 4 21 -0 36
270 31 00 262 12 255 17 6 55 -1 10
285 34 50 263 00 256 00 7 00 -1 15
300 38 00 204 06 256 35 7 31 —1 46
315 43 20 266 00 257 11 7 49 -2 04
330 44 30 206 18 257 45 7 33 —1 48
345 5100 208 36 258 54 7 42 ~1 &7
Means.............. 257 55 1 252 00 —b 66 |eeeuenn.....
Magnetic declination from shoro observations (or chart). ...... b 45 W
Mean compasserror—declination=A= —~1¢’.

22. Swinging Ship.—In order to obtain the values of the devia-
tion for all headings, systematic observations must be made. The
operation is called swinging ship and a definite procedure must be
followed. This procedure is brought out in the example which
shows the form used by the Coast and Geodetic Survey for observing
and computing deviation. This form is prepared especially for the
sun, but may be used for other objects with some slight modifica-
tions. The vessel is placed on a given compass heading as north,
the deviation obtained, and is then swung to the right, steadying
on successive headings varying by 15°, 30°, or 45° according to con-
ditions, the deviation being observed on each heading. As soon as a
complete set is made with right rudder, another similar set is ob-
tained with left rudder.

The time required to complete the swing is lengthened as the
number of selected headings is increased, but greater accurac
results for the interpolated values for the intermediate points. It
is desired that survey vessels, if possible, use 15° intervals.

23. Necessary precautions in swinging ship.—The vessel must be
kept accurately on course during the observation of deviation. Bad
steering not noted at the time of obtaining the deviation may in-
troduce serious error. . If the vessel is not on the desired course at
the time of making the observation, the actual course should be
noted and recorded. Care in taking and reading bearingg is most
essential. It isimportant, if the sun 1s used, that the time be correct
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or that the watch error be accurately known. If a pelorus is used,
it should be correctly set. '

24. The vessels should remain on each course several minutes
before the observation is made. With all these precautions there
is usually some difference between readings obtained on the two
swings. The mean value is used. Intermediate values are obtained
either by a Napier diagram, or else by computation as explained in
paragraph 192-199. The Napier diagram and its use are explained
in the American Practical Navigator. The observations are plotted
and a smooth curve drawn through them. This was formerly of
the highest importance, as the possibility of close compensation
was not realizeg. If compensation is carried through according to
the standard fixed in paragraph 37, a Napier diagram is unnecessary.
' 2b. In order to get good deviations, the variation should be known
accurately. Any great difference between the actual variation and
hat used enters directly as an error in every deviation. This differ-
ence may be due to errors in the original magnetic survey on which
the variation of the chart is based, to inaccurate application of the
annual change, or to local magnetic disturbance.

26. There are numerous stations at which the magnetic variation
has been determined by the Coast and Geodetic Survey, and the
results are available to mariners and others interested. By selectin
the vicinity of such a station near a harbor or near the shores o
traversed water lanes, ships may be swung with the certainty of
obtaining the best results possible.

27. Purpose of obtaining deviation.—Deviations may be deter-
mined before compensation or after. In the first case the value
is only for studlymg the magnetic changes of the ship, and such devia-
tions ‘have little practical value in navigation. Sp i after com-
pensation to determine its effectiveness and to determine the devia~
tions for actual use in navigation are the more important.
~ The full value of the swings can not be obtained without making
the analysis. This is discussed in paragraphs 192 to 199. ~

COMPENSATION,

28. Preliminary precautions.,—The vessel should be on even keel
and all movable iron or steel should be secured in its customary
position when at sea. It is assumed that the binnacle is properl
placed with regard to the midship line, that the compass is centered,
and that the lubber line is in the fore-and-aft line of the vessel.
Methods of meeting these requirements in the first installation and of
testing their correctness are given in paragraphs 83, 99-103.

29. Binnacle.—The method of compensation will be described for
& Navy standard binnacle which has trays for the magnets which can
be readily moved up or down and secured at the desired place. The
1[;rmciples are exactly the same for any other type of binnacle. (See

gs. 2 and 6.)
OPERATIONS.

'80. (1) Set spherical correctors in middle position unless it is
known that some other position is more nearly correct. Place heeling
Imagnet in its tube, north or red end up, unless it is known that the
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south end must be-up, and lower to the bottom of the tube. The
magnet trays should be below the middle position.

31. (2) Steer magnetic north. Enter the athwartship magnets in
their trays, placing the same number on each side, with north or
red end to starboard for east deviation, and to port for west deviation.
Move the tray till the ship’s heading is north by compass. It is a
matter of experiment to find the proper number of magnets and the
correct position of the tray. The binnacle is designed so that it can
be placed on widely differing types of vessels so there will always be
several possible solutions of the problem. It is preferable to select
that in which by using more magnets the tray is kept at a greater
distance from the compass.

For this and other headings used in compensating the compass, the
vessel should be held not less than three minutes on each course,
the compensation being completed by the end of this time. N

32. (3) Steer magnetic east. Enter fore-and-aft magnets on both
sides of the binnacle with north or red ends forward for cast deviation
and aft for west deviation. Move the tray until the ship heads east
by compass.

33. (4) Steer magnetic south. If any deviation is found correct
half of it by slightly changing the position of the tray containing the
athwartship magnets.

34, (5) Steer magnetic west. If any deviation is found, correct
half of it by moving the tray containing the fore-and-aft magnets.

35. (6) Steer magnetic northwest. Move spherical correctors
away from or toward the compass, keeping them at equal distances
from the center, until the ship heads northwest by compass.

86. (7) Steer magnetic northeast. If any deviation is found,
correct half of it by slightly moving the s&)heres.

If with spheres in the oxtreme position deviation is east on headings
northwest or southeast, or west on headings northeast or southwest,
their effect is too great, and smaller spheres must be substituted.
However, large spheres set near the outer extremities of the brackets
are botter than small spheres close to the comlpmss. There is no
objection to the use of one sphere only, except that the appearance
of the binnacle is not pleasing in that condition.

37. (8) Owing to the probability that the headings of the ship may
not have been exact during compensation and that the halving of the
deviation on opposite headings may not have been done accurately,
it is good practice to follow the above compensation with a complete
swing of the ship, both right and left rudder, steadying on 8 or, prefer-
ably, 12 equidistant headings and observing the deviation on each.
This subject is discussed in full in paragraphs 22-27. Observation of
the deviations after compensation is important for every vessol, but
is especially important for a surveying vessel, which will have to
depend on dead reckoning for the position of important sounding
lines or which may be called on to obtain values of the variation in a
new region. If the compensation has been carefully done, the devi-
ations should he sufficiently small for navigation. If not, the process
above described should be repeated until the deviations are reasonably
small. If the compass has been properly placed, if effective compen-
sation has been made, and if the azimut circle is free from index
error, it is possible to keep the maximum deviation down to about
1°, and the skilled navigator will set this as his aim,
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Unless the deviations before compensation are unreasonably
large, the compensation described above usually suffices. There are,
however, two other operations which are often required.

38. (9) Heeling magnet.—At the first opportunity when the vessel
is rolling freely, %ea.d on a northerly or southerly course. If heelvi;;ﬁ
error exists, it will be shown most strongly on these courses. It wi
be indicated by abnormal vibration of the compass. Raise the heel-
ing magnet until the vibration disal}))pears. 11 this does not occur,
try reversing the magnet in its tube. It is important that there
should be careful stecring, as the effect of yawing may be mistaken
for that due to heeling error.

39. There is another method for compensating for heeling error
requiring the use of an auxiliary instrument. is can be applied
when the vessel is not rolling and may be done at the dock. Vessels
are not usually equipped with this instrument, and accordingly the
discussion of this method will be deferred to paragraph 184. "If the
Flinders bar is used, this compensation shoulg follow its placing.

40. (10) Flinders bar.—The portion of the ship’s magnetism com-
pensated for under paragraphs 31 to 34 is composed of two }iurts, of
which one is constant, or nearly so, without regard to the locality,
and the other changes with the change of the earth’s magnetism from
place to place. Consequently, if the deviations on the cardinal
points were originally large and are compensated by the magnets
alone, considerable changes in the deviations are likely to take place
with change of latitude. This difficulty is overcome by the use of a
Flinders bar properly placed, since its effect also changes with change
of latitude.

41. The Flinders bar in its simplest form is a continuous bar of
soft iron about 30 inches long. The equivalent of such a bar may
be so arranged that its effect upon the compass can be varied. This
has been accomplished with a bundle of iron rods.

42. The best practice, however, is to have a brass tube attached to
the binnacle, usually forward of the compass, with its upper end
extending about 2 inches above the horizontal plane through the
compass card. Short bars of varying length, fitted inside the tube,
are provided, together with pieces of wood of the same size. (See
fig. 2.) By this means a soft iron bar of any desired length may be
inserted in the tube with its top at the top of the tube, pieces of wood
being inserted at the bottom to fill the tube. Hereafter in discussing
the Flinders bar this form will be understood.

43, Until data are available for determining the length of the
Flinders bar, it is advisable to insert one of suflicient length to reduce
the deviation on east and west to 10° before compensation, if it is in
excess of that amount. This is only a rough method for reducing
excessive deviations and does not insure constancy of deviations with
change of latitude.

44, Placing Flinders bar by observation in two places.—The de-
termination of the proper length of the Flinders bar requires a de-
termination of tho uncompensated deviations on the cast and west
headings at two places differing widely in latitude. If one of these
places 1s at or near the magnetic equator where the dip is zero (sco
par. 130) the problem is simple. Compensate the deviations on the
east and west headings by means of magnets at that place. At the

63647°—23——2
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second place of observation remove any deviation on those headings
by means of the Flinders bar without changing the position of the
magnets.

45. If the vessel does not cross the magnetic equator, it is still
possible to place the Flinders bar by observations at any two places
sufficiently far removed from each other. As soon as there is reason
to believe that the subpermanent magnetism has become constant,
at the first opportunity remove the Flinders bar (if set approximately)
and the athwartship magnets, being careful to note the previous
position, so that they can be accurately replaced. Head magnetic
east or west, and determinc the deviation.

46. Take another exactly similar set of observations at the second
selected place. Obtain the values of 7 and H for the two places from
magnetic maps or from Table 1. The values for any place adjacent
to the United States can be determined with reasonable accuracy
from Table 1 by interpolation between the two nearest values on
each side, the places having been selected with this end in view.

47. A simple computation makes it possible to se%arate the part
of the deviation to be corrected by the magnets and by the Flinders
bar, respectively. It should be noted that the deviations must be
given with their proper sign in using the formula.

Let a (expressed in degrees and tenths) be the doviation on mag-
petic east or west, or mean of both, at station A.

Let b be corresponding deviation at station B.

Let k=% where H, is value of H for station A, from Table 1 or
from ma,gneztic map showing H, H, for station B.

Let %' =::2 fz where I, is I for station A from Table 1 or magnetic

msf giving 1, and I, for station B.
et z and % be parts of ¢ which are to be compensated for by
magnets and Flinders bar, respectively.
kz and k’z are the corresponding parts o,f b.

Obtain z from the expression x=§k——_k7c—(,l. fThen y=a—z. (The

derivation of this formula is given in par. 177.)
Example:

Station A.—a=14.6, H,=0.155. 1
Station B.—b~ 7.4, H,=0.272. 1
k= 054 k'=0.46.
z= 8.7 y=5.9,
kx= 4.6 k'y=2.8,

48, Compensation of auxiliary compasses.—Compensation of the
standard or bridge compass should be followed as soon as practicable
by compensation of the steering and emergency compasses. It is
ogvious that it is only necessary to stecr magnetic courses by means
of the known deviations of the standard compass and the compensa-
tion of the other compasses can be made in the manner that has been
described.

=74.6, Eastport, Me.
=59.3, Galveston, Tex.
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KEEPING THE COMPASS OOMPENSATED.

49, Keeping the compass compensated.—Kven when a compass is
in perfect mechanical and magnetic condition, it will not in general
remain compensated for a long time, owing to changes in the mag-
netic condition of the vessel or to changes in the compensating
devices. Changes in the deviation with lapse of time are to be ex-
pected, and failure to recognize this may lead to disaster. The
navigator should avail himself of every opportunity to redetermine
the deviations and should swing ship to determine the deviations on
the cardinal and intercardinal points at least, at regular intervals,
so that he can improve the compensation as soon as it becomes
necessary.

50. Causes of change of deviation.—There arc several cases where
the compensation must be watched with special care. A new vessel
and a vessel that has been under repairs at a dock without change of
heading are especially subject to changes in compass deviations when
first put into active service. A vessel that has been on the same
course for several days at sea, with rough water, is likely to need
recompensation on change of course and for some time thereafter.

61. If there is no Flinders bar, or if one is placed approximately,
changes of deviation will come with change of latitude.

62. The spherical correctors once in place would not have to be
moved were it not for possible effect on them of compass needles.
The spheres should be tested and reannealed if necessary by the
method given in paragraph 75.

53. The Flinders bar may pick up magnetism and have to be
reannealed. The test for this and the method of reannealiug ure
given in paragraph 76. This trouble is not usual, except in such
cases as gun fire on naval vessels, or possibly as the result of stray
electric currents on the vessel.

b4. Accidental sources of deviation.-—The accidental sources of
unusual deviation should never be forgotten by the navigator. He
should remember that iron or stcel in the cargo affects the compass
just as does the ship itself. The vessel's electrical circuits may send
stray currents through iron orsteel near the compass and cause entirely
different effect from such metal not acting as an electrical conductor.
Even a brass rail may affect the compass under such conditions.
Proper insulation of radio circuits is importent in this connection.
A vessel struck by lightning is likely to have very marked changes in
the deviation. Running with forced draft may overheat the stacks
and thereby cause changes in their magnetic condition which ma
affect the deviation. Many shipwrecks have been traced to suc
unexpected changes in compass deviations. Navigatois should
never fail to realize that, with regard to the compass, eternal vigilance
is the price of safety.

56. Continuous compensation.—A compensated compass is steadier
and more reliable than one not compensated. It should be the
practice of the careful navigator to keep the standard compass
closely compensated at all times, and care in this matter should be
a recognized test of the ability of the navigator. Several types of

-binnacles have been devised which make it specially easy to main-
tain compensation. The essential feature is the placing of graduated
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scales so that the amount of movement of the various correctors can
be measured. The procedure with such a binnacle is as follows:

56. Steer magnetic north or south, holding course by means of
steering compass, and note effect of moving the athwartship magnets
up exactly 1 inch. Then return magnet to previous position and
see whether compass rea,din% is the same as before. en obtain
effect of lowering 1 inch. Obtain value of H from Table 1, or mag-
netic map.

57. Repeat the same }IJ‘rocess with the fore-and-aft magnets on
magnetic east or west. Then steer on any intercardinal point and
note the eflect of moving the spherical correctors (both at the same
time) in and out 1 inch. Then prepare & table showing the distance
the correctors must be moved to give 1° of change.

58. So long as the condition of the correcting magnets remains
the same the effect of the magnets on the compasd will be the same
for the same place. At a different place, however, the effect on the

1

compass will be the first amount multiplied by the ratio %taken
2

from Table I or magnetic maps, H, and H, being the values of H at
the two places.

59. ile cruising, at any convenient time, change course to the
nearest cardinal point, observe deviation, then to the nearest inter-
cardinal point, and then to the other cardinal point of the quadrant,
observing deviation at each. Then return to the original course.
The deviations can then be computed and the required changes in
the position of the correctors made according to the tables, multi-

plying each tabular value by H" after the vessel has resumed its
course. H,

If there is reason to believe that the variation is not sufficiently
well known, the deviation should be obtained on an intercardinal
oint 90° from the first used and on the opposite cardinal points.
his will not usually be necessary, as the magnetic charts of the
earth are now generally reliable. In any case less time will be
required than for full compensation, by the usual methods, especially
as compensation is not made till proceeding on course. The correct-
ness of the compensation can be tested by determination of devia-
tion on the courses followed as opportunity offers.
60. Compass record should be kept.—It is important in all compass
work, but especially when this method is followed, to keep a record
of all changes made in the positions of the compensating magnets.

SPECIAL OASES IN COMPENSATION.

81. Compensation when only one compass is available.—The meth-
ods that have been described presuppose that a steering compass
is available for use in compensating the standard compass. This
may not be the case, especially for small vessels and launches.

62. The method of se ecting ranges from the chart, described in
paragraph 20, can be used with a single compass and when condi-
tions permit, this is probably the most satisfactory method.
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If ranges can not be found, another method can be used, if pro-
ficient with the sextant and three-arm protractor. Stop vessel and
take and plot a three-point fix. Measure off on the chart the angles,
at the position of the vessel, between some object near one of the
desired magnetic courses and the course itself. Set this angle
off on a sextant and identify point on shore which lies on desired
course. Then steer for this pomnt. After a few minutes repeat the
process and change to new Il)oint if necessary. This method will
not be accurate unless the angles are quickly taken and plotted. An
additional safeguard is introguced by selecting the object near the
course desired as the change of angle due to movement of vessel
between taking of bearing and noting point on course will not be
great enough to cause error. It should be remembered that errors
of steering and currents or wind may displace the vessel enough to
make a change of the point ahead necessary in order to hold the
desired course.

63. Compensation for small craft.—The mothods that have been
Eiven are applicable to any craft down to a 50-foot launch, and

innacles are made for large launches that are fully equipped with
correctors. If in any case binnacles are not available, corrcctors can
be nailed in position after being placed by the principles given.

64. For small launches compensation of the compass is not usually
made, chiefly because the small size of the compass makes close
navigation impossible. Several precautions shouldp be taken.

(1) The compass should be placed in the fore-and-aft line, amid-
ships if practicable. -

2) Anchors, gasoline drums, and other movable iron should be
kept as far from the compass as possible and should not be moved
around while cruising at night or in a fog.

(3) If pilot-house control is used, movable levers near the compass
should not be of iron or steel.

65. It is often possible to find a place for the compass where it is
less affected than elsewhere by the metal of the launch. If with
every precaution doviations are excessivo, compensation can be
made by using small fore-and-aft and athwartship magnets placed
by the principles given. In this case the compensation may be
made closely enough at the outer end of a dock which has no machin-
ery or other lar%f masses of metal near the end. By means of the
chart the launch can be swung to the desired direction at either
corner. The magnets can then be placed to reduce the deviations
in the same manner as has been described for larger vessels.
The spherical correctors and Flinders bar will, in most cases, be
an unnecessary refinement.

66. Compensation without known bearings or variation, using
distant object.—There is a method by which the compass can be
compensated with fair results even when it is impossigle to deter-
mine the correct magnetic bearing of a distant object and when the
variation of the place is unknown. This method requires a longer
time to make the compensation than does either o(} the methods
which have been given and is not recommended except under the
conditions just given. This method is as follows:

67. Steer magnetic north as nearly as practicable and take a
bearing on the distant object. Then steer magnetic south as nearly
as practicable and again take a bearing on the distant object. Com-
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gensate the compass for one-half the difference between the two
earings. Again steer north and compensate for one-half the re-
maining difference.

88. Do the same on east and on west headings, compensating on
each heading for one-half the difference between bearings.

69. Steer on one of the intercardinal headings (NE., SE., SW.,
or NW.,) and then one of the adjacent intercardinal headings,
compensating by movement of spheres for one-half the difference
between bearings as before.

70. The adequacy of this final compensation will depend upon
how closely the vessel can be placed on magnetic courses, and it
is therefore probable that the first attempt to compensate will not

ive satisfactory results. It should, however, materially reduce the

ﬁeviations so that the vessel can then be put more nearly on the
required course. By repeating the operations the deviations can
be reduced until the compass has been sufficiently compensated.
This method 1is pnrticularlg)' useful for testing and improving the
compensation of the compass when the vessel is in an unsurveyed
country when cloudy and rainy weather prevail.

71. Compensation by using rate of change of sun’s bearing.—The fol-
lowing method is practically that just described, though the sun is
used instead of a shore object.

A table of sun’s bearing 1s prepared for 10-minute intervals and
for the nearest degree of latitude and declination only. Steady the
ship as near magnetic north as possible and hold this course with the
steering compass. Observe a bearing of the sun, Then steady the
ship as nearly as possible on magnetic south and take another azimuth.
By the usec of the rate of change from the table correct the bearing
taken when the ship was heading north to what it would have been
at the time the bearing was taken on the magnetic south heading.
Take the mean of this computed bearing and that observed when
heading south. A compass compensated for all but constant error
would %mve given this mean bearing at the time the observation
on the south course was taken. Carry this mean value forward by
means of the tabular rate of change, and at any instant bring the
sun to bear on the mean thus obtained, by raising or lowering the
athwartship magnets. Repeat observations on magnetic north and
south until the sun has the same bearing on both headings.

72. Repeat the same observations with the ship heading as near
as possible to magnetic east or west, using the fore-and-aft magnets.

73. Repeat the observations with the ship heading northeast and
southeast, moving the spheres in or out as necessary. Note that this
adjustment is made on adjacent intercardinal points, while the pre-
vious adjustments were made on opposite cardinal points.

TEST OF MECHANICAL CONDé’g%IiT‘% OF COMPASS AND AZIMUTH

74. A program of compass inspection is given for the use of the
navigator which will reveal any defects of the instrument and make
it possible to distinguish between those that can be quickly remedied
and those which require that the compass be replaced, either during
repairs or permanently.
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75. Spheres.—The standard test for the spheres given in various
publications is as follows:

Remove all fixed magnets, including the Flinders bar.. Move the
spheres in on the arms as close as possible to the compass, and note
heading by compass. Turn one sphere at a time on its axis, stopping
after each turn of 90°. Note the deflections of the compass, if any.
Should the deflections exceed 30’ for any position of the sphere, rean-
neal the sphere by heating to a dark red. Cover with ashes and
allow to cool. Then replace.

768. Flinders bar.—To test the Flinders bar remove all correctors,
including the spheres, unless they have bheen recently tested and are
found to cause no deflection. Head magnetic east by means of steer-
ing compass. Note the deviation. Reverse the Flinders bar in its
holder and note the difference between the new deviation and the
former one; if this differenco exceeds 1° the bar should be reannealed
in the same manner as for the sphere.

77. Magnetic moment.—Dismount the compass from the binnacle
and set it up at a suitable place on shore that is free from local mag-
netic disturbance. If possible this should be a magnetic station of
the Coast and Geodetic Survey. There are such stations at every
port and at many other places along the coasts. Descriptions of sta-
tions and present values of the magnetic elements can be obtained by
appli]c)atign to the Director, Coast and Geodetic Survey, Washing-
ton, D. C.

78. The compass should be transported with the utmost care. If
carried in the normal position care should be taken that the instru-
ment is not subjected to twisting or jarring motions. If carried face
downward the same precautions should be exercised. The latter
method is probably best for the compass, but there is one thing to be
guarded against. If the paint has disintegrated, particles oF paint
may adhere to the jewel when the compass is again righted and cause
sluggishness.

79. A thermometer should be provided so that readings can be
taken near the compass bowl at intervals during the observations.

80. Note reading by compass, using the same lubber line as aboard
ship. Deflect the needle through about 10° by means of a spare
magnet or. any suitable piece of magnetized steel. This should at
once be removed to a safe distance. Note the exact time when the
previous reading passes the lubber line and also the instant when it
returns to the same point. The interval between is known as the
time of vibration, and should agree approximately with the value
given in Table 2, taking H and temperature into account. It is wise
to make three separate determinations of the time of vibration and
take the mean, to eliminate accidental errors. The- temperature
should be noted for each sot. Failure of the compass to meet this
test is probably due to a defective jewecl or to a blunted pivot.

81, H is taken from a table or a magnetic map. The temperature
in the table is that of the liquid. It is therefore important that the
test be made either inside a tent or on a dull, calm day, when tem-
perature changes are not rapid. This test should be made once a
year or whenever the compass appears sluggish.

82. Semsitivity.—By moans of a reading glass note the heading very
closely. Draw the compass card 2° to the right by means of a magnet,
remove the magnet, and note whether the card returns to the same
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point. Repeat, drawing compass card to left. This test should be
repeated for several positions of the bowl.

83. Centering.—The most satisfactory and the simplest way to test
for centering is to take the compass bowl ashore and set it up with
suitable arrangements. The compass should be carefully leveled, and
the lubber line ordinarily used in conning the ship is the one on which
observations should be based. .

84. The method of procedure follows: Note the readings on all four
lubber lines. Now carefully lift the bowl from its bearings, turn it
through 180°, and replace in position. If the opposite readings differ
by 180°, the card is centered. The card should be allowed to steady
itﬁelfkafter reversal. A repeated set of observations will serve as a
check.

85, Balancing.—The compass is balanced mechanically at the place
of manufacture. As the greatest effect that the change of dip (I) can
have on a 73-inch compass may be counterbalanced by the shift of the
center of suﬁport one-fortieth inch, it is unnecessary to use a sliding
weight on the needle, as is done with surveying compasses used on
land. However, it is sometimes necessary to attach such weights, if,
through bad design, the righting moment 1n the liquid approaches the
vanishing point; that is, where the vertical distance between the cen-
ter of buoyancy and the center of gravity is too small. Such a com-
pass is unfit for use. The attachment of weights should be considered
only as a temporary expedient, and the compass should be discarded
as soon as practicable. In a good compass the center of gravity
should be not less than one-half inch below the center of buoyancy.
The point of support must be in the plane of the graduations.

86. The effect of the vessel’s rolling is to make the compass bowl
oscillate, owing to the failure of the gimbals to respond immediately
to the motion of the vessel. This oscillation may have an important
effect on the efficiency of the compass. If the point of support of the
card is above the point midway between the center of buoyancy and
the center of gravity, the tendency is to lift the card off the pivot.
If it is below this point, the tendency is to increase slightly the pres-
sure on the pivot and improve the stability of the card.

87. The moment of inertia must be uniform for all horizontal axes
through the pivot. If not, oscillation about such an axis will produce
a rotational tendency of the card in the horizontal plane whenever
the axis of maximum moment of inertia makes an angle other than
0° or 90° with the horizontal axis of oscillation. If the period of
oscillation is the same for any two axes at right angles, the card has
the same moment of inertia for all horizontal axes through the pivot,
and the balance is correct. ‘ .

88, If the.compass is defective in any of these ways, there is no
ready means of correction on shipboard, and the manufacturer should
be consulted. If the lack of balance is of any considerable degree,
the compass should be replaced without delay because of the serious
hazard of its continued use. _

The compass bowl may be tested for balance with a spirit level.
Serious lack of balance may be due to a bent gimbal ring or other
eccentricity of its supports. The compass should be fixed 1n its gim-
bal supports, as any motion will cause excessive wear on the pivot and
may (Fama,ge the jewel.
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.89, Steadiness.—A kinetically balanced compass—that is, one with
a uniform moment of inertia—is steady. If the compass card rotates
noticeably about its vertical axis when the compass 1s subjected to a
stoady oscillation on its gimbal supports, the design of the card is
faulty. If unsteady vertically, the righting moment is deficient, and
the digtance between the center of buoyancy and the center of gravity
is too small.

90. Removal of bubble.—The standard filling mixture consists of
45 per cent pure alcohol and 55 per cent distilled water by volume.
The alcohol in the mixture evaporates under ordinary conditions; the
effect of such evaporation is to produce an annoying air bubble in the
compass bowl. To remove the air bubble take ofl the false bottom
of the compass bowl in order to get at the expansion chamber. Place
the bowl on its side with the filling hole u{); the bubble will then movo
to a position immediately below the hole. By compressing the ex-
pansion chamber very slightly with the fingers and gradually loosen-
ing the filling screw, the air, with a small amount of liquid, can be
forced to escape around the threads of the screws. The screw is then
set up tight and the bowl placed horizontal. If the bubble is too
large to be expelled in this way, remove the filling screw and pour in
enough of the standard mixture to fill the space. Placo the bowl
horizontal. If the bubble has been removed, set up the screw
securely.

91. Precaution in placing liquid in bowl.—When filling a compass
bowl with liquid at ordinary temperatures the diaphragm of the ex-
pansion chamber should not be extended much beyond the middle of
1ts range and should never be permitted to approach the limit of its
extensibility, for the reason that expansion ut%irrh temperatures may
rupture the structure, while low temperatures, short of freezing, ordi-
narily do little damage. - :

92. Itis essential that losses of liquid bo replaced with the standard
mixture. If water alone is used the specific gravity of the liquid may
be raised to such an extent that the compass card will float instead
of maintaining a slight pressure on tho pivot. While the standard
mixture will grevent freezing at all temperatures ordinarily encoun-
tered, the addition of water may raise tphe froezing point so that in
extremely cold weather the bowl may burst.

93. The viscosity of the liquid increases with decreased tempera-
ture, and the compass tends to bocome sluggish. If this happens
. during intensely cold weather, it is advisable to apply heat to the
bowl in some way that will not disturb the magnetic conditions at
the compass.

94. Distilled water must be used in the mixture, as any impurities
in the water are likely to attack the paint. A seal placed over the
filling screw is an excellent precaution against tampering.

95. Testing of azimuth circle! (see fig. 7).—Before starting com-
pensation, the azimuth circle should be tested on shore. Draw a
circle sli§iltly larger than the outside diameter of azimuth circle on
a fplec'e of drawing (gaper or the back of an old chart. Two diameters
of this circle are drawn at right angles to each other. Mount the
paper on a plane table and carefully level. Place the azimuth circle
on the paper with the line joining the mirror and the prism coin-

“1C. and G. 8. 8pecial Publication No. 73, p. 4.
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ciding with one of the penciled diameters, the height of azimuth circle
above the paper being the same as the height of the circle above
the card.

96. Adjust the bubble of the circle to a central position. Then pro-
ceed with the test by turning the plane table so that the sun’s reflec-
tion from the mirror is directed through the prism; then clamp the
table. The ray of light from the prism should then be reflected
directly down the penciled diameter. Now move the mirror slightly
and see if the ray of light follows along the penciled diameter. The
azimuth of the sun will change very little in the time required to make
the first test. If the ray of light is reflected directly down on the
penciled diameter and remains there as the mirror is slightly moved,
the azimuth circle mirror and the prism are as nearly correct as any
field test will show.

97. Next test the direct-vision vanes. TFirst see whether the line
between them coincides with the penciled diameter at right angles
to that joining the mirrér and the prism. By means of the tangent
screws turn the plane table till the sun’s reflection is again directed
through the prism; then rapidly shift the azimuth circle 90° in azi-
muth on the penciled circle. The direct-vision vanes should then

oint accurate{}' on the sun, and the line between them should then
e at right angles to that joining the mirror and the prism.

98, If as a result of this test the azimuth circle is found to be out
of adjustment except for minor imperfections that can be remedied
aboard ship, it should be completely repaired, replacing it temporaril
if necessary. Small errors in the direct-vision vanes can be corrected,
but an di’splacement of the prism caused by its being cl;ifpped or
being thrown out of adjustment by accident can not be satisfactorily
corrected, except by an instrument maker. Compensation should not
be attempted under any conditions with an azimuth circle that is
out of adjustment, as any error enters directly into every bearing or
course.

99. Correct placing of lubber line with regard to vessel.—Just as
an error in the azimuth circle affects every bearing, so will any dis-
placement of the lubber line of the binnacle with regard to the fore-
and-aft line through the compass center, or, to express it in another
way, with regard to the vertical plane of the keel with the vessel
u};l)ri ht. The following method can be equally well used for placing
the binnacle so that the lubber line will be correct, or to test the cor-
rectness if there is reason to believe such a ‘test is necessary.

100. It is necessary to locate three points in the vertical plane
through the vessel’s keel in the proximity of the compass station.
It is assumed for any carefully molded and constructed vessel that
the masts, smokcstaci, top of stem, etc., are symmetrical with respect
to the keel and vessel as a whole, and that they may be used to deter-
mine a fore-and-aft midship line through the compass station.

101. The best manner in which to locate the three points depends
on the type of vessel. A typical solution will be given. Assume
that it is convenient to stretch cords between the masts. Lash an
athwartship batten to each mast at such a height that the horizontal
plane through them will pass through the top of the binnacle. Meas-
ure equal distances on each side of the respective masts on each batten,
and drive nails to mark the points. Stretch cords between the nails
so as to give two fore-and-aft lines, each parallel to and equidistant
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from the midship fore-and-aft line. Place a wooden frame, such as
a carpenter’s horse, athwartship forward or aft of and near to the
binnacle, with its top just below the cords. A nail is driven at the
point midway between the cords.

102. Project the lines of tho cords down to the deck by means of
a plumb bob, using care to see that the plumb bob is at rest in the
same vertical plane as the cord. This can be tested by projecting
a series of points, marked by a crayon, and then sccing whether a
a stretched cord passes through all of them. Xrom tho two lines
‘thus established determine two points in the midship fore-and-aft
line, one forward and one aft of the binnacle. Drive nails at these
points and connect them with a stretched cord. Then connect the
one on the proper side of the binnacle with the nail on the horse by
a stretched cord. These two cords defino the desired plane.

103. Place the binnacle approximately in position, using carc that
the alignment of the fore-and-aft cord on which it rests is not dis-
turbed. Then place a steel straightedge in such position that
both cords and the lubber line of the binnacle can be seen. Turn
binnacle till the lubber line is in the plane defined by the cords.

In using thread or cord to define tfle lines it is important that the
day be calm in order that wind pressure may not deflect them.



Part II.—EXPLANATION OF COMPASS DEVIATION AND
COMPENSATION.

INTRODUCTION.

104. The compensation of the compass may be accomplished b
any of the methods that have been described without furtlrw)er knowl-
edge of the rcasons for the operations. The best results, however, -
will be obtained by the navigator who is not satisfied to carry on
the operations mechanically but whnts to know why each operation
is necessary.

105. Many books have been written on compensation, and the
subject has been approached from several viewpoints. Inasmuch
as this publication is primarily for the use of men with engineering
education, it is proposed to treat the subject by the method of force
diagrams. In this way the complicated mathematics that appears
in some publications will be avoided, and yet a clear, understandable
picture will be given that will be correct from the scientific view-
point. As the complete theory is not given in every case, some ap-
Froximations are unavoidable, but the presentation is based on correct
undamental principles.

MAGNETIC FIELD AND LINES OF FORCE.

108. Definition of magnet.—A piece of iron or steel which has the
property of attracting iron or steel is called a magnet. The essential
characteristic of a magnet is that it is surrounded by a magnetic
field. At every point in the field magnetic force of definite strength
and direction is exerted by the magnet.

107, Line of force.—Since the direction of the force is different at
different points in the ficld, the conception of line of force must be
introduced. A line of force in a magnaetic ficld is a curved line, the
tangent to which at an?f point is the direction of the force acting at
the point. There is only one line of force passing through any point
in the field.

108. Demonstration of magnetic field,—The form of the field of a
magnet may be seen with the aid of a bar magnet and some sifted
iron filings. Lay the magnet horizontal and place a pane of glass
over it. Sprinkle the iron filings over the glass. ’I}:xp the glass
lightly. The filings will be scen to arrange themselves as shown in
Figure 9. This rei)rescnts in a general way the arrangement of the
lines of force in a horizontal plane. The lines of force in any other
plane are of the same general form. In Figure 9 the dots in the
immediate vicinity of the poles of the magnet represent iron filings
which point upward from the glass in the dircction of the lines of
force in planes nearly vertical. Ior a cylindrical bar magnet the
field is symmetrical about the axis of the cylinder. The end view of
such a {ield is shown in Figure 8.

109. Poles and magnetic axis.—Each line of force is continuous
from one end of the magnet to the other and then passes through the
magnet to form a closed circuit. The points or places of convergence

24
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near the ends of the magnet aro called poles.” The line joining the
poles is called the magnetic axis.

F1G. 8.—Dlagrams of ficld of bar magnot.

—=_

110, Direction of lines of force in special cases.—For any point, as
A, Figure 8, in the vertical plane passing through the axis of the
magnet the horizontal projection of the Jine of force is parallel to the

axis. For any point, as B, Figure 8, in the vertical plano at right
angles to the axis of the magnet at its middle point the line of forco
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is parallel to the axis.. For any point, as C, Figure 8, in the field of
a magnet near its end the line of force makes a considerable angle
with the axis of the magnet because of the curvature in the line of
force. Now consider that C'is a point in the field of a vertical mag-
net. The horizontal projection o}) the line of force throu%h C passes
through that point and the axis of the magnet, prolonged if necessary.

Nearly all of these facts can be seen at a glance by inspection of
Figure 8. Special attention is called to them, as the three cases out-
lined are practically all that are needed for the study of compass
deviation and compensation.

111, Direction of line of force.—The earth acts like a great magnet
and has a magnetic field whose lines of force for a limited space ma
be considered as parallcl straight lines. These lines make an angle
with the plane of tKe horizon at nearly every place, but for the present
we will consider only their horizontal projections. A magnet sus-
pended or supported so as to be free to swing in the horizontal plane
(hereafter called a freely swinging magnet) will take a direction
whose angular departure from the true meridian is slight for the major
portion of the earth’s surface. The pole toward the true north is
called the north and the other the south pole of the magnet. This
provides a means of designating the direction of the lines of force in
the magnetic field of any magnet.

112. Designation of direction.—Adopting the convention that the
lines of force in the carth’s field extend from south to north, the lines
of force inside of a magnet extend from its south pole to its north
pole, while those of its external field extend from its north to its
south pole. If the direction of a line of force in the magnetic field
is indicated by an arrow in accordance with this convention, a freely
swinging maﬁnet, acted upon by this field alone, will come to rest
with 1ts north pole in the direction of the arrow.

113. Position of rest of swinging magnet.—When a freely swinging
magnet is at rest with its axis in the direction of the line of force
through its center, the forces on both sides of the axis are in equilib-
rium. The magnetic field of the swinging magnet itself need not be
considered, except to distinguish between its poles.

114, If the field of a bar magnet is substituted for that of the
earth, a swinging magnet will take the direction of the line of force
through its center with its north pole in the direction of the arrow.
If the fields of both the earth and bar magnet are acting, what direc-
tion will the magnet take ¢

115. Magnet takes direction of resultant force.—The principle
that determines this direction is that each field may be represented
at the center of the freely swinging magnet by a force fixed in di-
rection and amount. The swinging magnet takes the direction of
the resultant of these forces. The resultant is obtained by the prin-
ciple of the triangle of forces which is explained in any text book
on mechanics.* his principle may also be used to replace a force
by two others. A speciallﬁ' useful case is the resolution of a force
into two components at right angles to each other.

1 Elementary Practical Mechanics, J. M. Jameson (John Wiley & Sons). Practical Physics, Black
and Davis (MacMillan Co.). )
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FIG, 9—IRON FILING DIAGRAM—FIELD OF BAR MAGNET.
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SOFT IRON BAR PARALLEL

TO UNIFORM FIELD.

FIG. 10,—IRON FILING DIAGRAM



FIG., 11,—IRON FILING DIAGRAM—SOFT IRON BAR MAKING
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INDUCTION.

118. Induced magnetism.—A piece of iron placed in a magnetic
field becomes magnetized by induction. The amount of magnetism
which it acquires depends upon the character of the iron, the strength
of the field, and the angle which the piece of iron makes with the lines
of force in the field. The induced magnetism is greatest when the
axis of the piece of iron lies in the direction of the lines of force and
is zero when at right angles to them.

117. Magnetic properties of iron.—The magnetic properties of
different kinds of iron vary greatly. At one extreme there is hard
steel, which can be magnetized only in a strong field, but which
loses its acquired magnetism very slowly. At the other extreme is
soft iron, which is very easily magnetized, but quickly changes its
magnetism with change in the magnetizing field and loses its mag-
netism when remove«% from the field. Of the intermediate grades
of iron it may be said in gencral that the less readily they acquire
magnetism the less readily they give it up and the longer thoy hold
the acquired magnetism. Mechanical work causing vibration of the
metal may under varying conditions either increase or reduce the
amount of acquired magnetism.

118. The effect of turning hard-steel magnet in a magnetic fleld.—
A hard-steel magnet has a field like that shown in Figure 8. If
such & magnet is placed on a horizontal surface with its axis making
successive angles with the direction of the earth’s field, the force at
anﬁr goint in the field, fixed with regard to the axis of the magnet,
will be the resultant of the force due to the earth’s ficld and that
due to the magnet’s ficld. These forces can both be represented by
straight lines of fixed length, the angle between which changes as
the magnet is turned.

119. The effect of turning soft-iron bar in magnetic field.-—A soft-
iron bar of the same size as the hard-steel magnet has through in-
duction a magnetic ficld of the same form as that of the steel mag-
net—that is, at any corresponding point the lines of force are identica%.
The form of the ficld is indopendent of the relation of the direction
of the axis of the bar to the inducing field.

120.  The correctness of this conception is at once apparent if we
consider that the field of the stecl magnet is the result of induction
in a strong magnetic field. The form of the field is the same for a
given magnet no matter what may have been the direction of its
axis with regard to the inducing field.

121. If a soft-iron bar in a horizontal position is placed at succes-
sive angles with the earth’s field, the force at an }l)oint in its field,
fixed with regard to its axis, will, as in the case of the stecl magnet,
be the resultant of the force of the earth’s ficld and that of the in-
duced field of the bar. The important difference is that the force of
the magnetic ficld of the bar varies with direction of its axis. If
the axis of the bar is in the direction of the earth’s field, this force
has & maximum value in the direction opposite to the earth’s field.
If the bar is reversed in direction, the magnetic ficld will have the
same form as before, but it will be reversed in dircetion with regard
to the bar. The direction is still, therefore, opposite to the earth’s
field. The force is zero when the axis of the bar is at right angles
to the earth’s field. For intermediate positions the force varies
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according to & simple law which will be devcloped later (par. 156),
and for any one position it can be represented at any point in the
field by a line of fixed length.

122, Resultant field.—The resultant field for a soft-iron bar whose
axis makes an angle with the direction of a uniform field is shown in
Figure 10. Similar fields for other angles are shown in Figures 11
and 13. A study of thesc iron-filing diagrams is instructive. It can
be shown that the linc of force of the resultant ficld at any point

9F

/9,

F1a. 14.—Diagram illustrating coustruction of lines of forco.

represents the direction of the resultant of the force of the uniform
ﬁeﬁ)d and that of a ficld of similar form {o that of a hard-steel magnet.

123. Equation of the curve of line of force in the fleld of a bar
magnet.—Assume that two points A and B represent the poles of-
the magnet. Draw AB and at C, the middle 1point-, erect a perpen-
dicular. The equation of any curved line of force is cos A+ cos
B~ K where K 1s a constant for any one curve. At A draw radial
lines at 5° intervals extending to the perpendicular through € and
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designate their intersection with this line by their angle with AB.
Next place a straightedge on B and on a point of intersection and
draw that part of the line which lies to the left of the perpendicular
through C. Designate the end of this line by the same number as
at the intersection. Thus a 20° angle at 4 will be designated by
the figure 20 placed near its intersection with the perpendicular,
and the same angle at B will be designated by the figure 20 at the
left end of the line passing through its intersection point.

124. Drawing of curve (sce fig. 14).—For each intersection point
K=2 cos A. By subtracting successive values of cos A from K we
get cos B. Having corresponding values of 4 and B for a single
value of K, obtain lgr interpolation a point on line through A cor-
responding to angle 5. Draw a smooth curve through all %he oints
obtained for a single value of K. It is necessary to draw only the
curve to left of the perpendicular, as that to the right is symmetrical.
Also the halves of tﬁe curve on each side of the axis are symmetrical.

H

TRUE MER/DLAN

Fi6. 15.—Elements of earth’s magmotic field.

126. If, in preparing a table of corres&onding values of 4 and B
K — cos A becomes equal to one, this is the limiting value of angle A
for this particular curve. As intersection points farther from the
axes are selected, A for any part of the curve may exceed 90°. For
this part of the curve cos A is then minus and it is subtracted alge-
braically from X, that is, actually added.

EARTH’'S MAGNETIC FIELD,

126, Variation and dip.—The earth’s field is different in many.
important particulars from that of a bar magnet. While less regular
ang more subject to variations than such a field, it is so vast that
for a limited space thelines of force may be considered as [l)a.rallel
straight lines. At any point the line of force makes an angle with
the horizontal plane known as the dip and des1inated by the letter 7.
The vertical plane through this line, known as the magnetic meridian,
makes an angle with the true meridian, ordinarily called the varia-

63647°—23——3
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tion and designated by the letter D. The plane at right angles to
Eihe mi;gnetic-meridian is called the magnetic prime vertical.” (See
g. 15. :

127. Total force and its components H and V.—The force in the
direction of the earth’s field is usually called the total force and may
be designated by F. Inasmuch as tKe compass needle swings in the
horizontal plane, it is necessary to substitute for F its two com-
Eonents, the horizontal, designated by the letter H, and the vertical,

y the letter V. Hereafter these letters will be used in referring to
these components.

128. H is the only part of the force due to the earth’s magnetic
field that can affect the direction of a magnet freely swinging in the
horizontal plane. V does not affect the direction of the magnet
with regard to the true meridian but tends to draw it out of the
horizontal plane. In the case of the mariner’s compass this ten-
dency is overcome by the liquid, and in the case of the surveyor's
by a shifting counterweight.

129. Magnetic elements D, I, H are obtained from maps.—The
earth’s magnetism is not uniformly distributed, but for most parts
of the earth it is possible to obtain from magnetic maps values of the
magnetic elements D, I, and 1. D is given on all mariners’ charts,
on isogonic charts, and in such publications as Coast Pilots. Maps
giving values of 7 and H are published by various Governments, but,
as theylr] may not be available, Table 1 has been prepared. This

ives the values of I and H for the waters of the United States and
aska and connecting waters for the route from the east to the
west coast via the Panama Canal. The values are (Fiven at a sufficient
number of points so that the values for intermediate points can be
obtained by interpolation.

130. Magnetic pole and magnetic equator.—The magnetic map of
the world shows two places, each in high latitude, where the dip is
90° and H disappears. These are the so-called magnetic poles, though
they are not magnetic poles in the ordinary sense. It also shows a
line extending around the earth where the dip is 0° and V disappears.
This 1s the magnetic equator and lies in the 0genera.l'region of the
geographical equator—nowhere more than 12° from it. There are
several lines wilere the compass points to true north; that is, the
variation is zero. These are called agonic lines. The positions of
these lines change with time.

181. Short period changes in D.—The values of the magnetic
elements are constantly varying. There is a systematic change in
the course of the day, so that in the case of I, for part of the day
the needle points west of its mean position and for part of the day
east. The amount is not usually large enough to affect naviga-
tion, the range being from 5’ to 15/, according to the place and time

- of year, on the coast of the United States. The range may be as
great as 307 in the polar regions. :
182, Magnetic storms.—There are occasional magnetic storms
during which there may be large fluctuations,’amounting to as much
as 307 on either side of the mean, but this departure is usually of
short duration. "It is well to avoid swinging ship to determine
deviation or compensating the compass when its behavior indicetes
the existence of & magnetic storm. Navigators should bear in mind
that magnetic storms are more frequent and more lasting in high
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latitudes and that one of the usual effects is to decrease the normally
small value of H. This decrease may seriously affect the efficiency
of the compass.

133. Long period changes in D.—Perhaps the most important of
the changes 1s the secular change. A chart may have the correct
values for any specified year, but after several years there may be a
considerable change. For this reason only up-to-date charts should
be used. If old charts are used, be sure to correct for change of varia-
tion at the rate given on the chart. It should be borne in mind,
however, that the rate of change can not be safely predicted far in
advance. The variation taken from the chart for getting compass
deviations may be more important than the variation used for the
purpose of navigation, since any error in the deviation affects all
subsequent navigation.

134. Local magnetic disturbances.—There are some places where
the actual values of D, I, and H for a region may differ more or less
from the map values. Such places are said to be locally disturbed.
There are many places where there are differences of the order of
1°.  Thore are l)c’nown to be such places in Chesapeake Bay, especially
one place in the main channel entering the bay near Cape Henry.
There are a number of regions in Alaskan waters where the disturb-
ance is very large and widespread. I‘or example, in Port Snettisham,
Stephens Passage, a difference of 105° in 1) was found in a distance of
one-third mile on the shore and 55° in the same distance on the
water one-quarter mile off shore. For an area of 70 square miles
in Lynn Canal the variation was found to differ from 3° to 20° from.
the normal values for the region as a whole. A local magnetic pole
with a dip of 90° has been found on Douglas Island, near Gastineau
Channel.  New areas of this character are found from time to time.

136, Such abnormal conditions -are usually indicated by consider-
able change in the deviations and by obtaining deviations of marked
difference on the same course in the same general vicinity. - Compen-
sation should not be attempted under such conditions. '

138, Reason for deviation,—Deviation (d) is the amount by which
the ship’s com{mss points to one side or the other of magnetic north.
It is east, or plus, if the compass points east of magnetic north and
west, or minus, if it points west of magnetic north. The cause of the
deviation is the ship’s magnetic ﬁel(i which changes in part with
every change of heading. The deviations of an uncompensated
compass are different with every heading, and at first sight it would
appear to be a hopeless task to reduce all these different values
nearly to zero,

THE SHIP’S MAGNETIC FIELD.

137. Source of ship’s magnetism.—The ship’s magnetic field is
chiefly due to induction in the earth’s field. Most of the ship’s
metal is structural steel, which is intermediate in character between
hard steel and soft iron. (See pars. 117 and 119.) As hard steel
can be readily magnetized only in a strong field, it may remain un-
magnetized in a woak field such as that of the earth. Magnetization
is assisted by vibration so long as the meotal remains in the same
position with regard to the inducing field, though vibration may also
cause loss of magnetism if the metal is placed in some other posi-
tion, especially if in the opposite direction with regard to the field.
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138, Character of ship’s metal with regard to magnetization.—
There is then present in any vessel metal which is not magnetized, but
which may be magnetized if vibration is continued with the vessel
heading ‘in the same direction for a continued period; metal with
retained magnetism due to induction in the earth’s field usually
assisted by vibration of the metal; and metal with induced magnetism
%;1 t(?i(xa) earth’s field which changes in amount with every change of
heading.

189. gTempom,ry magnetism,—The amount of induced magnetism
of the last class is usually about the same in amount for any given
heading and changes only with changes in the earth’s magnetism.
However, as it changes in amount with eévery change of heading of
the ship it has been given the name of temporary magnetism.

140. Subpermanent magnetism.—The retained magnetism does
not change with change of heading nor with change in the earth’s
field. Its amount depends on the extent to which the metal is
magnetized and the circumstances under which the metal has been
in vibration. It can be either increased or decreased in amount.
To convey the idea of independence of the heading and at the same
time the possibility of change of amount, the term subpermanent
magnetism is in general use. )

141. Changes in subpermanent magnetism.—The ordinary chan%es
in subpermanent magnetism follow in the same general sequence for
‘most vessels. A vessel is built heading in a fixed "direction with
regard to magnetic north. The hammering incident to construc-
tion induces a subpermanent field which.is fairly strong. As soon
as the vessel goes Into service it rather quickly loses much of this
subpermanent magnetism. After a certain period the conditions be-
come stabilized and the subpermanent magnetism may remain un-
changed for a considerable period, till some new cause arises to
change it.

142, If the vessel follows in the same course for several days,
the vibration due to the waves and the machinery usually changes
the subpermanent magnetism to such an extent that the deviations
are changed to an important degree. The same thing occurs if & ves-
gel lies under repairs at a dock for some time without change of
heading. Stray electric currents or lightning may induce magnetism
of the subpermanent type which remains after the cause is removed.
In every case the increase of subgermanent magnetism is followed by
a falling off, with a tendency to become stationary.

143, Accordingly this part of the magnetism needs special watch-
fulness. .After periods of rapid chan§e there may come a period
of apparent permanence, suddenly followed by another period
of change which may catch the navigator unawares.

144. Complexity of ship's magnetism.—While the vessel is being
built it heads in a fixed direction while work is being done on its
various members, Most of these are in a fore-and-aft, athwartship,
or vertical position, but there are others at various angles. The
magnetism of the ship as a whole is therefore very complex.

145, If one of the members in an athwartship direction happens
to be nearer the compass than a larger member in a fore-and-aft
direction, it may have a greater effect on the compass, since & small
magnet near by may exert: a force equal to or greater than a large
distant magnet. -Accordingly ‘the ship’s magnetism ‘as it affects
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the  compass can not be represented by considering the ship as
an elongated magnet, with its axis in the fore-and-aft direction.

146. It is necessary, however, to have a simple conception that
will represent the ship’s magnetism as it affects the compass. Sub-

permanent and temporary magnetism
must be considered separately because
the effect of change of heading on the
forces in the ship’s field is different for
each. For simplicity all forces are con-
sidered as acting either in horizontal or
vertical planes, which can be done in
either case by resolving the forces in
these directions. By assuming a sym-
metrical distribution of the magnetic
material of the ship a comparatively
simple representation of its magnetism
can be made. This assumption is so
nearly correct that it meets all of the
requirements of ordinary compensation.
The unconsidered forces due to a lack
of symmetry usually cause deviations
which if small do not require compen-
sation, and if large must be compensated
by special methods.

147. Representation of ship’s magnet-
ism by equivalent magnets.—The ship’s
magnetism in so far as it affects the
force at the compass center may be rep-
resented by the fields of two sets of three
magnets each, one set for subpermanent
and one for temporary magnetism.
(See fig.16.) In each case there are two
horizontal magnets, one in a fore-and-aft
and the other in an athwartship direc-
tion, and a vertical magnet. II;I)I order
to avoid confusion with the other magnets
discussed, these will be referred to as
equivalent magnets, though it should be
understood that the actual fields are
very complex.

‘148. Force at compass center,—The
compass center lies in a veftical plane
which passes through the axis of the
fore-and-aft equivalent magnet and
which is therefore normal to the axis of
the athwartship magnet at its middle

oint. A line of force of the field of the
ore-and-aft magnet therefore passes
through the compass center in a fore-
and-aft direction and alineof thefield of

Fia. 18.—Reprosontation of ship’s mag.
netism b?' equivalent magnots A B, CD,
and vertical magnet at 0.

the athwartship magnot in an athwartship direction. (See par. 110.)
We thus arrive at the simple conception that the force for either sub-
permanent or temporary magnetism can be represented by a line in
a fore-and-aft direction and another in an athwartship direction.
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149, Each line represents the force due to a magnetic field fixed
-in position with regard to the ship. It follows that the compass center
remains in the same position witf}:regard to the equivalent field regard-
less of the heading.

150. Relative positions of equivalent magnets.—The athwartship
equivalent magnet is obviously 90° from the fore-and-aft equivalent
magnet. In the case of temporary magnetism this means that when
the fg?e) of one magnetic field is maximum the other is zero. (See
par. 121, .

151. The axis of the vertical equivalent magnet lies in the fore-
and-aft axis, but usually not at the compass center. There is there-
fore a horizontal component acting in t%e fore-and-aft direction for
both the subpermanent and temporary magnetism. In the case of
the subpermanent magnetism this can at once be combined with the
fore-and-aft force due to the fore-and-aft magnet. In the case of the
temporary magnetism the same thing can be done for any one place,
but it must be treated differently in the compensation if the vessel
is to cover a wide range of latitude.

152. Direction of force due to equivalent magnets.—In order to make
a force diagram it is necessary to designate the direction of the forces.
If the direction of the carth’s field 1s from magnetic south toward

magnetic north and east devia-

= tion is Plus, a force toward the
A bow of the ship at the com-
— e pass center is plus and one
. \ toward the stern:minus. A
+ f(;rce di(i'ected to starboard is
T Direction it resncct foship.  Plus and one to port minus.
Fi1a6. 17.—-Direction of forces with respect to ship (See ﬁg 17.)

163. The reason for designating directions in this way can be seen
by taking the case of the vessel built in a northeasterly direction.
As the induced field is opposite to the inducing field (see par. 121),
the fore-and-aft force is (fi)rected in a westerly direction, is would
give a west or minus deviation, so that the force is minus; the
athwartshipforce is directed to the east and tostarboard. Asthisgives
east deviation, the force is plus. By establishing the direction of the
forces by the direction of the induced field for vessels built in the
other quadrants and then considering them as heading between north
and east, it is found that the rule holds the same for all cases. The
force due to the vertical magnet is designated plus or minus by the
same rule. As the axis of the vertical magnet is usually abaft the
compass, the force is generally minus. *

154. Apparent exception to the rule.—The rule for designating direc-~
tions for the field given in paragraph 152 applies directly to subper-
manent magnetism. In the case of temporary magnetism the rule
applies directly to the force due to the vertical equivalent magnet.
In the case of the horizontal equivalent magnets there is an apparent
_exception to the rule.

165. For a vessel heading northeast the fore-and-aft force is directed
toward the stern, and is tﬁerefore minus by the rule. - The athwart-
ship force is directed to stern, and is therefore plus by the rule; for
a vessel heading southwest the fore-and-aft force is directed toward
the bow, and according to the rule is plus, while the athwartship force
is directed to port, and is therefore minus by the rule. The forces,
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however, are reversed with regard to the ship, and therefore their
signs must be reversed. Accordingly, it is perhaps simpler to disre-
gard the rule in this case and to consider that the forces due to indue-
tion are opposite in direction to the earth’s field, and therefore if the
direction is westward of magnetic north the force is minus and if
eastward it is plus. For opposite courses the amount of the force
at anzaj)oint and its direction with regard to the earth’s field are
identical.

156. Force diagram for subpermanent magnetism.—In figure 18 the
force acting at right angles to the direction of H is:

CP=ABsin Z+BC cos Z.

If AB and BC are given the proper signs, the resultant doviation will
have the proper sign. The point C lies on the circumference of a
circle whose center is A and radius AC. The deviation is zero at the
two points where ABsinZ and B(CcosZ are equal and of opposite
sign and maximum where they are of the same sign.

. (40 — OP
Let AO=II. 'Then tan d= H—AP

As AP can have any value from +A4C to — AC, even if AC is small
compared to H, there will be appreciable differences of deviation on
opposite headings due to subpermanent magnetism. Part of the
function of compensation is to balance AP as well as CP. While
the mecan value of the force in the direction of the magnetic meridian
is H even without compensation, the individual deviations may vary

considerably. _
157. For small values of AP deviation due to subpermanent mag-
netism can be considered to vary inversely as H. CP is balanced

closely, changes in the value of H will not be important; otherwise
they will. This is one of the rcasons why it has been stated (par. 132)
that in high latitudes where H is small reduction of its value during
magnetic storms may be scrious.

1568. All of the three magnets representing subpermanent mag-
netism have been considered, except the vertical field of the vertical
magnet. This is important only in the case of heeling error and will
be discussed under tfm.t subject. :

159. Force due to temporary magnetism.—The force due to the
vertical e%walent magnet at the compass center must be considered
separately because its effect on the compass follows different laws, with
change of heading, from the horizontal equivalent magnet and is more
closely related to the effect of subpermanent magnetism. As stated
in paragraph 153, it usually causes a minus force in & fore-and-aft
direction. As the vessel moves from place to place the force due to
the vertical equivalent magnet varies with the change in V. It is
convenient to speak of the temporary magnetism of the vertical
equivalent magnet as due to induction by V.or V induction. ‘

160. Law of change of deviation due to V induction.—It is then
approximately true from paragraph 159 that for a given heading

tan d = %—=e tan 1, where ¢ is an induction factor which indicates

that the force at any point in the induced field varies directly with
the amount of the inducing force.
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Since deviation due to subpermanent magnetism varies inversely
as H, and that due to V induction as tan I, 1t is clear that the same
method of compensation will not hold for all latitudes.

161. Force diagram for equivalent horizontal magmets.—In para-
graphs 119 to 122 the effect of turning a soft-iron bar in the magnetic

field is given. The fields of the
(o] temgorary equivalent magnets

in the horizontal plane follow
the same laws.

162, The analysis of the field
of the horizontal equivalent
magnets for any heading, as
northeast, indicates that the re-
sultant of a minus fore-and-aft
force and H would give west
deviation. Tigures 10 to 13
give a visible demonstration of
the same fact, as invariably the
lines of force of the resultant
field tend to cross the magnet
rather than to bend in the direc-
tion of itslength. The explana-
tion is that the field of the ath-
wartship equivalent magnet is
the stronger. Knowing this
the force diagram can be pre-
pared.

163. In the force diagram,
F?me 19, all forces are con-
sidered as acting at the com-
pass center. Let AO=H and
AB represent the fore-and-aft
force with ship heading mag-
netic north. For any heading
Z draw a line throu% A, mak-
ing angle Z with A0Q and drop
perpendicular from B to meet
this line in C; then AC is the
fore-and-aft force due to the
fore-and-aft temporary magnet
for heading Z. Through
draw a line parallel to A0 and
v F e menont masmotism. €0 CE Tepresent the athwart-

f6. 18.—Forco disgram—subprrmanont megnot™™:  ship force due to athwartship
equivalent magnet when the ship heads magnetic east.

* "164, From paragraph 162 CE is longer than AD. From E drop a
perpendicular to meet CB, prolonged In D; CD then represents the
athwartship force for heaéing Z. From D drop a perpendicular to
AQ at P; AD is then the resultant of the fore-and-aft and athwart-
ghip forces, Then OD is the resultant of 4D and #. Angle AODis
the deviation, d,sdue to the horizontal temporary magnets.
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PD.
Then tan d"H—PA
PD=CD cos Z— ACsin Z
 =CEcos Zsin Z—ABsin Z cos Z
=1}(CE—AB) sin 27 ~
d accordingly varies approximately as sin 2Z.

o) (o

A

. ¥16. 19.—Force diagrams—~tempory magnetism.

185 Taking a %oint 0’ midway -between A and E’, then 0’'B=
O'E'= 3(CE—-AB). Since in everﬂ case angle BDE’ is a right
angle, D must lie on a semicircle whose diameter is DE’ (since an
arc subtends half its an%le). Then DO'=B0’. Further, since PD =
3(OE— AB) sin 2Z, angle PO'D =2Z,

_Since, therefore, D lies on the circumference of a circle whose
diameter is the difference between AB and CE, it is only necessary to
draw a single line in the magnetic meridian superimposing CE on 4B,
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Then locate O’ and draw the circle and for any value of Z draw 0’D,
making an angle 2Z with the line 0’A.

166. Deviation due to heeling.—So long as the ship remains up-
right and on even keel—that is, so long as the line through the com-
pass center and the axis of the binnacle remains vertical—the forces
that have been discussed are the only ones that cause deviation.

: Departure of the vessel from

J this position may be due to
Y

listing},1 rolling, or pitching,
‘i

" though the latter. is less im-
portant, as the angular de-
parture from the even keel is
small. The case of & perma-
nent list will be considered
{irst.

167. Effect of heeling on six
equivalent magnets.—The
fields of the six magnets will
be considered with reference
to the vertical athwartship

. plane, instead of the horizon-
tal plane. Of course, after
the laws that govern the
forces in this plane have been
developed, it will be neces-
sary to consider their hori-
zontal components, as these
only can act on the compass.
The forc-and-aft line through
the compass center which rep-
resents the force due to the
fore-and-aft magnet moves

y parellel to itself as the shi
P rolls and remains horizontal,
and therefore makes the same
angle with the magnetic me-
ridian. It accordingly causes
no change in the deviation
due to 1t. Further, in the
case of the fore-and-aft tem-
porary magnet there is no in-
duction, because the lines of
force are at 'rith angles to
dV

the inducing fie .

168. The athwartship mag-
net and the vertical magnet
each have a horizontal com-
ponent when the vessel lists,
which causes change in the deviation. For the temporary magnets
the situation with regard to V inductiop is identical with that of
the athwartship and fore-and-aft magnets for H induction, in this
case the vertical magnet taking the place of the fore-and-aft.

_ In Figure 20 there is an athwartship force PC due to subperma-
nent magnetism. By analogy with paragraph 156.

O
B

A

F1a. 20.—Heellng error diagrams.
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PC=AB sin L+ BC cos h.

In Figure 20, by -analogy with paragraph 165, the force due to V'
induction varies. as sin 2h. - S . o

These forces are all in an athwartship direction, and they therefore
cause no deviation on headings east or west, but do on every other
course. ., The deviation is therefore semicircular. - :

In the cases of rolling the force causing deviation changes from
plus.to minus as the vessel rolls, and can therefore cause an oscillation
of the compass that may become very inconvenient. The effect of
pitchlngbon the compass is analogous to that of rolling, but the mag-
nets to be considered are the vertical and fore-and-aft.

PRINCIPLES OF COMPENSATION.

169. Compensation by opposing forces.—In so far as possible the
compensation of the compass is accomplished by opposing the forces
which cause deviation with forces whicﬁ vary by the same laws as the
ship changes heading. Fortes which remain fixed in amount are
opposed by similar forcet  and those which change with heading by
forces changing in the same manner. If the so-called fixed forces
remain ﬁxeﬁ in one locality, but change with locality, an opposin
force is sclected which acts In the same manner. The case of a vesse
upright in position and on even keel will be discussed before the
effect of heeling is taken up. ‘

~170. Compensation by means of fixed forces.—Forces which remain
unchanged with change of ship’s heading are subpermanent magne-
‘tism and V induction. . The latter force varies with change of region,
while the former does not. Those changes in subpermanent magne-
tism (see pars: 141--148) which do not vary according to a fixed law
of coursé can not be compensated and the compensation must be
changed with any change in the forces.

171, Referrin% to paragraphs 30 to 47, the reason why compensa-
tion as described performs its purpose will be shown. On headings
ma%netic north and south and on magnetic east and west the effect
of H induction is zero (see par. 116), and accordingly in each case
the total induction is due to the combined effect of subpermanent
magnetism and Vinduction. These forces being fixed, the respective
components can be balanced by placing the vessel on these headings
and in so far as possible removing the deviation.

172. Effect of compensating magnets,.—With most binnacles groups
of magnets are placed below the compass, so that their combined
effect 18 that of a single magnet whose axis in intersected at its middle
point by the vertical line through the compass center. The force
at the compass center due to such a magnet is represented by a
horizontal line parallel to its axis. (See fig. 8.)

173. The balancing of the force which causes deviation not only
eliminates deviation but removes the force which is added to /7 for -
180° and subtracted for 180°. (See fig. 18). Accordingly compensa®
tion by fixed magnets is beneficial even if only partial, as the de-
viations are more nearly equal on opposite headings.

174. Compensation by magnets ins_uﬂlcient.—Compensation of
both subpermanent magnetism and V induction by magnets alone
will be satisfactory only for the vessel which remains in a restricted
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region. The change in V with change of locality necessarily changes
the deviation. The best practice is therefore to balance the force
due to the induction by means of a Flinders bar, so called from the
name of the first mariner who suggested its use. This is a vertical
soft iron bar so placed with regard to the compass that the horizontal
component of its force at the compass center is equal and opposite
to that due to the ship’s vertical equivalent magnet. It should be
noted that the vertical force at the compass center is increased by
the presence of the Flinders bar, as its field is in the same direction
as that of the ship.

176. Effect of Flinders bar.—The Flinders bar is deseribed in
paragraphs 40-44. It is so placed as to bring the compass center
In the most effective part of its field. The explanation of increased
effect of a longer bar without changing the position of its upper end
is that the compass center is relatively nearer the pole of the bar,
for a longer bar than for a shorter one. Without %iving the laws
that govern the force, this principle may be accepted. ,

176. On a north course the effect of the vertical induction in causing
deviation is small, while it is & maximum on magnetic east or west.
The derivation of the formula for separgting the deviations into two
parts on these headings will now be given. (See par. 47.) :

177. Derivation of formula separating subpermanent magnetism
from V induction.—Let x be the part of the total deviation on mag-
netic east or west due to subpermanent magnetism at the first station
and let H, and H, be the respective values of H at the two selected
stations. Since z varies inversely with H, the corresponding part

of the deviation at the second station will be Fl z. Designate ﬁ‘

2
byk; then we havez and kz to represent subpermanent magnetism. Let
¥, I,, and I, in like manner represent the deviation due to V induction
at the first station, and the 15) at the two stations. Then, since
varies as tan I, the deviation 1}9 to V induction can be representeg
tan . :
by y and &’y where k’=&ﬁ- Then, letting o and b represent
the resi)ective total deviations, a =z +y; b=rkz+k’y. Solving
b—k'a
z =W and y=a—1x.

178. The terms containing x are to be compensated by magnets and
those containing % by the Iflinders bar.

Ezample of separating the deviation.—A vessel covering a wide
range ole)atitude made observations at three widely separated stations.
The third station was included to show the sort of agreement obtained.
In the example, H at the first station is taken as 1.00 and the others
are referred to 1t. It is now the practice to use the actual values of
H as obtained from magnetic maps.

Station 1.—¢ =11°1 H,= 1.00 tan I,=2.56
2—b =173 H,= 1..71tan = .30
3—b = 7°1 H,= 1.49 tan ,=1.92
Stations 1 and 2: ,
k= 058 z=15°3 y= —4°2
= 117 kz= 7°.8 ky=—0°3
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Stations 1 and 3: S L
o k= 067 z=15°2 y=—4°1
= 15 kz= 7°0 Rk'y=-0°1
Such close agreement would not ordinarily be obtained. The
values are given for a composite vessel, the only example available
which gave results for such a wide range of locality.
In tﬁis ‘case it would be obviously difficult to set a Flinders bar
at station 2 or 3, but the data obtained at either station would
make it possible to place it accurhtely elsewhere.

F10. 21.—Eflect of sphores in compensation.

179. How the spheres compensate the effect of H induotion.—It will
be demonstrated that the spheres correct the deviation duc to the
horizontal temporary magnets by causing a force at the compass.
center which varies as sin 2Z.. ‘ o Co

As the spheres are set so that the line joining them is in the mag-
netic prime vertical when the ship heads in the magnetic meridian,
the angle Z corresponding to ship’s head measured from the magnetic
meridian is the angle which the line joining the spheres makes with
the magnetic prime vertical.
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180. It is necessary to accept certain principles of physics to give
the demonstration briefly. The magnetism of a sphere is equivalent
to that of a small magnet at its center whose Eoles are very close
together. It can beshown that at any point P (fig. 21) in the field of
a small magnet there is a radial force and a tangential force.?” The
line PO, where O is a EOint midway between the poles of the magnet,
makes an angle with the axis of the magnet. In the case of thesphere
we are considering the angle Z measured at the center from a line at
right angles to the axis of the magnet. The radial force is 2MsmZ) M;m 28

along OP, and the tangential force is -ch%s——z- at right angles to OP,
In this case the point P is the center of the compass, and as the
distance from the center of the compass to the center of the sphere is
fixed, OP=r, is constant. It is unnecessary to define M, which re-
mains unchanged. The forces, therefore, vary only as sin Z and’cos
Z as the case may be.

Wae are concerned only with the components of these forces at right

angles to the magnetic meridian. Their sum is g7—-:,71—/[sin ZcosZ+ - €08

Z sin 2=32 sin 22. :

181. We then have a force varying as sin 2Z, which if not balanced
would cause a deviation. The expression for deviation would then
be approximately d=—%—8_l_n—j}é- (Disregarding the N-S component
of the induction due to the sphere, which is small compared to H and
to PB.) Note that H— AP and not H represents the inducing field
which acts on the sphere. It is evident that by placing spheres at a
propésr distance the quadrantal deviation on the ship can be compen-
sated.

182. The position of the compass center with regard to the second
sphere is diametrically oﬁposite and it 18 the same distance from the
center as for the first sphere. The direction of the field is therefore
exactly the same. The two spheres act together, and therefore
smaller spheres can be used than if there were only one. (See fig. 21.)

183. Compensation of heeling error.—Compensation of heeling
error can be only approximately correct. There is no way of deter-
mining the correct position of the vertical compensating magnet which
corresponds to the methods that have previously been described.
Further, there is no way of separating the parts dus to subpermanent
magnetism and those due to temporary magnetism. Compensation
is made by the fixed magnet; accordingly, while the force at the
compass center due to the fixed magnet can balance the force due to
subpermanent magnetism when the vessel heels, it can not balance
the force due to éginduction, gince it does not vary by the same law.
Fortunately angles of list or roll are usually moderate. If, therefore,
the compensation is reasonably close, there will be no appreciable
heeling error. ) i - ,

184, Compensation for heeling error can be made by two methods:
The first, that described in paragraph 38, is based on.the effect due

sSee J. A. Thomson’s Eloments of Elecv.riélty and Magnetism.
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to the rolling of the vessel mentioned in paragraph 168. Another
method is by the use of the heeling adjuster. This instrument, though
not always available, provides a means of making compensation when
the vessel is at rest, under which condition compensation is more
satisfactory than when the vessel is rolling freely. The heeling ad-
juster is a weighted dip needle whose weight can be shifted in posi-
tion, just as is done in kqe(aipmg the land surveyor’s com£ass needle
horizontal There is provided a scale for showing the distances of
the weight from the point of suspension of the needle; the instrument
must be taken ashore, set up and leveled carefully, and placed in the
magnetic meridian by means of a horizontal magnetic needle. The
ne:%.le of the heeling adjuster is made horizontal by sliding the small
-adjusting weight to the proper position. The weight is then moved
to a position where the reading of the scale is eight-tenths of the
reading thus obtained. Next place the heeling adjuster in the bin-
nacle with the compass removed, setting it in the magnetic meridian,
which after the otﬁer compensation should correspond to compass
north. Move the vertical magnet up or down until the needle is
horizontal. The magnet- should be secured in this position. Some
publications advise that the magnet be lowered 2 inches after the
above position has been determined on account of the interaction
between the correctors. This is a matter that can better be deter-
mined in individual cases by observing the effectiveness of the com-
pensation by the heeling adjuster method at the first opportunity
when the vessel is rolling at sea. ‘

REDUCTION OF DIRECTIVE FORCE.

185, Reduction. of directive force.—It has been stated (par. 113)
that a freely swinging magnet comes to rest in the direction of a force
of fixed amount and %iréction‘. If it is disturbed from this position of
rest, the restoring force may be said to vary with the force acting
when the magnet 1s at rest: It is therefore important that the latter
force, which may be called the directive force, is as large as possible.

186, The compass needle is not simply a device which points in a
given direction, but its purpose is to establish the course of a moving
vessel, and good performance under working conditions is of the high-
est importance.: The motion of the vessel tends to swing the needle
from its correct pointing and to make the'compass card oscillate. To
prevent too free oscillation, a liquid is used which has a damping
effect. If there is insufficient directive force, the needle will return
very slowly to its proper pointing and a new impulse may send it off
again before it has had time to settle. Under such condition steerin
may be very difficult, and accurate steering, so essential with higﬁ
speed, becomes impossible.

187, Referring to Figure 18, it isseen that AP is added to H through
180° and subtracted for the remaining headings. The mean value
of AP for all headings is zero, and compensation tends to make it
zero on all headings. In Figure 19 AP represents the force due to
the ship’s temporary field in the direction opposite to the earth’s field.
This is never zero and varies between AB and CE. The compensa-
tion does not affect this, since the magnetic field affecting the spheres
is the same as for the compass.
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188, Various values of directive force.—In ordinary cases the mean
value of the directive force is about eight-tenths H. Under such con-
ditions the compass performance is satisfactory.

189. There are cases where the directive forces become as low as
0.15H. This occurs in conning towers and submarines. As thisis a
naval problem, it will simply be stated that this condition is due to
shielding. In the interior of an iron or steel box the lines of force
generally follow the sides of the box and there are comparatively few
mside. Accordingly, the forces available for directing a compass in
such-a position are small. It might be asked, Why, if shielding is
possible, the disturbing forces can not be kept from the compass by
shielding? This is in part possible, but only by reducing the directive
forces so that there is no gain. ,

UNCOMPENSATED DEVIATION.

190. If deviations are observed on various equidistant headings
around the circle, it will be found that in general the mean compass
error (difference between compass north and true north) will not be
equal to the magnetic variation as given ol the chart. This differ-
ence, which usually does not exceed a degree, can not be compensated.
It is due to various causes. It may be shown that a certain unsym-
metrical arrangement of soft iron near the compass can produce con-
stant deviation. The occurrence of this distribution of material is
not likely, and the difference is usually attributed to small errors in
the compass or binnacle, errors in the azimuth circle or pelorus, lack of
exact knowledge of the variation, and accumulated errors in steerin
or observation. If this error exceeds a degree, the compass ang
azimuth circle should be inspected. This uncompensated deviation
is represented by factor A in compass analysis. (See par. 192.)

191, If soft iron is unsymmetrically placed with reference to the
fore-and-aft vertical plane through the compass, the direction of the
induction by H when the ship ﬁeads north may be slightly out of
the magnetic meridian, or, to express it differently, the magnetic axis
of the ship makes a slight angle with the fore-and-aft line. In this
case there is a small quadrantal deviation which may be shown to
vary as cos 2Z. This is rarely compensated for. It is possible to
compensate by placing the spheres so that a line joining them makes
an angle with tfll)e athwartship line, but no provision is made for this
on most binnacles. This uncompensated deviation is factor £ men-
tioned in next paragraph. '
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ANALYSIS OF COMPASS DEVIATIONS

[Steamer Surveyor. date,

April 19, 1910.]
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Deviation. (1)

Deviation. (2)

%hl;gs %m%'s 3)
ead. 08 .
Right Left Right. Lott. W+
rudder. | rudder. | Mesn. rudder. | rudder. Mean.
? ’ !
0 e, -93 | 180 +74 |a| —19
W[ —67 | 185 +85 | b +18
30 |Lllniii —59 | 210 +86 | ¢ 4
& |l ~18 | 25 +53 [d| 435
80 |l +8 | 240 +58 | ¢ +08
75 (ol 427 | 255 I3 |7 it
90 [l +11 | 270 =10 || -
105 | +25 | 285 -7 50
120 [ +43 | 300 —106 | i s
186 |l +64 | 315 —12¢ | & -7
180 | +71 | 0 <108 |1 -y
185 foooeioiiifiiiiiiil, +77 346 =117 [m -40
4) (%) (9) () (8) )]
1H-(2) (4)X(6) (4)X(6) | From (3) (7)X(8) (7)X(9)
, . ’ ] 1 ' '
—167 | 0.000 0] 1000 | —167 | a—yg
—is2 269 -39 988 | —147 +40 | o0.000 o | 1000 +40
- g5 & Sy B " 500
i : z . - + . 34 .886 59
+ : + : + + 808 61 .500
+81 | 1000 +81 000 0| dk + +30
+100 . 968 +97 —. 250 -2 +105 1.000 +105 000 [
140 866 | 4120 | —.500 —74 | e=1
+178 07 | 4128 | —707 | —128 | 103 . 886 +89 | —.500 —52
+179 1500 +00 | —.806 | —155 | f—m
+194 1259 +50 | —088 | 187 +81 800 +18 | —.808 -
12B | 4445 12¢ | —1040 12D | 4205 12E +60
B +a7 o —87 D +30 3 +4

N. B.—When observations are mado on only 8 points the divisors myst be changed from 13 to 4.
53547°—23——
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Analysis of compass deviations.
o COMPARISON OF OBSERVED AND COMPUTED DEVIATIONS.
(Deviation=A +B sin Z+ Ccos Z+Dsin2Z+Ecos2 Z.)

Z is the compass azimuth of the ship’s hesding, counting from north around by oeast, south, and west to 360°.

—10 +37 —87 +30 +4 Doviation. Cc-0
Ship’s
head, \
A BsinZ | CcosZ |Dsin2Z|Ecos2Z| Comp’d | Obs’d v v
’ ’ ’ ’ 1] ’ I
0 —10 0 —~87 0 +4 -3 -93

16 —10 +10 -84 +15 +3 —66 —~67 +? (1]
30 —10 +18 —75 -+20 +2 -39 ~59 +20 400
45 —10 +2% —62 +30 0 —18 ~18 +2 4
60 -10 +32 —44 +28 -2 +-2 +8 —6 36
76 —-10 +36 —23 +15 -3 +15 427 —-12 144
90 —10 +37 0 0 —4 +23 +11 +12 144
105 —10 +36 +23 15 -3 +31 +25 +6 36
120 —10 +32 444 —26 -2 +38 +43 -5 %
135 —10 +28 +62 —30 Q 448 +54 ~6 36
156 -10 +18 +75 —-26 +2 +50 +71 —12 144
185 —10 +10 +84 -15 +3 +7 +77 -6 25
180 —10 0 +87 0 +4 +81 +74 +7 40
195 —10 —10 +84 +15 +3 +82 +85 -3 9
210 —10 —18 +75 +28 +2 +75 +55 +20 400
225 -10 —26 +62 +30 0 +50 +53 +3 9
240 -10 —32 +44 +26 -2 +20 +58 —32 | 1,04
255 —10 —:l(; +23 +15 -3 ~11 —~36 +25 625
2i0 —10 —37 Q0 0 —4 -5l —0 +19 361
?85 —10 —36 -3 —15 -3 —87 ~75 —-12 144
300 -10 —32 —44 —26 -2 —114 —106 -8 | 04
3156 —10 -2 —02 —30 0 —128 —124 -4 18
330 -10 —18 —76 —20 +2 —127 —~108 —19 361
345 —10 —-10 -84 —15 +3 ~—116 —117 +1 1
Zu 4,058

Probable crror of single observation:

For 24 points, 7= 40.151 4/2 ppem 10,
For 8 points, ree £0.337 /Zy3m + ......

N. B.—The values ofsin Z cos Z, sin 2 Z, and cos 2 Z may be obtained from columns (5), (8), (8), and
(9), baving regard to change of sign with change of quadrant.

192. Method of analysis of deviations.—The method of analysis of
deviations obtained by swinging slgp is shown in examples. The
uncompensated deviations A and E have been described in para-

aphs 190 and 191, respectively. These are usuallg small. If 4 is
ﬁ:rge, the azimuth circle should at once be tested. If this is correct,
further effort should be madc to find the reason for the large value
of A.

193. Other factors B, C, and D have a different relation to com-
pensation. They are the means of the deviations of certain headings
and are not forces, but for the purposes of the analysis may be
considered as representating forces. While compensation is accu-
rate enough for all needs of navigation, it is not exact. The addi-
tional computation required for getting the exact cocflicients to
replace B, €, and D, which are given in some publications, is not
considered necessary.

194. B, before compensation, represents the fore-and-aft force due
to subpermanent magnetism and ¥ induction combined. After
compensation it represents the difference between this force and
that introduced by the fore-and-aft magnet and Flinders bar, if

used.
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195. C,inlike manner before compensation, represents the athwart-
ship force due to subpermanent magnetism. After compensation it
represents the difference between this force and that introduced by
the athwartship magnet.

196. D, before compensation, represents the forces designated by
the expression 3(CE-AB), or one-half the difference between the
forces Eue to H induction when the vessel is heading east and that
when heading north.  (See par. 165.)

197. B is approximately the deviation on magnetic east or mag-
netic west with the sign reversed, C is approximately the deviation
on magnetic north or that on magnetic south with the sign reversed,
and D1s approximately one-half of the sum of deviations on northeast
and southcast.

198. It is desirable to work out the probable error as given in the
form. If large, lack of care in making observations is indicated.

199. Principles of analysis of the deviation.—If deviations are
obtained without any compensating magnets in place at intervals,
tho history of changes in the ship’s magnetism can be followed.
Changes in B and C %ring out variations in the ship’s subpermanent
magnetism, both in actual and relative amounts. Changes in D
should ordinarily not be large. Determinations of D are of value in
detecting subpermanent magnetism in the spheres, which can be
removed as described in paragraph 75.

200. After compensating, the analysis 1s of value in indicating tho
relative effectiveness of the different parts of the compensation.” In
attempting to keep the deviations within a small amount is is essen-
tial to know wlether any part of the compensation is less effective
than it should be. After analysis has been made the preparation of
8 deviation table is easy, whether by computation or by graphic
methods.

201. The navigator can demonstrate his efliciency by keeping his
compass deviations to the smallest possible value as a foundation for
his work in navigation. His compass work should, therefore, be a
matter of permanent record. Tests of compasses, azimuth circles,
and positions of compensating magnets should be carefully recorded.
Unusual occurrences, such as stray currents, effeet of lightning, ete.,
should be entered in the compass record as well as in the ship’s log.
The keeping of such careful records will prove an incentive to the
maintenance of a proper standard of proficiency.
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TasLe 1.— Magnetic dip and horizontal intensity for 1928.

Places for which values
are given.
No. Nearoest port or geographical feature. I it
Latitude. |Longitude.
° N. °W. °

1 45 67 Eastport, Me...o..oooiiiiiii i et 74,6 0.155

2 44 69 Rockland, Me.. ... ..ottt iirieeeaaeae 74,1 .158

3 43 70 Portland, Me...c.oooiiniiiiiiiiiiiiii it i 73.6 .163

4 42 71 Boston, Mass. ..couriiie i aiiiiiivriraanan 73.1 169

5 41 70 Nanticket, Mass. . ... 72.2 .176

6 41 74 New York, N. Y. o.ioiiiiiiiiiiiiiiiieiiiiiieane oee 72.4 175

7 39 75 Cape May, N T iieiiee vees 1.0 .188

8 37 76 Capo Henry, Vo, oiuoe et eiie i iieae 69. 4 . 201

9 35 75 Ca})e Hatterag, N. C.oovininiieiiie i iieas 67.60 211
10 34 78 WHLIHIDEZEON, Nu Cuerrrnnvnvnnnreneannananrananinesins 66.7 .221
11 32 81 BAVANNAN, (8. oo iiieieenereinieienaanainns 64.6 237
12 30 81 gt. Augnsiine, Fla... ... .. o LI 62.8] loar
13 27 80 Palm Beach, Fla.......o 000 60.0 L9263
14 24 82 Key West Fla.. ..ol 86. 1 .278
15 28 83 Tomps, Fla......... 60. 4 261
16 20 89 Port Eads, La....... 60.3 2067
17 29 95 Galveston, Tex.... 50.3 272
18 28 97 Port Aransas, Tex. 57.7 .279
19 26 97 Brownsville, TOX..cooeemn vt 55.3 .280

Caribbean Sea and Gulf of Mezico.
20 22 85 Cape Ban Antonlo, Cubg...c...ooevieiiiiiiiianinenannn 53.5 .201
21 18 83 Swan Island... 48,5 .303
22 14 80 Roncador Ban 43.0 .308
23 10 80 Colon, Panama. . 36.0 .317
24 18 77 Kingston, JAmMAIC ..ot ieeiie e eeeeenans 50.0 .204
25 18 75 NAVAISE TOIANA. oo nninernsoneninoeren s s nenenn 50.4 | .202
206 24 76 San 8alvador, Bahama, Islands..........ccoovieneannts 57.2 .270
27 18 68 Mayaguez, P. R ... . .oiiiiiiiiiiiiiiiiiiiiieieaes 51.0 .281
28 18 65 8t. Thomas, Virgin Islands...........oviiiieniinanannes 51.5 .21
, Pacific Ocean.
20 7 80 Puercos Point, PABGMSB. cavtrtieeieeie e 33.0 . 320
30 11 86 SanJuandel Sur,CostaRica......................l 37.0 .326
31 14 01 SanJosede Guatemala. ...l 40.0 .3
32 17 100 Acapuleo, Mexde0....oiviiiieiiiiiniiii i 42.5 .324
33 19 105 Manzanillo, MeXiCo. . ... venrnrensmnsmreenemnscnaanns 4.8 30
34 25 112 Magdalena, MeXiCO....cveeeueooniiineineiiirannaeeenes 51.0 . 300
36 33 118 8an Diego, Callf. . .coniiiiiriiiii i 58.5 .270
36 34 119 Log Angoeles, Callf. . ..ocoviiniiiiiinririnreaeeainnenns 59.3 . 205
37 35 121 8t. Luis Obfspo, Calif.._. 1 .0 1l Il 5.9 .20
38 37 122 Banta Cruz, Callf. . ...cieiiieiimaneiiiiiiannnas 61.5 352
39 38 123 S8an Franelsco, Calif. . oo ovvi v 62.0 .248
0 30 124 Point Arena, Calif. ... 1011 0Ll 02.7 | .24
41 40 124 Point De);zaéo, Calif. ot 63.6 .238
42 41 124 Euroka, Callf. . ...oveeieiiiiii i 64. 4 .233
43 43 125 Cape Bfnnco, [0 S 05,8 .225
44 45 124 NeWPOrt, OTOf. «cvvneennrrrieiiamreiererancaeeanns ..l e1.8 .213
45 46 124 Astoria, Oreg.......... 68.61 .200
46 47 124 Grays Harhor, Wash. .. .. 6.6 .19
47 48 125 Cape Flattery, Wash...... 70.2 . 194
48 48 123 Port Townsend, Wash....... 70.6 .190
49 47 122 Seattle, Wash, ............ 70.0 .198
50 4 123 Bellingham, Wash...... . 12000 DUl mea| iss
(Outside route) Cape Flattery (47) to Cross Sound (65).
51 50 128 NootkaTsland, B.C....ivminrivieennisueneinaneneeonens 71.2 .187
52 54 134 Port Lewis, Queen Charlotte Islands, B. C. .. 72.6 .170
53 55 134 Quadra Island, Alaske,.....ceeceeeenennntn 73.3 .165
54 57 135 Bitka, Alaska......cooiveeinniieanns .| 745 .186
55 58 137 Cross Sound, Alaska..........oociieiiiiieiiieaeieenn 74.7 .162
(Inside passage) Bellingham (602 to Cross Sound (66)
and Skagway (64).

56 50 125 Cape 1,820, BuCunttinnniiineeiaaeaseciierrnnnanencs 71.9 .183
57 51 128 Egg Island, Quoen Charlotte Sound, B. C 1200 am
58 53 128 Swanson Bay, B.C...................o.l 73.1 . 160
50 54 131 Prinee Rupert, B.C......... 0. 73.2]  .167
60 56 131 Ketchikan, Alaska............ooeneen 73.9 .181
61 56 132 Wrangell, Alagka................... 74.4 .168
62 57 133 Cleveland Passage, Alaska ... ...... 74.9| L1651
63 58 134 Juneat, Alaska........ooeiiieieiies .| 176.4 . 147
64 59 135 Bkagway, Alaska. ... ..ooivieiiiieiieiaiiiniiciceent 75.8 .143
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TaBLE 1.— Magnetic dip and horizontal intensity for 1925—Continued.
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Places for which values
are given.
No. L Noarest port or geographical feature. 4 H
Latitude. | Longitude.
° N, ° W, °
Cross Sound (55) to Unimak Pass (69).
65 59 140 Yakutot, Alaskae.ee.ooeeneeioiiiiiiiiiiiiiiian.. 74.9 0.151
66 61 146 Cordova, AlaSKB.e.eueirerrueiiieietiiiaeiaiiiiiananees 76.2 .147
67 61 151 Anchorage, Alask........cooiieiiiiiiiii i 74.2 .154
a8 58 156 Kotmal, AlaSK8. e ueueeriiiieneriiiiiiiiiiiiiiianaas 70.9 .77
69 54 165 Unimak Pasg, Alaska.....ooovoeiiiiiioiiiiiiieennns 66, 8 .203
Unimak Pass lo Arctic.
70 59 163 Kuskokwim, Alaskf...ooereineenioiieaeioiinrenians 70.8 177
7L G4 166 Nome, AlaSKR. . cvierieennereeroniaenrecccercenncanaens 74.3 +151
72 66 170 East Gapo, SIDOTIoon.nneneonsnesnenernsmaresaaaaaenns 75.7|  .142
73 68 167 Polnt Hope, AlagKa. covuviiieiieiinieninanneceerannens 77.4 J125
74 72 150 Point Barrow, AIGSKR. ceeuveeenierreiiiuianrrnacane.onas 81.0 .090
75 70 140 Demarcation i’olnt, P28 1) < S T 81.7 .084
Aleution Islands.
N E .
76 52 177 Kiska Island. .c.ovoveereeirrenarnaeiienieierianaanannas 63.5 .221
77 53 173 AttuIslangd...o..ooieiioiiiiie e 63.8 .210

TABLE 2.—Period of oscillation for magnetic moment test of compass.

[73-inch Navy standard compass, standard mixture. Temporatures, Fabrenheit; H oxprossed in C. G. 8.

units.)
.100 .150 .200 .260 . 800 .350
2 s 3. 8. L) 3.
87 20 24 20 18 16
34 26 21 18 16 u
31 24 19 16 14 13
29 22 18 15 13 12
27 20 16 14 12 11
25 18 15 13 12 11
23 17 14 12 1 10
T




