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s CHAPTER | T

ln'troduction B .

DEFINING AIR NAVIGATION

The word navigutor comes from two Latin
words, navis, meaning ship, and agere, meaning
to direct or move. Navigation is defined as the
process of directing the movement of a craft from
one place to another. The craft may be in its
broadest sense any object requiring direction or
capahle of being directed. Unlike-sea or naval
navigation, air navigation involves movement
above the surface of the earth within or beyord
the atmosphere. Air navigation, then, can be de-

- fined as “the process of determining the geographi-

cal position and of maintaining the desired direc-
tion of an aircraft relative to the surface of the
earth.” Other terms, “avigation” dnd “aerial
navig_ation” ‘have fallen into disuse in favor of
the term, “air navigation.” Certain unique condi-
tions are encountered in air navigation that have a
special impact on the. navigator.

e Need for continued motion. A ship or land

yehicle can stop and resolve any uncertainty of
motion or await more favorable -conditions - if
necessary. Except to a hmlted extent, most’ air-
craft must I-2ep going. :

e Limited en rance. Most alrcraft can remain
aloft for only a relatively short time, usually a
matter of hours. '

o Greater speed. Navngatlon of high. speed au'-»'
craft requires detailed flight planning and naviga- -
tion methods and procedures that can be accom-

plished quickly and accurately.

o Effect of weather. Visibility affects the availa-
bility of Jandmarks: The wind has a more diréct
effect upon the position of aircraft than upon that
of ships or land vehicles. Changes of atmospheric
pressure and temperature affect the height meas-
ureinent of aircraft using barometric altimeters.

Some form of navigation has been used ever

since man has ventured from his immediate sur-

roundings with a definite destination in mind.
Exactly how the earliest navigators found their

" way must remain to some €xtent a matter of con-

jecture but some of their methods are known. For
example, the Phoenicians and Greeks were the
first t6 navigate far from land and to sail at night.

. They made primitive charts and used a crude form

of dead reckoning. They used obsetvations of the

. sun and the North Star, or pole star, to determine

direction. Early explorers were aided by the in-
vention Jf the astrolabe (see figure 1-1), but it was
not until the 1700’s that an accurate chronometer
(timepiece) and the sextant were invented making
it possib'le for navigators to know exactly where
they were, even when far from land.

Any purposeful movement in the universe ulti-
mately involves an intention to proceed to a
definite point, Navigation is the business of ‘pro-
ceeding in such a manner as to arrive at that point.
To do this safely is an art. Navigation is con-
sidered both an art and a science. Science is in-

volved in the development of instruments and
methods of navigation as well as in the computa-

tions involved. ‘The skillful use of navigational in-
struments and the interpretation of available data
may be considered an art. This combination has
led some to refer tc navigation as a “scientific
arts

As mstruments and other navxgat:onal aids have
become.more. complicated,.an. increasing propor- -
. tion of the development has been shifted from the

practicing navigator to the -navigational. scientist
who aids in drawing together- the applications of
principles from such sciences as astronomy, cartog-
raphy, electronics, geodesy, mathematics, mete-

orology, oceanagraphy, and physics. Such applica- -

RE]



Figure 1-1. The Ancient Astrolabe -

‘tions aid in 'ex;p'laining navigational phenomena

and in developing improvements in - speed, ac-
curacy, or routine actions in practicing the “scien-
tific art” of navigation.

The beginning navigator largely practices the:

science of navigation; that is, he gathers data and
uses it to solve the navigation problem in a more or
less mechanical manner. Tt is not until after many

hours of flying that the navigator begins to realize:

that his total.role involves an integration based cut
judgment. The navigator builds uccuracy and re-
liability into his performance by judgment based
upon experience. The military navigator -is an
indispensable part of many qffensive and defensive
missions. He must be able to plan a mission
covering every eventuality; inflight, he must be able
to evaluate the past and current progress of the

“aircraft and to derive a correct conclusion for the

remainder of the mission. High speed navigation

_demands that he have the ability to anticipate

Q
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changes in flight conditions—to think ahead: of
the aircraft—and to make the correct decision

immediately on the basis of anticipated changes.

)
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AIR NAVIGATION PROBLEM

- The problem of air navigation is, primarily, to
determine the direction necessary to accomplish
the intended flight, to locate positions, and to
measure distance and time as means to that end.

- When navigation is performed without “aids,”
that is, without obtaining or deducing position in-

‘formation from special equipment specifically de-

signed to provide only momentary knowledge of
position, the basic method of navigation, “dead
reckoning,” is‘used. ‘
Dead reckoning is the determination of position
by advancing a previous position, using only direc-
tion and speed data. The navigator does this by
applying, to the last well-determined position, a
_vector or a series of consecutive vectors represent-
ing the magnitude and direction of movement that
has been made since the previous -position. The
new position obtained is for a specific time and is

_essentially a predicted or theoretical position. The

navigator assumes that he can use direction and



speed data oreviously determined with reasonable -

accuracy to obtain a future position.

The most important elements in the plotting of
a dead-reckoning position are elapsed time, direc-

tion, distance, and speed. Knowing these and his
starting point, a navigator can plot his approximate
position, which in turn, can serve as a-base for a
subsequent course change.

- When the function of air navigation is per-
formed with ‘“aids” to navigation, the navigator
can provide a new and separate base or starting
point from which to use dead reckoning pro-
cedures. When @n aid to navigation provides the
navigator with a position or fix, any cumulative
errors in previous dead-reckoning zlements are
. cancelled. In effect, the navigator can restart the
mission, as far as the future is concerned, from
each new fix or accurate position determmed by
the use of aids.

An adjective is often used with the word,
“navigation,”
method being used, such as dead reckoning naviga-

tion, celestial navigation, radar navigation, pres-

sure pattern navigation, doppler navxgatlon grid
navigation, inertial navigation, etc.

SOURCES OF NAVIGATION INFORMATION -

In addition to this manual, several other sources
provide complete or partial references to all meth-

ods and techniques of navigation. Some of these .

are:

e U. S. Navy Oceanographlc Oﬂice, Air Navzga-
tion, H.O. Pub 216, THisis a “general reference
- book for air navigators.

e U. S. Navy Oceanographic . Of’ﬁce American

Practical Navigator, qudltch H. O. Pub 9. An .
" epitome of navigation, this text provides a com- -

pendium of navigational material. Although .de-
~signed primarily for the marine navigator, it has
valuable application for the air-navigator. v

o United States Naval Institute, Mavigation and
Piloting, Dutton. This is a teaching text for -the

‘elements of marine navigation.

e Air Training Command, Navigation for leots .
ATCM 51-7. This manual explams the basic

to indicate the type or -primary

.

principles and procedures of air navigation used
by pilots and information on the navigation sxs-
tems used by other crew members of multl-place
aircraft. »

e U. S. Air Force, Navigator Refresher Course,
AFP 60-1-1, 60-2, and 60-3. This is a pro-
grammed text and ground mission primarily used
for navigators requiring annual refresher training.
o USAF, Air Training Command, The Navigator,
USAFRP 50-3, published three times per year by

. ATC. This magazine contains a variety of articles

from world-wide sources that relate to navigation
and which advance new and different means for
accomplishing techniques of navigation. .

The . following United States Observatory and
1.S. Navy Oceanographic Office publlcat(ons are
also prescribed. for Air Force use:

e Air Aimanac

e American Ephemeris and Nautlcal Almanac

e H.O. Pub 9 (Part II), “fIseful Tables for the
American Practica! Navigator”

e H.O. Pub 211, “Dead Reckomng Altitude and
Azimuth Tables”

e H.O..Pub 249, “Sight Reductlon Tables for Air
Navigation”

The Department of Defense (DOD) Catalog of
Aeronautical Charts and Flight Publications, pub-
lished by the Defense Mapping Agency (DMA}.
contains . information on the basis of issue and
procedures for réquisitioning these publications.
The use of the Air Alinanac and H.O. 249 Tables

“is discussed in Getail later in this manual.

SUMMARY e

_ Some form of navigation has been accomplished
since the ancient Greeks and Phoenicians begin
sailing far from land. The problems of air naviza--
tion and the navigator today are far different from

-those experienced by these-ancient mariners. With .

the advent of newer and higher speed aircraft, the
navigator must be able to quickly and accurately
make decisions which directly affect the safety of .

‘the aircraft and the crew. Using proven techniques

and modern aids, the navigatcr practices a scien-
tific art.

"1-3
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CH'AP.TER 2

Earth and Its Coordinates

INTRODUCTION

Basic to the study of navigation is an under-
standing of certain terms which could be called the
dimensions of navigation. These so-called dimen-
sions of position, direction, dlstance and time are
bavc references usec by the air naVIgator A’clear
unaerstandmg of these dlmen"xons as ‘they relate
‘to nav:gatlon is necessary to provide-the navigator
with a means of expressing y and accomplnshmg the
practical aspects of air navigation. These ‘terms
are defined as follows:

e Position is a point defined by stated or lmphed
coordmates Though frequently qualified by such
adjectives as “‘estimated,” “dead reckoning,” “no
wind,” and so forth, the word “‘position” always

refers to some place that can be identified. Tt is
‘obvious that a navigator must know his position -

before he can direct the aircraft to another position
or in another direction. - :
e Direction is the position of one pomt in space

relative to another without reference to the dis- -

tance between them. Direction is not in itself an
angle, but it is often measured in terms of its

angular distance from a reference direction.
o Distarice is the spatial separation between two

" points and is measured by the length of aline
joining them. On a plane surface, this is-a simple -

problem. However, consider distance on a spherg;
where the separation between points may be ex-
pressed as a variety of curves. It is essential that
the navigator decide exactly “how” the distance
is to be measured. - The length of the line, once
the path or direction of the line has been deter-

mined, can be expressed in various units; eg,

miles, yards, and so forth.

_ e Time is defined in many ways, but those deﬁm-

tlops used in: navngatlon consi§t tainly of two:

e

"(1) the hour of the day and (2) an elapsed
interval.
The methods of expressing posmon direction,

"distance, and time are cove;ed fully in app-opriate ’

chapters. It is desirdble at this time to emphasize

the* these terms, and others similar to them, repre-
sent definite quantities or conditions which may
be measured in several different ways. For ex-
ample, the position of an aircraft may be expressed
in coordinates such as .at certain latitude’ and
longitude. The position, may also be expressed as

.bemg 10 miles south of a certain city. The study

of navigation demarnds that the navigator learn how
to measure quantlfles such as those just defined and

‘how to appIy the units by Whlch they are expressed.

EARTH'’S SIZE AND SHAPE

For most "n'avigat_ional purposes, the earth is
assumed to be a perfect sphere, although in
reality it is not. Inspection of the earth’s crust

. reveals that -there is a height variation of approxi-
-mately 12 miles from the top of the tallest moun-
" tain to the bottom of the deepest point in the ocean.

Smaller variations in the surface (vﬁlléys,—mhﬁ_:
tains, oceans, etc.) cause an irregular appearance.
Measured at the equator, the earth is approxi-

“rately 6,887.91 nauticai miles in diameter, while -

the polar Jiameter is approx1mately_6 864. 57 nau- |
tical miles. The difference in these diameters is

23.34 nautical miles,. and this difference may be )

uscd to express the ellipticity of the earth. It is

- sometimes expressed as a ratio between the differ-

ence and the equatorial diameter: = )
2234 . -1
6,887.91 — 295
Since the equatorial diameter exceeds the polar
diameter by only 1 part.in 295, the earth is very

Elllpthlty =

21



nearly spherical. A symmetrical body having the
same dimensions as the earth, but with a smooth
surface, is called an oblate spheroid. :

In figure 2-1, Pn, E, Ps, and W represent the
surface of the earth, and Pn-Ps represents the axis
of rotation. The earth rotates from W to E. ‘All
points in the hemisphere Pn, W; Ps approach the
reader, while those in the opposite hemisphere re-
cede from him. The circumference W-E 'is called
the equator, which is defined as that imaginary
circle on the surface of the earth whose plane
passes thirough the center of the earth and is per-
pendicular to the axis of rotation.

Great Circles and Small Circles

A great circle is defined as a circle on the surface
of a sphere whose center and. radius are those of
the sphere itself. Tt is the largest circle that can be
drawn on the sphere; it is the intersection with the
surface of the earth of ‘any plane passed through

‘ the center. _ . g‘;ﬁ;

The arc of a great circle is the shortest distance
between two points on a sphere, just as a straight
line is the shortest distance between two points on
a plane. On any sphere, an infinitely large number -
of great circles may be drawn through any point,
though only one great circle may be.drawn through °
any two points that are not diametrically opposite.
Several great circlzs are,shown in figure 2-2.

The Iurgesf circln'pbssiblg w
center is olso the center of the:
sphere is called a GREAT CIRCLE.
All other clrclas are smull c:rcles.

Figure 2-1, Schemafic Representation of the Earth - Flgure 2.2. A Great ‘Circle is lhe Largest Circle
Showing Axis of Rotation and Equator ina Sphere

Q
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Circles on the surface of the sphere other than
great circles may be defined as small circles. A
small circle is a circle on the surface of the earth
whose center and/or radius are not that of the
sphere. A special set of small circles. called’
latitude, is discussed later. :

In summary, the intersection of a sphere and a
plane is a circle—a great circle if the plane

_passes through the center of the sphere, and a

small circle if it does not.

Latitude and Longitude

The nature of a sphere is such that any point

. on it is exactly like any other point. There is
- neither beginning nor ending as far as differentia-

tion of points is concerned. In order that poirts
may be located on the earth, some points or lines
of reference arc pecessary so that other points may”
be located with regard to them. Thus the location
of New York: City with reference to Washington
D. C,, is stated as a number of miles in a certain
direction from Washington. Any point on the
earth can be located in this manner. '

Such a system, however, does not lend itself
readily to navigation, for it would be difficult to
locate a point precisely in mid-Pacific withovt any
nearby known geographic features to use for refer-

The Equator and poles
divide Meridians
into four equal parls.

ence. A system of coordinates has been developed
to locate positions on the earth by means of imagi-
nary reference lines. These lines arc known as
parallels of latitude and meridians of longiti.de.

LATITUDE. Once a day, the earth rotates on its

north-south axis which is terminated by the two .

poles. The equator is constructed at the midpoint

of this axis at right angles to it (see figure 2-3). A’

great circle drawn through the poles is called a
meridian, and an infinite number of great circles
may be constructed in this manner. Each meridian
is divided into four quadrants by the equator and
the poles. Since a circle is arbitrarily divided into
360 degrees, each of thcse quadrants therefore
contains 90 degrees.

Take a point on one of these meridians -30
degrees north of the equator. Through this point
pass a plane perpendicular to the north-south axis
of rotation. This plane will be parallel to the plane
of the equator as shown in figure 2-3 and will
intersect the earth in a small circle called a parallel
or parallel of latitude. The particular parallel of
latitude chosen is at 30° N, and every point on
this parallel will be at 30°N. In the same way,
other parallels can be constructed at any desired
latitude, such as 10 degrees, 40 degrees, etc.

Bear in mind that the equator is drawn as the

The plane of a Parallel is
parallef to the Equator.

Great circles through the
poles form Meridians.

The Equator is a great circle
whos ;- 'ane is perpendicular
to the axis. ’

~

Figure 2.3. Planes of the Earth

23
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great circle midway between the poles, that the-

parallels of latitude are small circles constructed

‘with reference to the equator, and that they are

definitely located small circles parallel to the
equator. The angular distance measured on a
meridian north or south of the equator is known
as latitude (see figure 2-4) and forms one com-

ponent of the coordinate system.

LoNGITUDE. The latitude of a point can be

‘shown as 20° N or.20° S of the equator, but there

is no way of knowing whether one point is east or

" west of another.- This difficulty is resolved by use

of the other component of the coordinate system,
longitude, which is the measurement of this east-
west distance.

There is not, as with latitude, a natural startmg
point for numbering, such as the equator. The
solution has been to select an arbitrary starting
point. A great many places have been used, but
when the English speaking pecple began to make
charts, they chose the meridian through their

principal observatory in Greenwich, England, as

the origin for couiiting longitude, and this point
has now been adopted by most other countries
of the world. This Greenwich meridian is scme-

times called the prime or first meridian, though

actually it is the zero meridian. Longitude is
counted east and west from this meridian ihrough
180 degrees, as shown in figure 2-5. Thus, the
Greénwich meridian is the 0 degree ‘longitude on
one side of the earth, and after crossing the poles,

it becomes the 180th meridian (180 degrees east

or west of the 0-degree meridian).
SuMmMaRry. If a globe has the circles of latitude
and longitude drawn upon it according to the

ENC '24
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F:gure 2.5. Longitude is Measured &ost and West
of Greenwich Meridian

principles described, and the latitude and longitude
of a certain place have.been determined by ob- -
servation, this point can be located on the globe
in its proper position. (See figure 2-6.) In this
way, a globe can be formed that resembles a small-
scale copy of the spherical earth.

. It may- be well to point out here some of the
measurements used in the coordinate system..
Latitude is expressed -in degrees up to 90, and

Figure 2-6. Latitude is Measured from the Equator;
Long:fude from the Prime Moridian
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longitude is expressed in-degrees up to 180. The
totai number of degrees ‘in any one circle can not
exceed 360. A degree (°) of arc may be sub-
divided into smaller units by dividing each degree

into 60 minutes (") of arc. Each minute may be .

further subdivided into 60-seconds (”) of arc.
Measurement may also be made, if desired, in
dégrees, minutes, and tenths of minutes.

A position-on_ the surface of the earth is ex-

pressed in terins of latitude and longitude. Latitude
is expressed as being either north or south of the
equator, and longitude as cither east or west of the
prime meridian. : :

Distance

Distance as previously defined’ is measured by
the length of a line joining two points. In naviga-
tion the most common vnit for measuring dis-

tances is the nautical-mile. For most practical

navigation purposes, all of the following units are

used interchangeably as the equivalent of one

nautical mile:

e 6,076.10 feet (nautical mile).’

e Onc minute of arc of a great circle on a sphere

having an area equal to that of the earth.

e 6,087.08 feet. Onc minute of arc on the earth’s

equator (geographic mile). :

¢ One minute of arc on a meridian (one minute

of latitude). '

e Two thousand yards (for short distances).
Navigation is done in terms of nautical miles.

However, it is sometimes necessary to interconvert

statute and nautical miles. This conversion is easily

made with the following ratio: .

In a given distance:

Number of statute miles _ 76
Number. of nautical miles ~— 66

Closely related. to the concept of distance is
~speed, which determines the rate of change of posi-

tion. Speed is usually expressed in miles per hour,
this being either statute miles per hour or nautical
miles per hour. "If the measure of distance is

nautical miles,. it is customary to speak of speed

in terms of knots. Thus, a speed of 200 knots and
a speed of 200 nautical miles per hour are the
same thing. It is incorrect to say 200 knots per
hour unless referring to acceleration.

Direction

Remember that direction is the position of one
point in space relative to another without reference

to the distance between them. The time-honored
point system for specifving a direction as north,
north-northwest, northwest, west-northwest, west,
etc., is -not adequate for modern navigation. It
has been replaced for most purposes by a numer-
ical system.

The numerical system, figure 2-7, divides the
horizon into 360 degrees starting with north as
000 degrees, and continuing clockwise through
east 090 degrees, south 180 degrees west 270
degrees, and back to north.

The circle, called a compass rose, represents
the horizon divided into 360 degrees. The nearly

. vertical lines in the illustration are meridians drawn

as straight lines with the meridian of position A
passing through 000 degrees and 180 degrees of
the compass rose. Position' B lies at a true direc-
tion of 062 degrees from A, and position C is at a
true direction of 295 degrees from A.

Since determination of direction is one of the
most important parts of the navigator’s work, the
various terms involved should be clearly under-
stood. Generally, in navigation unless otherwise
stated, ali directions are called true (T) directions.
e Course is the intended horizontal direction of
travel.

e Heading is the horizontal direction in which an
aircraft is pointed. Heading is the actual orienta-
tion of the longitudinal axis of the aircraft at any
instant, while course is the direction mtended to -
be made good. ' :

e Track is the actual horizontal direction made
by the aircraft over the earth.

Figure 2.7. Numerical System ‘is Used in
Air Navigation

2-5
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Figure 2-8. Measure True Bearing from True North

e Bearing is the horizontal direction of one ter-
restrial point from another. As illustrated in figure
2-8 the direction of the island from the aircraft is
marked by the line of sight (a visuel bearing).
Bearings arc usually expressed in terms of one of
two reference directions: (1) true north, or (2)
the direction in which the aircraft is pointed: If
true north is the reference dircction, the bearing
is called a true bearing. 1f the reference direction

t

is the heading of the aircraft, the bearing is called
a relative bearing as shown in figure 2-9. A com-
plete explanation of thesc terms and their use in
navigation is given in a later chapter of the
manual.

Great Circle and Rhumb Line Direction

The direction of the great circle, shown in figure
2-10, makes an angle ‘'of about 50 degrees with

Fra.
ST

3 g el 0“
RELATTVE[pEARNC -

Figure 2-9. Measure Relative Bearing from Aircraft Heading
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ence is negligible for short distances (except in
high latitudes) or if the line approximates a
meridian or the equator.

Figure 2-10. Greot Circle and Rhumb line

the meridian of New York, about 90 degrees with
the meridian of Iceland, and a still greater angle
with the meridian of London. In other words,
the direction of the great circle is constantly
changing as progress is made along the route, and
is different at every point along the great circle.
Flying su h a route requires constant change of
direction and would be difficult to fly under or-
dinary conditions. Still, it is the most desirable
route, since it is the shortest distance between any
two points. _

A line which makes the same angle with each
meridian is called a rhumb line. An aircraft
holding a constant true heading would be flying a
rhumb line. Flying this sort of path results in a
greater distance traveled, but it is easier to steer.
If continued, a rhumb line spirals toward the poles
in a constant true direction but never reaches’
them. The spiral formed is called a loxodrome or
loxodromic curve as shown in figure 2-11.

Between two points on the éarth, the great T . -
circle is shorter than the rhumb line, but the differ- Figure 2-11. A Rhumb Line or Loxodrome

Q ) .
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CHAPTER 3

Maps and Charts:

INTRODUCTION

The history of map making is as old as history
itself. The primitive peoples made rough maps on
clay tablets as early as 2500 B. C. Since their maps

. were mere sketches of small areas, such as estates
and villages, they required little geographic con- -

trol. Moreover, the earth was considered flat, so
the need for a projection did not arise. The idea
of a spherical earth confronted the early cartog-
raphers with the basic projection problem of
portraying the earth’s spherical surface on a flat
surface. Hipparchus (160-125 B. C.), the in-

ventor of trigonometry, originated the basic azi-’

muthal projections—the orthographic and the
stereographic—which are in use to this day. From
the time of Hipparchus to the present jet age, there
has been continuing advancement in the devising
of new map projections.

Basic Information

Before launching into the discussion of the pro-
jections used on the various types of aeronautical
charts, the reader should becone familiar with
certain basic ideas and definitions relative to charts
and projections in general.

e A map or chart is a smail scale representation
on a plane surface of the surface of the earth or
some portion of it. Such a representation designed
for navigational purposes is generally. termed a
“chart”; however, the terms “map” and “chart”
are used interchangeably.

* A chart projection is a method for systemati-
cally representing the meridians and parallels of
the earth on a plane surface.

» The chart projection forms the basic structure
on which a chart is built and determines the funda-
mental characteristics of the finished chart. The

positions and alignments of chart details such as
roads, rivers, mountains, cities, airfielas, etc.. are
controlled by their relationship to the projection.
The relationship of position (distance and direc-
tion) of one feature to another on the chart is
therefore determined by the characteristics of the
projection. which must be understood in order to
recognize the true relationships on the earth from
the picturc as presented on the chart.

o There are many difficulties which must be re-
solved when representing a portion of the surface
of a sphere upon a plane. If you try to flatten a
piece of orange skin, you will find that the outer
edge must be stretched or torn before the centr 1
part will flatten into the plane with the outer part.
Likewise, the surface of the earth cannot be per-
fectly represented on a flat surface without distor-
tion. Distortion is misrepresentation of direction,
shape, and relative size of the features of the
earth’s surface.

Note that you can flatten a small piece of orange
peel with comparatively little tearing, stretching,
or wrinkling, for it is nearly flat to begin with.
Likewise, a’small area of the earth, which is nearly
flat, can be represented on a flat surface with little
distortion. However, because the curvature of the
earth is pronounced, distortion becomes a serious
problem in the mapping of large areas.

Distortion cannot be entirely avoided, but it can
be controlled and systematized to some extent in
the drawing ~f a chart. If a chart is drawn for a
particular purpose, it can be drawn in such a way -
as to minimize the type of distv.uion which is most
deterimental to the purpose. Surfaces that can be
spread out in a plane without stretching or tearing
siich as a cone or cylinder are called developable
surfaces, and those like the sphere or spheroid

- 31
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Figure 3-1. Developable and Nondevelopable Surfaces

that cannot be formed into a plane without distor-
tion are called nondevelopable. (See figure 3-1.)
¢ The problem of creating u projection lies in
developing a method for transferring the meridians
and parallels to the chart in a manner that will
preserve certain desired characteristic> as nearly
as-possible. The methods of projection are either
mathematical or perspective. - '

The perspective or geometric projection consists

-of projecting a coordinate system based on the

earth-sphere from a given point directly onto a

developable surface. The properties and appear-

ance of the resultant map wiil depend upon two
factors: the type nf developable surface and the
position of the poi.« ¢f ;rojection.

e The mathemat:cal projection is derived an-

alytically to provide certain properties or char-~

acteristics which cannot be arrived at geometri-
cally. Some of these properties or characteristics

3.2

are discussed under the heading, Choice of Pro-
jection. o ’ _

While it is easier to visualize the various pro-
jections in relation to a particular developable sur-
face, in actual practice the projections used by the
U.S. Air Force are not projected upon a surface
but are constructed according to certain mathe-
matical principles.

Choice of ﬁroieciion‘ -

Before considering how charts are made, con-

sider what characteristics are desirable in a.chart.

The ideal chart projection would portray the fea-
tures of the earth in their true relationship to each
other; that is, directions would be true:and distance

. would be represented at a constant scale over the

entire chart. This would result in equality of area
and true . “ape throughout the chart.
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Such a relationship can only be represented on
a globe. It is impossible to preserve, on a flat
chart, constant scale and true direction in all direc-
tions at ali points, nor can both relative size and
shape of the geographic features be accurately
portrayed throughout the chart. The character-
istics most commonly desired in a chart projection
are:
Conformality
Constant scale
Equal area
Great circles as straight lines
Rhumb lines as straight lines
True azimuth
Geographic position easily located
CoNFORMALITY. Of the many projection char-
acteristics, conformality is the most important for
air navigation charts. The single property of con-
formality most nearly ful5ls the exacting require-
ments levied by Air Force iieeds. The limitations
imposed by selection of this characteristic, with

.. the resulting loss of other desirable but inhar-

monious qualities, are offset by the advantages of
conformality. For any projection to be conformal,
three conditions must be satisfied. These three
conditions are used to advantage in air navigation.

1. First, the scale at any point on the projection
must be independent of azimuth. This does not
imply, however, that the scale about two points at
different latitudes will be equal. Tt means, simply,
that the scale at any given point will, -for a short
distance, be equal in all directions.

2. Second, the outline of areas on the chart

‘must conform in shape to the feature being por-

trayed. This condition applies only to small and

relatively small areas; large land masses must

necessarily reflect any distortion inherent in the
projection.

3. Finally, since the meridians and parallels of
earth intersect at right angles, the longitude and
latitude lines on all confurmal projections must

“exhibit this same~perpendicu1an'ty. This charac-

teristic facilitates the plotting of points by geo-
graphic coordinates.

ConsTANT ScaLe. The property of constant
scale throughout the entire chart is highly desirable
but impossible to obtain, as it would require that
the scale be the same at all points and in all direc-
tions throughout the chart. This would mean that
the plane surface of the chart could be fitted to the

&

globe at all points by sim,"ly bending without any
stretching or contraction, an obvious impossibility.

EqQuaL Area. These charts are so designed as
to maintain a constant ratio of area throughout,
although original shapes may be distorted beyond
recognition. Where longitudinal dimensions are
increased by distortion on equal area projections,
there is a corresponding decrease in latitude suffi-
cient to maintain the area ratio. In other words,
where the scale along a meridian is increased, the
scale along the corresponding parallel is propor-
tionally decreased. Equal area charts are of little
value to the navigator, since an equal area chart
cannot be conformal. They are, however, often .
used for statistical purposcs. '

. STRAIGHT LINE. The nature of the straight line
on a map is equally as important as conformality.
The rhumb line and the great circle are the two
curves that a navigator might wish to have repre-
sented on a map as straight lines. A rhumb line is
a line that crosses all successive meridians at a
constant angle. Therefore an aircraft that main-
tains-a constant course will track a rhumb line.
The rhumb line is convenient to fly; however, the
only projection which shows all rthumb lines as
straight lines is the Mercator. A great circle is the
shortest distance between any two points on the
globe. An aircraft flying a constant heading using
a directiqnal gyro compensated for earth’s rotation
will track a great circle course. In high latitudes,
the great circle is certainly the best curve to follow,
but in equatorial regions there will be little differ-
ence in’ following either the rhumb line or the
great -circle. In intermediate latitudes, a choice
may be made, but on a long flight, the saving
obtained by flying a great circle should be given
consideration. The only projection which shows
all great circles as straight lines is the gnomonic
projection. However, this is not a conformal pro-
jection and cannot be used directly for obtaining
direction or distance. No conformal chart will
even represent all great circles as straight lines.

TRUE AziMUTH. It would be extrzmely desir-
able to have a projection which showed directions
or azimuths as true throughout the chart. This
would be particularly important to the navigator,
who must determine from the chart the heading
he will fly. There is no chart projection that will
represent true great circle direction along a straight
line from all points to. all other points. This
would require a conformal chart on which all

i
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great circles are represented as straight lines and
such a chart does not exist. The azimuthal chart,
however, will show true direction for a great circle,

but only from the center point or the point of

tangency of the chart. ,
COORDINATES EAsy To LOCATE. The geo-

graphic latitudes and longitudes of places shoutd

be easily found or plotted on the map ‘when the
latitudes and longitudes are known,

CLASSIFICATION OF PROJECTIONS

Chart projections may, of course, be classified in
many ways. There is no way, however, that pro-
jections may be classified to be mutually exclusive.
In this manual, the various projections are divided
into three classes according to the type of develop-
able surface to which the projections are related.
Projections on these surfaces are termed azimuthal,
cylindrical, and conical.

Azimuthal Projections .

An azimuthal or. zenithal projection is one in
which pqints on the earth are transferred directly
to a plane tangent to the earth. According to-the
positioning of the plane and the point of projec-
tion, various geometric projections may be derived.
If the origin of the projecting rays (point of pro-
jection) is the center of the sphere, a gnomonic

projection résults. If it is located on the surface of
the earth opposite the point of the tangent plane,
the projection is a stereographic, and if it is at
infinity, an orthographic projection results. Figure
3-2 shows these various points of projection.
GNOMoONIC PROJECTION. All gnomonic™ pro-
jections are direct perspective projections. The
graticule is projected from a source at the center of
the sphere ontq a plane surface tangent at any
given point. Since the plane of every great circle
cuts through the center of the sphere, the point of
projection is in the plane of every great circle. The
arc of any great circle, being in the plane of the
great circle, will intersect another plane surface
in a straight line. This property then becomes the
most important and useful characteristic of the
gnomonic projection. Each and every great circle
is represented by a straight line on the projection.
Obviously a complete hemisphere cannot be
projected onto this plane, since, for points 90°
distant from the center of the map, the projecting

Jines are parallel to the plane of projection.

Because the gnomonic is nonconformal, shapes
or land masses are distorted, and measured angles
are not true. At only one point, the center of the
projection, are the azimuths of lines true. At this -
point, the projection is said to be azimuthal.

Gnomonic projections are classified according
to the point of tangency of the plane of projection.
A gnomonic projection is polar gnomonic when




~ PROJECTION POINT AT
| CENTER OF EARTH

YATORIAL

Figure 3-3. Gnomonic Projections

the point of tangency is one of the poles, equatorial
gnomonic when the point of tangency is at the
equator and any. selected meridian, and oblique
gnomoni¢ when the point of tangency is at.any
--point other than one of the poles or the equator.
Figure 3-3 shows the plane of projection tangent
to the earth at the pole, at the equator, and at

a point of tangency other than one of the poles or

the equator. .

" Polar Gnomonic. ‘The meridians on a polar
gnomonic, as on any polar projection, are radiating
straight lines from the pole at true angles since the
gnomonic is azimuthal at the center of the pro-
jection. ' o

 The parallels, as small circles on the sphere,

are projected in concentric circles. An increasing -

area distortion occurs as the boundaries of the
 projection are approached. The equator cannot
be projected, since the plane of the projection and
the plane of equator are parallel. Although merid-
ians and parallels intersect at right angles, the
scale expansion along the paraliels differs from
rate of expansion along the meridians, therefore
the polar gnomonic is not conformal.
The chart is used to determine great circle

courses which are then transferred to a navigation

plotting chart. :
CHARACTERISTICS: -
MERIDIANS:. Straight lines radiating from
the pole .o _
PARALLELS: Concentric circles, distance
apart increasing away from the pole
ANGLES: Angles between meridians and
parallels: 90° : . i
' CONFORMALITY: Nonconformal
GREAT CIRCLES: Straight lines

RHUMB LINES: -Spiral toward the. pol:
Figure 3°4 gives the appearance of the polar
gnomonic. ©~ - . '

Lguatorial Gnomonic. The meridians on the
equatorial gnomonic appear as parallel straight

" lines unequally spaced along and perpendicular to

the equator.

. The equator is also a straight line, while all
other parallels are represented as hyperbolas. The
equator will be an axis of symmetry for each
hyperbola. The projection is also symmetrical
about the central meridian (meridian of the point
of tangency).

This chart is also used to determine the great




This chart is used by Direction Finding stations
in laying off their radio bezrings; it is primarily
used for accurate tracking of aircraft by electronij:
devices.

CHARACTERISTICS:
MERIDIANS: Converging straight lines
towards the pole '
PARALLELS: Curved. and concaved to-
wards the pole _ _
ANGLES: Between meridians and parallels:
Variable . ’
CONFORMALITY: Nonconforma
'GREAT CIRCLES: Straight lines
RHUMB LINES: Curved
'The oblique gnomonic projection is shown on
figure 3-6. : ’
STEREOGRAPHIC PROJECTION. The stereo-
graphic projection is a perspective conformal pro-
jection of the sphere. A projection based on a
spheroidal surface is also a stereographic projec-
tion, having like characteristics except that it is

\
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Figure 3-5. Equatorial Gnomonic Projection
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circle course which can be transferred to an
navigational plotting chart.

CHARACTERISTICS: :
MERIDIANS: Parallel straight lines unequal
distance apart - .
' PARALLELS: Hyperbolas, concave toward
/- tlie poles S S .
ANGLES: Angles between- meridians and
parallels: Variable o
CONFORMALITY: Nonconformal
GREAT TIRCLES: Straight lines
RHUMB LINSS: Curved
Figure 3-5 gives the configuration of the
equatorial gnomonic. ' ' o
~ Oblique Gnomonic. The meridians on an
oblique gnomonic projectica converge in straight
lines at a point representing the pole. Since the -
projection is nonconformal, the angles of con-
vergence are not true. : .
The parallels are represented as ‘unequally
spaced, nonparallel curves convex to the equator.
The oblique gnomonic has only one axis of sym-
metry, the central meridian passing through. the
center of the projection. = : a

Figure 3-6. Oblique Gnomonic Projection
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nonperspective. It is the only azimuthal projection

which has no angular distortion and in which every -

circle within the area of the chart is projected as a
circle. The stereographic projection is one in
which the point of projection is placed on the
surface at the end of the earth’s diameter opposite
the point of tangency. '

The term horizon stereographic is applied to
any stereographic projection where the center of
the projection is positioned at any point other than
+ the gc graphic poles or the equator. If the center
is coincident with one of the poles of the reference
surface, then the projection is called polar stereo-
graphic. If the <enter lies on the equator, then the
primitive circle is a meridian, which gives the
name meridian stereographic or equatorial stereo-
graphic. The illustration in figure 3-7 shows the
three stereographic projections.

Horizon and Meridian Stereographic. Since the
horizon stereographic and the meridian stereo-
graphic are not used in navigation, théy are not
discussed in this manual.

Polar Stereograrlic. The polar stereographic is
the ouly stereographic projection wherz all the
meridians are represented as straight lines. This
is because all meridians pass through the projecting
point. The meridians are not only represented as
straight lines, but also as radiating from a point
which is the center of the projection representing
either the North or South Pole. The .angles be-
tween meridians are true and are equal to the
difference of their respective longitude values.
The parallels are a series of concentric circles,
their radial distances varying with the distance
from the pole of the projection. Since the distance
between parallels increases at the same rate as the

BRI D W G5 T S BT I S B

circumference of the paralle’s, the scale will be the
same along both the meridians and parallels at
any one place.

The appearance of a great circle path on a
projection is of special interest. In general, on a
polar stereographic, the great circle path is an arc
of a circle concave toward the pole. This is true for
all great circles except meridians. The curvature
of the great circle depends upon its distance from
the center of projection. The closer a great circle
path is to the center of the projection, the less is
the curvature; i.e., the closer it is to the center of
the projection, the more the curve approaches a
straight line.

The great circle path represented on a stereo-
graphic projection is often stated as being approxi-
mately straight. This is true if the charted area
of a stereographic projection is a small portion of
a hemisphere or if the area considered is near the
center of a projection. Thus the statement of a
great circle path being approximately straight on
a stereographic projection must be made with
reservation.

CHARACTERISTICS:

MERIDIANS: Straight lines radiating from
pole : .
PAFR.ALLELS: Cecncentric circles, distance
apart incireasing away from the pole

ANGLLS' Between meridians and parallels:
90° :
GREAT CIRCLE: Approximately straight
near the poles, curved when not near the poles
and concaved toward the pole

RHUMB LINE: Spirals toward the pole in-
tersecting the meridians at a constant angle.

- Although the rhumb line is of very little use on

PROJECTION POINT AT
A DIAMETER'S DISTANCE

Figure 3-7. Stereographic Projeciions

3.7
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a polar stereographic, it does present interesting

sidelights and adds information to the character-
istics of the projection. The rhumb line is shown
as spiraling toward the pole, intersecting the merid-
ians at a constant angle. The spiral approaches
the pole more and more closely, never quite
touching it. This constant angle on interesection
is the same angle of intersection for the correspond-
ing rhumb line on the surface of the carth. This is
a further inlication of the conformality of the
projection.

The polar.stereographic projection is illustrated
in figure 3-8.

ORTHOGRAPHIC PROJECTION. An orthographic
projection results when a light source at infinity
proj. . ~ the graticule of the reduced earth onto a
plane angent to the earth at some point perpen-
dicular ‘o the projecting rays. If the plane is
tangent tc the earth at the equator, the paraliels
appear as straight lines and the meridians as
elliptical cuarves, except the meridian through the
point of tangency, which is a straight line.

The illustration in figure 3-9 shows an equatorial
orthographic projection. Its principal use in navi-
gation is in the fie'd of navigational astronomy,
where it is usel for illustrating celestial coordi-
nates, since the view of the moon, the sun, and
other celestial bodies from the earth is essentially
orthographic.

Fiéure 3-8. Polar Stereographic Projection

3-8

Figure 3-9. Equatorial Orthographic Projection

AZIMUTHAL EQUIDISTANT PROJECTION. This
projection is neither perspective, equal area, nor
conformal. Tt is called azimuthal equidistant be-
cause straight lines radiating from the center repre-
sent great circles as true azimuths and distances
along these lines are true to scale. -

The entire surface of the sphere is mapped in a
circle, the diameter being equal to the circumfer-
ence of the earth at reduced scale. With respect
to the entire earth, the perimeter of the circle
represents the points diametrically opposite the

_center of the projection. The appearance of the

curves representing the parallels and meridians
depends upon the point selected as the center of
the projection and’?nay be described in terms of
three general classifications.

1. If the center is one of the poles, the merid-
ians are represented as straight lines radiating
from it, with convergence equal to unity, and the
parallels are represented as equally spaced con-
centric circles. ’

2. If the center is on the equator, the meridian
of the center point and its anti-meridian form a
diameter of the circle (shown as a vertical line)
and the equator is also a diameter perpendicular
to it. One-fourth of the earth’s surface is mapped
in each of the quadrants of the circle determined
by these two lines.

3. If the center is any other point, only the
central meridian (and its anti-meridian) form a
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Figure 3-10. Azimuthal Equidistant Projection with’
Point :¥ Tangency Lat. 40° N, Long. 100° W

straight line diameter. All other lines are curved.
For an example of this projection, see figure 3-10.
The property of true distance and azimuth from
the central point makes the projection useful in
aeronautics and radio engineering. For example,
if an important airport is selected for the point
of tangency, the great circle distance and course
from that point to any other position on the earth
are quickly and accurately determined. Similarly,
for communications work at a fixed point (point
of tangency), the path of an incoming signal whose
direction of arrival has been determined is at once
apparent, as is the direction in which to train a
directional antenna for desired results. '

Cylindrical Projections

The only cylindrical projection used for naviga-
tion is the Mercator, named after its originator,
Gerhard Mercator (Kra:ner), who first derived
this type of chart in the ycar 1569. Before the
time of this projection, marners used a variety of
charts, none of which satisfi. d the need for a con-
formal chart that depicted a rhumb line as a
straight line. The Mercator is the only projection
ever constructed that is conformal and at the same
time displays the chumb line as a straight line. The
Mercator is probably the best known of all pro-
jections. It is used for navigation, for nearly all

atlases (a word coined by Mercator), and for
many wall maps.

Although copies o{ the original Mercator still
exist, the exact method that was used in its con-
struction is not known as Mercator himself did not
indicate the method. For the sake of historical
accuracy, it might be stated that his results were
derived by approximate formula. The projection
was further refined some years later when calculus
was invented (about 1715), and better values were
determined for the size of the earth,

Imagine a cylinder tangent to the equator, with
the source of projection at the center of the earth.
It would appear much like the illustration in figure
3-11, with the meridians being straight lines and
the parallels being unequally spaced circles around
the cylinder. It is obvious from the iliustration
that those parts of the terrestrial surface close to

Point of pro .
is at center of Eonh"
with cylinder tangent ct
Equator. :

Figure 3-11. Cylindrical Projection

39
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the poles could not be projected unless the cylinder
were tremendously long, and that the poles could
not be projected at all. .

On the earth, the parallels of latitude are
perpendicular to the meridians, forming circles of
progressively smaller diameters as the latitude in-
creases. On the cylinder, the parallels of latitude
are shown perpendicular to the projected meri-
dians, but since the ciameter of a cylinder is the
same at any point along the longitudinal axis, the
projected parallels are all the same length. If the
cylinder is cut along a vertical line—a meridian—
and spread flat, the meridians appear as equal-
spaced, vertical lines, and the parallels as hori-

" zontal lines. :

The cylinder may be tangent at some great
circle other than the equator, forming other types
of cylindrical projections. If the cylinder is tangent
at some meridian, it is a transverse cylindrical
projection, and if it is tangent at any other point
than the equator or a meridian, it is called an
oblique cylindrical projection. The patterns of
latitude and longitude appear quite different omn
these projections, since the line of tangency and
the equator no longer coincide.

MERrcATOR PROJECTION. The Mercator pro-

'y

jection is a conformal, nonperspective projection;
it is constructed by means of a matheraatical trans-
formation and cannot be obtained directly by
graphical means. The distinguishing feature of the
Mercator projection among cylindrical projections
is that at any latitude the ratio of expansion of
both meridians and parallels is the same, thus
preserving the relationship existing on the earth.
This expansion is equal to the secant of the lati-
tude, with a small correction for the ellipticity of
the earth. Since expansion is the same in all
-directions and since all directions and all angles
are correctly represented, the projection is cor-
formal. Rhumb lines appear as straight lines, aud
their directions can be measured directly on the
chart. Distance can also be measured directly, but
not by a single distance scale on the entire chart,
.nless the spread of latitude is small. Greut circles
appear as curved lines, concave to the equator, or
convex to the nearest pole. The shapes of small
areas are very nearly correct, but ave of increased
size unless they are near the ecuator as shown in
figure 3-12.

CHARACTERISTICS: The Mercator has
the following characteristics:

Figure 3-12. Mercator is Conformal But Not Equal-Area
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MERIDIANS: Straight, parallcl lines, inter-
secting the parallels.

PARALLELS:
right angles. .

SCALE: Correct only at the equator; else-
where it expands as the secant of the latitude.
Thus, the scale of a chart can apply- only to a
given latitude, and a variable scale is required to
measure distances. )

POLES: Because the sccant of 90 degrees is
infinity, the poles cannot be shown on the equa-
torial Mercator.

RHUMB LINE: Straight line.

GREAT CIRCLE: Curved line convex to
the nearest pole. .

CONFORMALITY: Projection is conformal
and accordingly cannot be equal area. Arcas are
greatly exaggerated in-high latitudes.

The Mercator proje:tion has the following dis-
advantages:

Straight, parallel lines, at

e Difficulty of measuring large distances accu-
rately.

o Conversion angle must be applied to great

circle bearing before . plotting.

e The chart is useless in polar rcgions above 80°
N or S since the poles cannot be showi. .

TRANSVERSE MERCATOR. The transverse or in-

verse Mercato. is a conformal map designed for
areas not covered by the equatorial Mercator. With
the transverse Mercator, the property of straight
meridians and parallels is lost, and the rthumb line
is no longer represented by a straight line. The
parallels and meridians become complex curves,
and with geographic reference, the transverse Mer-
cator is difficult to use as a plotting chart. The
transverse Mercator, though often considered
analogous.to a projection onto a cylinder, is in
reality a nonperspective projcction. that is con-
structed mathematically. This analogy (illustrated
in figure 3-13) howcver, docs permit the reader to
visualize that the transverse Mercator will show
scale correctly along the central meridian which
forms the great circle of tangency. In cffect, the
cylinder has been turned 90 degrees from its posi-
tion for the ordinary Mercator, and some meridian,
called the central meridian, becomes the tangential
great circle. One series of USAF charts using this

type of projection places the cylinder tangent to

the 90°E-90°W longitude.

These projections use a fictitious graticule sim-
ilar to, but offset from, the familiar network of

meridians and parallels. The tangent great circle
is the fictitious equator. Nincty degrees from it are
two fictitious poles. A group of great circles
through these poles and perpendicular to the
tangent constitutes the fictitious meridians, while
a scries of lincs parallel to the plane of the tangent
great circle forms the fictitious parallels.

On these projections, the fictitious graticule ap-
pears as the geographical one ordinarily appears
on the equatorial Mercator. That is, the fictitious
meridians and parallels are straight lines perpen-
dicular to each other. The actual meridians and
parallcls appear as curved lines, except the line of
tangency. Geographical coordinates are usually
expressed in terms of thc conventional graticule.
A straight line on the transverse Mercator pro-
jection makes the same angle with all-fictitious
meridians, but not with the terrestridl meridians.
It is therefore, a fictitious rhumb line.”

The appearance of a transverse Mercator using
the 90°E-90°W meridian as a reference- or fictiti-
ous equator is shown in figure 3-13. The dotted -
lines are the lines of the fictitious projection. The
N-S meridian through the center is the fictitious
equator, and all other origit:al meridians are now
curves concave to the N-S meridian with the
original parallels now being curves concave to the
nearer pole.

CHARACTERISTICS:

MERIDIANS: The meridian of tangency
and the two mcridians 90 degrees removed from
it are straight lines; all other meridians are curves
concavc to the tangent meridian.

PARALLELS: The equator is represented
by a straight line; all other parallels are curves
concave to the nearer pole. Meridians and par-
allels intersect at right angles.

SCALE: Scale is correct only along the
tangent meridian; elsewhere, it is expanded. But
at any point, scale expansion is the same in all
directions.

GREAT CIRCLES: All lines perpendicular
to the tangent meridian are great circles. Lines
running parallel to the tangent meridian are small
circles. Points 90 degrees from the tangent merid-
ian cannot be projected.

CONFORMALITY: The projection is con-
formal, and accordingly cannot bc equal-area.

OBLIQUE MERCATOR. The cylindrical projec-
tion in which the cylinder is tangent at a great

3-11
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Figure 3-13. Transverse Cylindrical Projection —Cylinder Tangent at the Poles

circle other than the equator or a meridian is
called an oblique Mercator (figure 3-14).
You can see that as a sphere fits into a cylinder,

it makes no difference how it is turned. The fit, or .

line of tangency, can be any great circle, Thus,
the Oblique Mercator projection is unique in that
it is prepared and used for special purposes. This
projection is used principally to depict an area
in the near vicinity of an oblique great circle, as,
for instance, along the great circle route between

3-12

two important centers a relatively great distance
apart (see figure 3-15).

Consider a flight between Seattle and Tokyo.
The shortest distance is naturaily the great circle
distance and is, therefore, the route to fly. Plotting
the great circle on a Mercutor, you find that it
takes the form of a high arching curve as shown.
Since the scale on a Mercator changes with lati-
tude, there will be a considerable scale change
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Figure 3-14. Oblique Mercator Projection

when you consider the latitude band that this
great circle route covers.

If you were only concerned with the great circle
route and a small band of latitude (say 5°) on
either side, the answer to your problem would be
the Oblique Mercator. With the cylinder made
tangential along the great circle joining Scattle and
Tokyo, the resultant graticule would enjoy most

. {DIAGRAM 15 NOT'
BEMIND DEVELOPMENT

o

of the good properties found near the equator on
a conventional Mercator.

Advantages. The Oblique Mercator projection
has several desirable properties. The projection
is conformal. The X axis is a great circle course at
true scale. The projection can be constructed
using any desired great circle as the x axis. The
scale is equal to the secant of the angular distance
from the x axis. Therefore, near the x axis th.
scale change is slight. This makes the projection
almost ideal for strip charts of great-circle flights.

Limitations. The projection also has many dis-
advantages. Rhumb lines are curved lines, there-
fore, the chart is of little use to the navigator.
Scale expansion and area distortion in the regior
of the oblique pole are the same as that of the
standard Mercator in the region of the pole. Radio
bearings cannot be plotted directly on the chart.
All meridians and parallels are curved lines. A
scparate projection must be computed and con-
structed for each required great circle course.

Conic Projections

There are two classes of conic projections. The
first is a simple conic projection constructed by
placing the apex of the cone over some part of the
earth (usually the pole) with the cone tangent to a
parallel called the standard parallel and project-

Figure 3-15. Great Circle Route from Seattle to Tokyo on Mercator Projection

3-13
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CONE TANGENT
AT 40°
STANDARD
PARALLEL

Figure 3-16. Simple Conic Project.on

ing the graticule of the reduced carth onto the cone
as shown in figure 3-16. The chart is obtained by
cutting the cone along some meridian and unrolling
it to form a flat surface. Notice in figure 3-17,
the characteristic gap that appears when the cone

is unrolled. The second is a sccant cone, cutting

through the earth and actually contacting the sur-
face at two standard parallels as shown in figurc
3-18.
LAMBERT CONFORMAL (Secant Cone).
Characteristics. The Lambert Conformal conic
projection is of the conical type in which the

Figure 3-17. Simple Conic Projection of
Northern Hemisphere

3-14

Figure 3-18. Conic Projection Using Secant Cone

meridians are straight lines which meet at a com-
mon- point beyond the limits of the chart and
parallels are concentric circles, the center of which
is the point of intersection of the meridians. Merid-
ians and parallels intersect at right angles. Angles
formed by any two lines or curves on the earth’s
surface are correctly represented.

The projection may be developed by either the
graphic or mathematical method. It employs a
secant cone intersecting the spheroid at two par-
allels of latitude, called the standard parallels, of
the area to be represented. The standard parallels
are represented at exact scale. Between these
parallels the scale factor is less than unity and
beyond them greater than unity. For equal distribu-
tion of scale error (within and beyond the standard
parallels) the standard parallels are selected at
one-sixth and five-sixths of the total length of the
segment of the central meridian represented. The
development of the Lambert Conformal conic
projection is shown by figure 3-19.

The great elliptic is a curve closely approximat-
ing a straight line,

The geodesic is a curved line always concave
toward the mid-parallel, except in the case of a
meridian where, by definition, it is a straight line.

The loxodrome, with the exception of merid-
ians, is a curved line concave toward the pole.

Uses. The chief use of the Lambert Conformal
conic projection is in mapping areas of small
latitudinal width but great longitudinal extent, No
projection can be both conformal and equal area,
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Figure 3.19. Llambert Conformal Conic Projecﬁon

but by limiting latitudinal width, scale error is
decreased to the extent that the projection gives
very nearly an equal area representation in addition
to the inherent quality of conformality. This makes
the projection verv useful for aeronautical ctarts.
Advantages. Some of the chief advantages of
the Lambert Conformal conic projection are:
¢ Conformality :
¢ Great circles are approximated by straight lines
(actually concave toward the mid-parallel).
e For areas of small latitudinal width, scale is
nearly constant. For example, the U.S. may be
mapped with standard parallels 33°N and 45°N
with a scale error of only 2% % for southern
Florida. The maximum scale error between 30°
30'N and 47°30'N is only one-~alf of 1%.
¢ Positions are easily plotted and read in terms of
latitude and longitude.

e Construction is rclatively simple.

¢ Its two standard parallcls give it two “lines of
strength” (lines along which elements are repre-
sented true to shape and scale). .

¢ Distances may be measured quite accurately.

For example the distance f-om Pittsburgh to Con-
stantinople is 5,277 statute miles; distance as
measurcd by the graphic scale on a Lambert pro-
jection (standard rarallels 36°N and 54°N) with-
out application of the scale factor is 5,258 statute
miles, an error of less than four-tenths of 1%.
Limitations. Some of the chief limitations of
the Lambert Conformal Conic projection are:
e Rhumb lines are curved lines which cannot be
plotted accurately.
e Great circles are curved lines concave toward
the mid-parallel.
¢ Maximum scale increases as latitudinal width
increases.
e Parallels are curved lines (arcs of concentric
circles). :
¢ Continuity of conformality ceases at the junc-
tion of two bands, even though each is conformal.
If both have the same scale along their standard
parallels, the common paralle. (junction) will have
a different radius for each band, therefore they
will not join perfectly.
CONSTANT OF THE CONE. Most conic charts
have the coastant of the cone (convergence factor)

3-15
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Figure 3-20. Convergence Factor on JN Chart

computed and listed on the chart as shown in
figure 3-20.

CONVERGENCE ANGLE. The convergence angle
is the actual angle on a chart formed by the
intersection of the Greenwich meridian and some
other meridian; the pole serves ac the vertex of the
angle. Convergence angles, like longitudes, are
measured east and west from the Greenwich
meridian.

COoNVERGENCE FACTOR. A chart’s convergence
factor is a decimal number which expresses the
ratio between meridional convergence as it actu-
ally exists on the earth and as it is portrayed on

Figure 3-21.

A Lambert Conformal, Convergence
Factor 0.785

Q

the chart. When the convergence angle equals the
number of the selected meridian, the chart con-
vergence factor is 1.0. When the convergence angle
is less than the number of the selected meridian,
the chart convergence factor is proportionately less
than 1.0. '

The subpolar projection illustrated in figure
3-21 portrays the standard parallels, 37°N and
65°N. It presents 360 degrees of the earth’s sur-
face on 283 degrees of paper. Therefore, the
chart has a convergence factor (CF) of 0.785
(283 degrees divided by 360 degrees equals’
0.785). Meridian 90°W forms a west convergence
angle (CA) of 71° with the Greenwich meridian.
Expressed as a formula:

CF X longitude = CA

0.785 X 90°W = 71° west CA

A chart’s convergence factor is easily approxi-
mated on subpg'l’éi"charts by:

1. Drawing a straight line which covers 10
lines of longitude.

2. Measuring the true course at each end of the
line, noting the difference between them, and
dividing the difference by 10.

3. The quotient represents the chart’s con-
vergence factor.

Because of its projection, the meridians on 2
Transverse Mercator chart do not coincide with
tiie meridians on the earth. As a result, the merid-
ians appear as curved lines on the chart. A cor-
rection factor is obtained through the use of a
graph (figure 3-22) to mathematically s.caighten

‘the longitudes.
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To obtain the convergence factor required for determination of heading information:

A. Place pencil point on geagraphic location for which heading information is to be determined.

B. Note correction factor lines indicating ¥ degree interval of correction annotated in green.

C. Interpret correction factor to Jlosest Y% degree.

D. Grid Heading equals True Heading -+ W, longitude % correction facfor

Grid Heading equals True Heading — E. longitude * correction factor.
Figure 3-22. Transverse Mercator Convergence Graph 317
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" AERONAUTICAL CHARTS |

An aeronautical chart is a pictorial representa-
tion of a portion of the earth’s surface upon which
lines and symbols in a variety of colors represent

features and/or details that can be seen on the

earth’s surface. In addition to ground image, many

additional symbols and notes arc added to indicate’

navigation aids and data necessary for air naviga-
tion. Properly used, a chart is a vital adjunct to
navigation; improperly used, it may even prove a
hazard. Without it, modern navigation would
never have reached its present state of develop-
ment. Because of their great importance, the
navigator must be thoroughly familiar with the
wide variety of aeronautical charts and understand
their many uses. :

Aeronautical charts are produced on many dif-
ferent types of projections. A projection can be

defined as a systematic construction of lines on a'

plane surface to represent the parallels of latitude
and the meridians of longitude of the earth or a
section of the earth. These projections may range
from the Equatorial Mercator for a Loran chart to
the Transverse Mercator for the polar region.
Since the demand for variety in charts is so great
and since the properties of the projections vary
greatly, there is no one projection that will satisfy
all the needs of contemporary navigation. The
projection that most nearly answers all the naviga-
tor’s problems is the Lambert Conformal, and this
projection is the one most widely used for aero-
nautical charts.

Aeronautical Charts, in their full range of pro-
jections, give worldwide coverage. Some single
projections used for a single series of charts will
cover nearly all the earth. An aeronautical chart
of some projection and scale can be obtained for
any portion of the earth. The accuracy »f the
information displayed on these charts wili vary,
but generally speaking, world-wide aeronautical
charts in use today are very accurate representa-
tions of the earth’s surface.

Scale

Obviously, charts are much smaller than the area
which they represent. The ratio between any given

unit of length on a chart and the true distance it’

represents on the earth is the scale of the chart.
The scale may be relatively uniform over the whole
chart, or it may vary greatly from one part of the

. chart to another. Charts are made to various scales

for different purposes. If a chart is to show the
whole world and yet not be. too large, it must
be drawn to small scale. If achart is to show much
detail, it must be drawn to a large scale; then it
shows a smaller area than does a chart of the same
size drawn to a small scale. Remember: large
area, small scale; small area, large scale.

The scale of a chart may be given by a simple
statement, such as, “one inch equals ten miles.”
This, of course, means that a-distance of ten miles
on the earth’s surface is shown one inch long on

“the chart. On aeronautical charts the scale is in-

dicated in one of two ways, Tepresentative fraction
or graphic scale.

REPRESENTATIVE FRACTION. The scale may be
given as a representative fraction, such as 1:500,-
000 or 1/500,000.. This means that ene of any
uriit on the chart represents 500,000 of the same
unit on the earth. 'For example, one inch on the
chart represents 500,000 of the same unit on
the ‘earth. )

A representative fraction can be converted into
a statement of miles to the inch. Thus, if the scale
is 1:1,000,000, one inch on the chart stands for
1,000,000 inches or 1,000,000 divided by (6080
X 12) equals about 13.7 NM. Similarly, if the
scale is 1:500,000, one inch on the chart repre-
sents about 6.85 NM. Thus, the larger the de-
nominator of the representative fraction, the
smaller the scale.

GRAPHIC ScaLE. The graphic scale may be
shown by a graduvated line. It usually is found
printed along the border of a chart. Take a meas-
urement on the chart and compare it with the
graphic scale of miles. The number of miles that
the measurement represents on the earth may be
read directly from the graphic scale on the chart.

The distance between parallels of latitude also
provides a convenient scale for distance measure-
ment. As shown in figure 3-26, one degree of
latitude always equals sixty nautical miles and one
minute of latitude equalc one nautical mile.

DOD Aeronautical Charts and Flight
Information Publications

The following publications are available to pilots
and navigators in base operations offices, flight
planning rooms, and other locations where aero-
nautical charts are issued or where flight planning
takes place.
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i:igure 3-26. Latitude Provides a Convenient
Graphic Scale

DOD CATALOG OF AERONAUTICAL CHARTS AND

FLIGHT INFORMATION PuBLICATIONS. This cata-

log provides information on the latest acronautical
cartographic products produced and/or distributed
by the Defense Mapping Agency Aerospace Center
{DMAAC) and the Defense Mapping Agency Hy-

drographic Center (DMAHC). A brief descrip-

tion of cach series or type of chart listed in this
catalog is presented with the :ppropriate index or
listing. Chart samples are giver: for each series in-
dexed in Sections 1V, V, and VI. The DOD Cata-
log is divided into the following sections:

Section 1. General Information—The overall
purpose of this section is to acquaint users with
information within the catalog. It also provides
basic information on projections and a variety of
other basic cartographic data.

Section 1. Requisitioning and Distribution
Procedures. :
o General Procedures—A detailed description of
procedures to follow in normal requisitioning of
charts and publications by USAF activities and
other authorized agencies. This section contains
samples of requisitioning forms and charts depict-
ing areas of distribution: and defines responsibili-
ties for issuance and procurement of charts and
publications. '

o Uniform Material Movement and Issue Priority
System (UMMIPS)—A detailed description of the

ERIC

Aruitoxt provided by Eic

priority system to follow when requisitioning charts
and publications. .

Section 1II. . Flight Information Publications
(FLIPS)—These publications consist of that
textual and graphic information required to plan
and-eonduct an IFR flight. FLIPS are separated
into three basic categories correspondmg to phases
of flight as follows:
¢ Planning—Complete description of (1) Fllght
Information Publication Planning Document which
includes Planning Data and Procedures; Military
Training Routes, United States; International
Rules and Procedures and Regulations, (2) FLIP
Planning Charts, and (3) Foreign Clearance
Guide.

o Enroute—A complete listing of DOD Enroute
Charts and Supplements covering United States,
Alaska, Canada and North Atlantic, Caribbean
and South America, Europe and North Africa,
Africa and Southwest Asia, Australia, New Zea-
land, Antarctica, the Pacific and Southeast Asia;
TACAN Facility Chart coverage of Alaska also
included. '

e Terminal—Describes the DOD publications
which contain approved Low and High Altitude
Instrument Approach Procedures and Aerodrome
Sketches.

Section V. Navigational Charts—This section
contains a general description of the scale, code,
projection, size, purpose, cartographic style, and
information shown on navigational charts. They

.are grouped in three categories: general purpose,

special purpose, and plotting charts.

Séction V. General Planning—This section con-
tains a general description of the scale, code, pro-
jection, size, purpose, style, and information shown
on all charts used for planning references and/or
wall displays.

Section VI. Special Purpose—This section out-
lines all requisitioning procedures for the special
purpose charts along with a brief description of
their purpose.

AERONAUTICAL CHART CURRENCY AND Up-
DATING INFORMATION. . '

-DOD Bulletin Digest. This document is
published semi-annually in both classified and un-
classified versions. It provides a complete cumu-
lative listing of current chart editions available
for distribution to users. Information available
in these documents (within each chart series) is
the chart number,.current edition, and date of
edition. '
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monthly in both classified and unclassified ver- . A&I24 G N _‘; L_L“i ’4 i
sions, It provides a listing of the availability of ,
new aeronautical charts, new editions of previously
published charts, discontinued charts, miscelane-
ous ICAO and FAA publications and amendments,
requisitioning information, and charts scheduled
for complction. This document supplements the
Bulletin Digest.

DOD Chart Updating Manual (CHUM). This
document is published monthly in both classified
and unclassified versions. It lists, for cach current
chart edition, corrections and additions which
could affect flving safety. The CHUM should be
found in all fiight planning rooms. The additions
and corrections listed for the appropriate charts
should be checked and the applicable ones an-
notated oa the charts.

TyPEs oF CHARTS. Aecronautical charts are
differenciated on a functional basis by the type of .
information they contain. Navigation charts are
grouped into three major types: general purpose,
special purpose, and plotting. The name of the
chart is a reasonable indication of its intended use.
Thus, a Consol Chart has information needed by
the navigator to use Consol as a navigation aid; a
‘Minimal Flight Planning Chart is primarily used
in minimal flight planning techniques; and a Jet
Navigation Chart has properties that make it
adaptable to the speed, altitude, and instrumenta-
tion of jet aircraft. In addition to the specific type
of information contained, charts vary according to
the amount of information displayed. Charts
designed to facilitate the planning of long distance
flights carry less detail than those required for
navigation en route. Local charts present great
detail. Figure 3-27 shows a comparison of various ¥

charts at different scales. ! }ofs?n
Jyhction

Chart Symbols

VORTAC
PHOINIX

MESA /)

q TAC AN
ONANDLLR

-

Standard symbols (atch 1) are used for easy
identification of information portrayed on aero-
nautical charts. While thesc symbols may vary
slightly between various projections, the amount of
variance is slight and once t+  .isic symbol is un-
derstood, variations of it & .sy to identify. A
chart Iegend is the key whict  .piains the meaning
of the rclief, culture, hydrography, vegetation, and
aeronautical symbols. as shown in figure 3-28. .

S N forruing

RELIEF (Hypsography). Chart relief shows the - g /f
physical features related to the differences in eleva- ‘ L ~
NS

A 1434 X

On i R
7 11
A worlph ,
\ ’:gr.s, N G

1
EMC Figure 3-27. Scale Comparison . N\ \\ 2455 L ' \)’ % };ooug%:ﬁ
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Figure 3-28. Sample Chart Legend

tion of the land surface. These include features
such as mountains, hills, plateaus, plains, de-
pressions, etc. Standard symbols and shading
techiniques are used in relief portrayal on charts;
these inciude contours, spot elevations, variations
in tint, and shading to represent shadows.

Contour Lines. A contour is a line connectir.g
points of equal elevation. Figure 3-29 shows the
- relationship between contour lines and terrain.
Notice that on steep slopes the contours aré close
together and on gentle slopes they are farther
apart. The interval of the contour lines usually
depends upon the scale of the chart a.id the terrain
depicted. In the illustration, the contour interval
is- 1,000 feet. . Depression contours are regular

ERIC
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contour lines with spurs or ticks added on the
downslope side.

Spot Elevations. Spot elevations are the height
of a particular point of terrain above an established
datum, usually sea level.

Gradient Tints. The relief indicated by con-
tours is further emphasized on charts by a system
of gradient tints. They are used to designate areas

'within certain elevation ranges by different color

tints.

Shading. Pel:haps the most obvious portrayal of
relief is supplied by graduated shading applied to

- the “southeastern” side of elevated terrain and the

“northwestern” side of depressions. This shading
simulates the shadows cast by elevated features,
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Figure: 3-29.

lending a sharply defined, three-dimensional effect.

Cultural Features. All man-made structures ap-
pearing on the terrain are known as cultural fea-
tures. Three main factors govern the amount of
detail given to cultural features: (1) the scale of
the chart, (2) the use of the chart, and (3) the
geographical arca covered. Populated places,
roads, railroads, installations, dams, bridges, and

mines are some of the many kind: of cultural fea-

tures portrayed on aeronautical charts. The true
representative size and shape of larger cities and
towns arc shown. Standardized coded symbols and
type sizes arc uscd to reprzsent the smaller popula-
tion centcrs. Some symbols denoting cultural fea-
tures are usually keyed in a chart legend. However,
some charts use pictorial symbols which are sel’-
explanatory. These requiie no cxplanations in the
legend.

HyDROGRAPHY. In this category, acronautical
charts portray oceans, coast lines, lakes, rivers,
streams, swamps, reefs, and numerous other hy-
drographic fcatures. Open water may be portrayed
by tinting, by vignetting, or may be left blank.

VEGETATION. Vegetation is not shown on most
small scaje charts. Forests and wooded areas in
certain parts of the world are portrayed on some
medium scale charts. On some large scale charts,

- park areas, orchards, hedgerows, and vineyards

are shown. Portrayal may be by solid tint, vig-
nette, or supplemented vignette.

Q
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Contour Lines

AERONAUTICAL INFORMATION. In the aeronau-
tical category, coded chart symbols denote air-
fields, radio aids to navigation, commercial broad-
casting stations, Air Defense Identification Zones
(ADIZ), compulsory corridors, restricted airspace,
warning notes, lines of magnetic variation, and
special navigation grids. Some aeronautical in-
formation is subject to frequent change. For
economy of production, charts are retained in stock
for various pzriods of time. So as not to provide
the chart user with aeronautical information that
is rapidly out of date, only the more “stable” type
information is printed on navigation charts. Aero-
nautical type data subject to frequent change is
provided the user by the DOD Flight Information
Publications (FLLIP) documents. Consult the DOD
Flight 11formation Publications (FLIP), Chart
Updating Manual (CHUM}, and Notices to Air-
men (NOTAMS) for the most current air infor-
mation and/or chart information.

Procurement/Requisitioning of Charts/Flight
Information Publications

All aeronautical charts and flight information
publications produced and/or distributed by the
Defense Mapping Agency Aecrospace Centet
(DMAAC) or any of its overseas flight informa-

. tion offices are requisitioned in accordance with

procedure outlined in Section II of the DOD Cata-
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log of Aeronautical Charts and Flight Information
Publications. Kequisitions should indicate item
identification and tcrniinology for cach item re-
quested, as listed in the Catalog. List Acronautical
Charts by serics in numerical and/or alphabetical
sequence and Flight Information Publications by
type (Enroute, Planning, Terminal). title, and
geographic arca of coverage.

When requisitioning, refer to the sample DD
Form 1149, Rcquisition and Invoice Shipping
Document, shown in the DOD Catalog to expedite
processing and prompt shipment of Chart/Flight
Information needs.

The Air Force Intelligence Service is responsible
for all Air Force Mapping, Charting, and Geodesy
(MC&G) matters. Many times in the tactical op-
cration of the Air Force, pilots and navigators need
new or additional cartographic support ir perform-
ing their navigational dutics. The following ‘nfor-
mation tells them how to submit require:.ents
for developing or modifying MC&G products,

e Air Forcc organizations. cxcept thosc desig-
nated as specified commands or components of
unified eommands, submit their MC&G product
requirements through command channcls to Air
Force Intelligence Scrvice (AFIS/INTB), Wash-
ington D.C. 20330. in accordance with AFR
96-9.

e Air Force Commands designated as specificd
commands or components of unified commands
submit MC&G Product Requirements according
to DMA directives and unified or specified com-
mand instructions. Forward an info:.nation copy
of the requircments to Air Force Intelligence Serv-
ice (AFIS/INTB), Washington, D.C. 20330.

e All Air Forcc organizations may contact the
Defense  Mapping Agency Acrospace  Center
(DMAAC) or its squadrons and dctachments for
technic:! iosistancc in preparing statcments of
requirements. Addressees arc listed in the DOD
Catalog of Acronuautical Charts and Flight In-
formation Publications.

POSITION REFERENCING SYSTEMS

The spherical coordinate system of latitude aad

longitude sometimes proves difficult to usc because
its units of degrees, minutes, and seconds arc not
comparable to the norraal units of surface measure-
ment. Further, the geographic graticule is not
printed in its entirety on most topographic maps.

' »
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Consideration for thc above factors led to the
development of military grid systems in an effort to
simplify and increase the accnracy of position ref-
crencing. As carly as World War 1, the French
supcrimposed a military grid on maps of small
arcas in order to control artillery firc. After
World War I, a number of nations followed the
cxample of the French-devised military grid sys-
tem for the use of their own military forces.

Explanation of Terms

MiILiTARY GrID. A military grid is composed
of two scrics of cqually spaced parallel lines per-
pendicular to cach other. The grid is constructed
by first cstablishing an origin. Next, perpendicular
axes are drawn through the origin with onc of
them pointing truc north. North-south grid lines
(castings) and cast-west grid lines (northings) arc
then drawn parallc! and perpendicular, respec-
tively, to the north-south axis. On military maps
of scale 1:75,000 and larger, the distance between
suceessive grid lines (grid interval) represents
1,000 meters (or yards) at the scale of the map.
The military grid is superimposed on charts and
maps to permit accurate identification of ground
positicns and to allow the computing or mcasuring
of correct distances and directions from onc point
to another. The origin is assigned false values to
avoid coordinates of negative value. Grid lines are
identified by grid line values printed in two sizes
of type in the margin at cach end of the grid line.
For referencing purposes, only the grid line values
printed in the larger type size (principal digits),
increased by any digits needed to express the ref-
crence to the desired degree of accuracy, are uscd.
Grid line values increase from west to cast and
from south to north.

PosITiIoN REFERENCING SYSTEM. A position
referencing system is any system which permtits the
designation of a point or an area on the ecarth’s
surface, usvally in terms of numbers or letters. or
a combination thereof.

WORLD PosiTIoN REFERENCING SYSTEM. Ref-

cerences for points taken from charts or maps not

gridded with a military grid are expressed as geo-
graphic coordinates in terms of latitude and
longitude.

- MILITARY GRiD REFERENCE SYSTEM (MGRS).

This is a position referencing system developed for
usc with thc Universal Transverse Mercator



(UTM) and Universal Polar Stereographic (UPS)
grids.

WoRLD GEOGRAPHIC REFERENCE SYSTEM
(GEOREF). This is a referencing system some-
times employed by the Air Force in the control
and direction of air forces engaged in operations
not involving other military forces.

Geiueral Information

DOD PoLIcyY FOR PosITioN REFERENCING. It is
possible for the practicing navigator to encounter
any or all of the basic reference systems discussed
in this manual. The Department of Defense policy
for position referencing procedures for joint use
by all the U.S. military services establishes two
position referencing systcms for all joint opera-
tions as follows:

1. The system of geographic coordinates ex-
pressed in latitude and longitude.

2. The Military Grid Reference System
(MGRS) as developed for use with the UTM and
UPS grids.

RELATIONSHIP OF MILITARY GRIDS TO MAP
PROJECTIONS. Becaus¢ military grids are designed
to permit accurate identification of ground loca-
tions and the computation of distance and directiou
from one point to another, and becausc all map
projections have inherent distortion of scaie and
angles, it is essential that military grids be super-
imposed upon projections having the least distor-
tion. Conformal projections selected by the De-
partment of Defense as having the least distortion
of scale and angles for large and medium scale
mapping are the transverse Mercator and the polar
stereographic. The military grid systems are ap-
plied to aeronautical charts primarily for use in
Air Forcc support of ground operations. The
Air Force uses the Universal Transverse Mercator
(UTM) from latitude 80°S to 84°N and the
Universal Polar Stereographic (UPS) from lati-
tudes 84°N and 80°S to the respective poles. The
standard unit of measure used with UTM and UPS
grids is the meter.

Military Grid Refevence System

GENERAL DeEescripTiON. The Military Grid
Reference System is designed for use with the
UTM and UPS Grids.

The world is divided into large, regularly shaped
geographic areas, each of which is given a unique
identification, called the Grid Zone Designation.

These areas are subdivided into 100,000-meter
squares, based on the grid covering the area. Each
square is identified by two letters called the 100,-
000-meter square identification. This identifi-
cation is unique within the area covered by the
Grid Zone Designation. Numerical rcferences
within the 100,000-meter square are given to the
desired accuracy in terms of the easting (E) and
northing (N) grid coordinates for the point.

Ordinarily, a reference keyed to a large scale
map is cxpressed only in numerical terms. How-
ever, if reporting is beyond 100,000 meters, and
in ccrtain other cases, the reference is prefixed
with the 100,000-meter square identification.
Further, if reporting is beyond 18° in any direc-
tion (limited to 9° north or south in certain cases),
the reference is prcfixed with the Grid Zone
Designation.

Ordinarily, a reference keyed to a medium scale
map is 1nadc by giving the 100,000-meter square
identification togethcr with the numerical term.
The Grid designation is usually prefixed only if
reporting is beyond 18° in any direction (limited
to 9° north or south in certain cascs).

GriD ZoNE DEsiGNATION FOR UTM GRIDs.
Between 84° north and 80° south, the globe is
divided into areas 6° east-west by 8° north-south.
Between 72° north and 84°N, the bands are not
always 6° wide. The columns (6° wide) are
identified by the Universal Transverse Mercator
(UTM) Zone numbers; i.e., starting at the 180°
meridian and proceeding casterly, the columns are
numbered 1 through 60, consecutively (figure
3-30). The rows (8° high, except for the last
which is 12” high) are identified by letters; start-
ing at 80° south and proceeding northerly to 84°
north, the rows are letiered alphabetically C
through X with the letters [ and O c.nitted. The
grid zone designation of any 6° eas.-west by 8°
or 12° north-south area is determined by reading
to the right, first the column designation (as, 32),
and second up, the row designation (as T), as
32T (see figure 3-30).

100,000-METER SQUARE IDENTIFICAT'ON FOR

-UTM Grips. Between 84° north and 80° south,

each 6° by 8° or 12° area is divided into 100,000-
meter squares based on the UTM Grid for the
zone. Each column of squares is identified by 2
letter; likewise, each row of squares is identified
by a letter. Starting at the 180° meridian aud
proceeding easterly along the equator for (8°,
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Figure 3-30. Designation of UTM Grid Zones

the 100,000-meter column, including partial
columns along grid junctions, are lettered alpha-
betically A through Z (with I and O omitted).
This alphabet is repeated at 18¢ intervals. The
100,000-meter rows are lettered alphabetically A
through V (I and O omitted) reading from south
to north, with this partial alphabet being repeated
every 2,000,000 meters. Normally, every odd-
numbered UTM zone has the alphabet of the
100,000-meter row letters beginning at the Equa-
tor; the even-numbered UTM zones normally have
the alphabet of the 100,000-meter row letters
beginning at the northing grid line 500,000 nizters
south of the equator. This staggering lengthens

3-30

the distance between 100,000-meter squares of the
same identificationn. Below the equator, 100,000
row letters also read alphabetically from south to
north, tying into the letters above in the same
zone. These principles are illustrated in figure
3-31.

The identification of any 100,000-meter square
is determined by reading (to the right) first its
column letter (as N) and (then up) second its
row letter (as L) giving NL in figure 3-32.

Under this system, a 100,000-meter square
identification usually is not repeated within 18°
in any direction. This normally eliminates the
necessity within such distances for preceding grid
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Figure 3-31. Designation of 100,000-Meter Squares,
UTM Grid

references with the Grid Zone Designation even
though the report is being made from as many as
two grid zones away.

To prevent ambiguity of identifications along
spheroid junctions, changes in the order of the row
letters are necessary. The row alphabet is shifted
ten letters. In such cases, a decrease results in the
maximum distance by which 100,00-meter square
identifications are not repeated. Thus when re-
porting a point from a sheet which falls within
9° north or south of a spheroid junction, the Grid
Zone Designation can be omitted only if reporting
is not beyond 9° north or south or beyond 18°
east or west.

Locating a Military Grid Reference

A Military Grid reference consists of a group of
letters and numbers which indicate (1) the Grid
Zone Designation, (2) the 100,000-meter square
identification, and (3) the grid coordinates—the
numerical reference—of the point expressed to the
de:‘red accuracy. A reference is written as a con-
tinuous number without spaces, parentheses,
dashes, or decimal -points.

Examples:

e 32TNL—ILocating a point within a 100,000-
meter square

e 32TNL73-—Locating a point within a 10,000-
meter square

e 32TNL7438—Locatiug a point within 1,000
meters

e 32TNL743385—Locating a point within 100
meters

To satisfy special needs, a reference can be
given to the nearest 10 meters and the nearest 1
meter.

Examples.

e 32TNIL.74343856—Locating a point within 10
meters :

e 32TNL7434238565—Locating a point within
1 meter

Normally, all elements of a grid reference are
not used. Those to be omitted depend upon the
size of the area of activities, the proximity of a
spheroid junction and the scale of the map to
which the reference is keyed (interval of grid
lines). To give the position of a point, first give
the grid zone designation, then the 100,000-meter
square, such as 32TNL. Notice that the reference
is written in a continuous group—no spaces,

Figure 3-32. Identification of 100,000-Meter Square
(NL) Within UTM Zone 32T
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parentheses, dashes, or decimai points. The
designation 32TNL desciipes the 100,000-meter
square (NL) that is located in the 6° by 8° grid
zone, 32T. The origin of every 100,000-meter
square is 0,0. To reference a point within a
100,000-meter square, give the grid coordinates
of the point. The grid coordinates are designated
by an even number of digits. The first half of
this number, no matier how small or large, is
the easting; the second half, the northing. The
reference 32T17L7434238565 locates an object
within a 1-meter square. The number 74342 is
the easting (read to the right) coordinate, while
38565 is the northing (read up) coordinate which
locates a point within a one-meter square of the
100,000-meter square c.esignated as NL and in
grid zone 32T (figure 3-33).

SAMPLE R:FERENCE, UTM Grip. To illustrate
the procedure for locating a point by the UTM
Grid system, a fictitious example point identified
within a reference box accompanies each grid
overprint as shown in figure 3-34. Using the
sample reference, the following - procednre illu-
strates how to locate the point whose standard
reference is: 32TNL7438.
¢ 32T—identifies the 6° by 8° grid zone in which
the point is located.

o NL—identifies the 100,000-meter square in
which the point is located.

e 74-—The numbers 7 and 4 are both right read-
ing, or easting figures. The first of these two
digits, 7, identifies the interval easting beyond

GRID ZONE

DESIGNATOR 10,000-METER SQUARE IDENTIFICATION
321 ]NL [_33565 :

10,000 —— 1 .

1,000 0

100 —3— 00 |

10——— 1,000 |

1 —-— 1000
— [ '

Figure 3-33. Grid Coordinat s 32TNL7434238565
Identify a 1-Meter Square
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which the point falls. The second digit, 4, is
estimated; it represents the value of the irnaginary
1,000-meter easting column which includes the
point.

e 38—The numbers 3 and 8 are both up reading,
or northing figures. The 3 identifies the interval
northing beyond which the point falls. Finally,
the 8 defines the 1,000-meter estimated northing
required to complete the area dimensions of the
sample reference point.

GRID ZoNE DESIGNATION FOR UPS GriD. In
the Universal Polar Stereographic (UPS) grid
zone, the North Polar Area is divided into two
parts by the '180° and 0° meridians. The half
containjng the west longitudes is given the grid
zone designation Y; the half containing thz east
longitudes is given the grid zone designation Z.
No numbers ace used in conjunction 'with the
letter to give a grid zone designation.

Similarly, the South Polar Area is divided into
two parts by the 0° and 180° meridians. The half
containing the west longitude is identified a:. A;
the half containing the east longitude is identiied
as B. No numbers are used in conjunction wih
the fetter to give a grid zone designation. These
divisions are illustrated in figure 3-35.

100,000-METER SQUARE IDENTIFICATION FOR
UPS Gups. In the North Polar Area, the 120°—
0° meridians coincide with an even 100,000-meter
vertical grid line and the 90° — 90° meridians
coincide with an even 100,000-meter horizontal
grid line. Grid north is coincident with the 180°
meridian from the Pole. In the half of the area
identified by the Grid Zone Designation Y, the
100,000-meter columns (these are at right angles
to the 90° — 90° meridians) are labeled R
through Z alphabetically from left to right. In the
hat identified by the Grid Zone Designation Z,
the 100,000-meter columns are labeled A through
J alphabetically from left to right; in this case the
letter I is omitted, and to avoid confusion with
100,000-meter squares in adjoining UTM zones,
the letters D, E, V, and W are omitted. Starting
at the 84° parallel and reading toward grid north,
the 100,000-meter rows at right angles to the
180° — 0° meridians are alphabetically labeled
A through P (I and O omitted). The identification
of a 100,000-meter square consists of two letters
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Figure 3-35. Designation of Universal Polar Stereographic (UPS) Grid Zone

determined by reading (right) first its column
letter and (up) second its row letter {see figure
3-36).

In the South Polar Area, a simil;.r plan is fol-
lowed, except that grid north is coincident with
the 0° meridian from the Pole. In the half of the
area identified by the Grid Zone Designation A,
the 100,000-meter co'i:.nns (these are at right
angles to the 90° — 90° meridians) are labeled
J through Z alphabetically from left to right. In
the half identified by the Grid Zone Designation B,

, the 100,000-meter columns are labeled A through

R alphabetically from left to right. Tn both cases
the letters I and O are omitted, and, to avoid con-
fusion with 100,000-meter squares in adjoining
UTM zones, the letters D, E, M, N, V, and W
are also omitted. Starting at the 80° parallel and
reading toward grid north, the 100,000-meter rows
at right angles to the 180°— 0° meridians are
alphabetically labeled A through Z (I and 0O
omitted). The identification of a 100,000-meter
square consists of two letters determined by read-
ing (right) first its column letter and (up) second
its row letter (see figure 3-37),

Woerld Geographic Reference (GEOREF) System

DEeVELOPMENT. The World Geographic Refer-
ence System was developed by the Air War Col-
lege, Air University, as a worldwide geographic
referencing system and is generally known by its
short title “GEOREF.” It makes use of the simpli-
fied system of always reading from left to right and
up, using a group of letters and numbers to locate
‘a point, thus making the referencing of a point
much easier than using the geographic coordinates
of latitude and longitude which require the giving

3-34

of latitude in degrees, minutes, and seconds (north
or south) and the longitude in degrees, minutes,
and seconds (east or west). For example, to call
in a reference to the nearest minute using geo-
coordinates it would be necessary to say, “60
degrees, 12 minutes north, by 119 degrees 57
minutes east” as compared to a reference to the
same point using the GEOREF system ‘“VLQA-
5712.” The possibility of error in commun:zating
a reference is greatly reduced by the relatively
simple GEORETF system.

ComposITION, The GEOREF system is based
on the normal longitude and latitude values that
appear on all maps and charts. Instead of using
a grid’s. .em of its own, as does the UTM grid
and other military grids, the GEOREF system
makes use of the meridians and parallels that
appear on the chart. Basically, this system defines
the unit geographic area in which a specific point
lies. It may be applied to any map or chart
regardless of the type of projection. The GEOREF
is read to the right and up in all cases. The point
of origin is the 180th meridian and the South Pole.
It extends to the right or eastward from the 180th
meridian around the globe, 360° to the 180th
meridian again. It extends upward or northward
from the South Pole, 180° to the North Pole.

REFERENCING. The GEOREF divides the
earth’s surface into quadrangles of longitude and
latitude with a simple, brief, systematic code that
gives positive identification to each quadrangle.
The system and identification codes include:

e Twenty-four longitudinal zones-of 15° each,
which are lettered from A through Z (omitting I

' ‘and O) eastvard from the 180th meridian. Twelve

bands of latitude, each 15° wide, lettered from A
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through M (omitting I) northward from the South -

Pole. This combination divides the earth’s surface
into 288 basic 15° quadrangles, each identified by
two letters. In local operations confined to a single
chart or to a single 15° quadrangle, thesc letters
may be dropped. On small scale charts, the letter
designators are shown in large lecters in the south-
west corner of each 15° quadrangle. On larger
scale charts, the 15° quadrangls designators are
shown in the area between the neat line and border.
When the southwest corner of a 15° quadrangle
falls in the chart area, the designators also arc
shown in the southwest corner of the quadrangle.
The world-wide breakdown is illustrated by figurc
3-38.

e Each basic 15° quadrangle is divided into 15
lettered one-degree units eastward and 15 lettered
one-degree units northward from A through Q
(omitting I and O). Thus, two additional letters
(four in all) identify any one-degree quadrangle
in the world. Figure 3-39 illustrates the alpha-
betical breakdown of a 15° quadrangle.

e Each one-degree quadrangle is divided into 60
numbered “minute” units eastward and north-
ward. Thus four letters and four figures identify
a one-minute quadrangle anywhere in the world.
This breakdown permits location of a point within
approximately one nautical mile. This manner of
numbering is used wherever the one-degree quad-

> @ 0 O m e Q T e X e~ FZ 90

Figure 3-39. GEOREF 15° Quadrangle FJ
Breakdown into 1° Units

WORLD GEOGRAPHIC REFERENCE SYSTEM (BLUE)
SAMPLEL ARTA _ FICNTIOUS 7O REFERENCE TO WITHIN ONE MINDTE
SAMPLE POINT_VILI AGE

05, Laugut

44 Read GLORLF values from left to ght
and trom bottom to tup
| Read tetters wenhitying basic 15*
204 £ quadrangle in which the point hes MH
2 Read lettets identitying 1°
Quadtangte i which the point hes At
3 tocate st MINUTE tick of LONGITUOE
3 h to LET1 al point and delermine GEORLE
E o VIIAGH value 12
‘AB 3 4 Locate fust MINUIE tick of LATITUDE
Jee bt BELOW point and determine Gl OREF
15" a 0 20 30 value 06

10
LH M SAMPLE REFERENCE MHABTI206

Figure 3-40. GEOREF Sample Reference

rangle is located; it does not vary cven though the
location may be west of the Greenwich meridian
or south of the equator. The GEOREF minutes
of longitude always increasc from West to East,
and the GEOREF minutes of latitude always in-
crease from South to North. This is contrary to
thc geographic minutcs of latitude in thc Southern
hemisphere and the geographic miputes of longi-
tude in the Western hemisphere.

e If references of greater accuracy than onc
minute are required, each one-minutc quadrangle
may be further subdivided into decimal parts east-
ward and northward. Four letters and six figures
define a location to 1/10th part of a minutc; four
letters and eight figurcs to 1/100th part of a
minute, etc.

A reference box is required on all charts over
printed by the GEOREF. This box illustrates the
standard reference procedure by a fictitious ex-
ample (see figure 3-40).

SAMPLE REFERENCE. A GEOREF rcfererce
consists of all letters and numbcr characters ar-
ranged in right and up reading order and largest
to smallest area sequence. References are wriften

. and read as a continuous serics of characters witn-

out spaces or punctuation. For example, FIQH-
1256, is the standard reference that identifies the
southwest corncr of the town of Potosi, Missouri.
The procedure for locating this point, shown in
figure 3-41, is as follows:

e FT—identifies the basic 15° quadrangle in
which the point lies.

e QH—identifies the 1° quadrangle in which the
point lies. A

e 12—identifies the first minute of longtitude to

left of the point. (This value is read from left to
right.)
‘e 56—identifies the first minute of latitude below

3-37
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the point. (This value is recad from bottom to
top.)

SrrEciAL REFERENCING ProsLEMS. In addition
to making basic area rcferences, it is often neces-
sary in air operations to indicate large arcas and
altitude.  Adaptations of the World Geographic
Reference System with respeet to these require-
ments follow.

To designate a rectangular or square area other
than the basic arca referred to in the World Geo-
graphic Reference System, the following procedure
is used: :
1. Recad the GEOREF ‘coordinates of the south-
west corner of the arca.

2. Immediately following the GEOREF coordi-
nates, add the leuer “S™ denoting “side”.

3. Add digits defining the west to cast extent of
the area in nautical miles.

4. Add the letter “X” denoting “multiplicd by”.
5. Add digits defining the south to north extent
of the area in nautical miles. '

6. The designation of the rectangular area in
figure 3-42 is EJQK2015S10X12.

To designate a circular arca, reference its eenter
by normal GEOREF coordinates, add the letter
“R” denoting “raditis” and digits defining the
radius in nautical miles. Thus, the designation of
the circular arca in figure 3-42 is EJQK4550R | 2.

An altitude reference js designated by the letter
“H" denoting “height” followed by digits, such as
“H10.” Two digits indicate thousands of feet, the
most common reference. Should greater precision
be required, use three digits to indicate hun-reds,
four digits to indicate tens, and five digits to in-
dicate units of feet. '

To designate Greenwich time, the letter “Z” is
uscd, followed by two or four digits representing
hours or hours and minutes of the twenty-four
hour clock.

Summary

The UTM, UPS, and GEOREF systems are all
designed to facilitate location of definite points
on the earth’s surface. They are used primarily
when other conventional systems arc difficult to
use. The various grid systems used for position
location should not be confused with the grid direc-
tional system. Grid directional overlays are used
in polar navigation. The primary purpose of a
grid directional system is to cstablish a reference

3-38

dircction with regard to some point other than the
North Pole. A full explanation of the construction
and usc of the grid direetional overlay is given in
the chapter on Grid Navigation.
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Figure 3-41. To Locate FIQH1256, Interpolate fcr
12 and 56
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Figure 3-42. [<amples of GEOREF Coordinates
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Name and Scale and
Code Projection Coveroge Description Purpose
USAF Jet Charts 4, 5, 6 & | 1:2,000,000 Charts show all pertinent hydro. | For preflight planning and caroute
Navigotion 7 transverse Northern graphic and cultural features. Com- | navigation by long range, high
Charts Mercator. All Hemisphere plete i:ansportation network in | speed aircraft; for radar, celestial,
JN other Lambert areas suiiunding cities. A maximum | and grid navigation. This series can
af radar-sigaifcant detail as re- | also be used for navigation at me-
quired f¢r lony range navigafion | dium speeds and altitudes.
and a suvitable ceronautical informa-
tion overprint including runway
pattern.
Operational 0°-80° Lambert | 1:1,000,000 Charts shw all types hydrographic | Standord series of ueronautical
Navigation conformal conic | World.wide and cultural feotures. All important | charts designed for military low alti-
Charts 80°-90° polar navigaiion oids and air facilities are | tude navigation. Also used for plan-
ONC stereogrophic included. ning intelligence briefings, plotting,
and wall displays. (Replaces WAC.)
Tactical 0°-80° Lambert | 1:500,000 Charts show cll types hydrographic | To provide charts with detailed
Pilotage conformal ccaic | World-wide end cultursi features. All important | ground features significant to visual
Charts 80°-90° polar nuvigation aids and air facilities are | and rodar low level navigation for
TPC stereographic in:luded. immediate ground/chart orientation
at predetermined checkpoints.
Joint Operations Latitude 84° N | 1:250,003 Charts show oll types hydrographic | To provide Army, Navy, Air Force
Graphic Air to 80° S, Trans- | World.wide and cultural features. All important | with @ common large-scale graphic.
Series verse Mercator navigation aids and air facilities are | Used for tactical air operations,
1501AIR Latitude 84° to included. close air support, interdiction by all
Formerly 90° N and 80° aircraft at low and very low alti-
JOG (A) to 90° S, Polar- tudes. Used for preflight planning
: Stereographic and inflight navigation for short
range flights using DR and visual
pilotage. Also used for ope:ational
planning and intelligence briefing.
Consol-Loran Transverse 1:2,000,000 Show land areos in subdued tone. | long range flight planning and elec-
Navigation Mercator and Northern Consol, loran and radio aids are | tronic navigation.
Charts Lambert can- Europe and emphasized.
cJC farmal conic Arctic
LiC
Air Naviga- Mercator, except| 1:2,188,800 Charts contain essential topograph- | Basic long range air novigation plot-
tion Chorts Antarctic-Polar | World-wide ical, hydrographical, and aeronauti- | ting series designed primarily for
v 30 Stereographic with relating cal information. Primary road: and | use in larger aircraft.
Arctic coverage | railroads are shown.
Air/Surface Mercator 1:2,188,800 Contain essential topographical, hy- | Basic long range loron air naviga-
Loran Naviga- World-wide drographical, and aeronautical in- | tion, designed primarily for over
tion Charts with relating formation. Roads and railroads not | water.
Vi 30 Arctic coverage| shown. Land oreas are tinted.
VLC 30
Special Mercator + 1:750,000 to Charts show essential hydrographic ( Designed for general air navigation.
Navigation 1:4,000,000 and cultural features. Roads and
Charts Special areas major railroads are shown. Impor-
' tant air facilities included.
Gnomonic Gnomonic Various scales Majority are 2-color outline charts | Series of plotting charts suitable for
Tracking From North with blue for graticule and buff for | -accurote tracking of aircraft by elec
Charts Pole to all land areas. Majority of charts | tronic devices and small scale plot-
GT approximately are overprinted with special alrways | ting charts for accurote greot circle
4G° South and air communication services. courses.
Latitude

Figure 3-43. Summary of Typical Charls
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Name and Scale and
Code Projection Coverage Description Purpose
Continental Lambert con- 1:2,000,000 Show principal cities and hydrog- | For Consolan and Loran navigation

Entry Charts
CEC

formal conic

East and West
Couasts of U.S.

raphy. Show major aeronautical
facilities and spot evaluations.

where a high degree of accuracy is
required for entry into the U.S. Also
svitable as a basic DR sheet and
celestial navigation.

USAF Loran-C Transverse 1:3,000,000 Relief not shown. Show major cities | For preflight and inflight long range
Navigation North Polar and stable aeronautical information. | navigation where Loran-C is the
Charts areas Polar Grid overprint. basic aid.
LCC
USAF Global Poler Chart— 1:5,000,000 Major cities and stable aeronautical | F»r inflight long range navigation
Loran Trar sverse World-wide infarmation shown. No reliet shown, | using Loran and Consol.
Navigaticn Me: zator
Charts Loy er Lati-
GLc tudes — Lambert

confarmal conic
USN/USAF Mercator 1:2,187,400 Projection graticule ouiv. Ta provide uncluttered universal
Plotting Sheets 70° North to plotting sheets of suvitable scope for
VP 30 70° Sauth lang range Dead Reckoning and

Latitude Celestial navigatian for selected
bands of latitudes.

USAF Global Polar Chart— 1:5,000,000 Show spot evalautions, major cities, | Long distance operational planning.
Navigation and Transverse World-wide roads, principal hydrography, and | Also suitable for lang range inflight
Planning Charts Mercator stable aeronautical information. navigation at high altitudes and
GNc . Lower Lati- speeds.

tudes —Lambert
conformal canic

3-40

Figure 3-43. summary of Typical Charts (continued)
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Basic Instruments

Instruments mechanically measure physical
quantities or properties with varying degrees of
accuracy. Much of a navigator’s work consists of
applying corrections to the indications of various
instruments and interpreting the results. The
navigator must be far.iliar with the capabilities
and limitations of the instruments available to
him.

An air navigator obtains the following flight
information from basic instruments:

e Direction

e Altitude

e Temperature
e Speed

In this section, some of the basic instruments
are discussed. The more complex instruments
which make accurate, long distance navigation
possible are discussed in later chapters.

DIRECTION

Directional information is needed to navigate
in the earth’s atmosphere. It is obtained by use
of the carth’s magnetic lines of force. A compass
system uses a device which detects and converts
the energy from these lines of force to an indicator
reading. The magnetic compzss, one of the first
to convert magnetic lines of force to directicnal
information, operates independently of the aircraft
electrical systems. Later developed compass sys-
tems require electrical power to convert these lines
of force to an aircraft heading. To use the mag-
netic compass or the magneiic compass system
effectively, the navigator must be familiar with the
princip]es of magnetism.

Magnetism

It has long been known that certain substances
have the power to attract pieces of iron. As early
as 600 B. C., Thales of Miletus, a Greek philos-
opher, is supposed.to have described the property
of a lodestone, a natural magnetic oxide of iron
found in many localities.

When a needle of lodestone or magnetized iron
is pivoted at its midpeint, it rotates until one end
points in a northerly dGirection. Since the same end
of the needle always points north, it is called the
north-seeking end or north pole of the “magnet.”
The other end of the needle is called the south
pole. Thus, a magnetized needle, free to turn in
the horizontal plane, becomes a simpie compass.
When two magnets are held near each other, the
north pole of one repels the north pole and attracts
the south pole of the other. Hence, the rule: Like
poles repel, unlike poles attract. (See Figure 4-1.)

Earth’s Magnetic Field.

The earth has some of the properties of a bar
magnet; however, its magnetic poles are not located

" LIKE POLES
4R EPE LD

UNLIKE POLES
MATTRACT4

Figure 4-1. Magnetic Force hos Direction
and Strength

4.1



at the geographic polcs, no' arc the wo magnetic
poles located cxactly opposite cach other as on
a straight bar. The north magnctic pole is located
approximately at latitude 73°N and longitude
100°W, on Princc of Wales Island. The south
magnctic pole is located at latitude 68°S and
longitude 144°E, on Antarctica,

The carth’'s magnctic poles, like those of any
magnet, can be considered to be connected by a
number of lines of force. These lines result from
the magnelic field which envelops the earth. They
arc considcred to be cmanating from the south
magnetic pole and terminating at the north mag-
nctic pole as illustrated in figurc 4-2. These lincs
of force arc indicated »v "+ dircction that a tiny
bar magnet assumes w free to rotate in the
carth’s maénctic field.

A'magne'tizcgl ncedle, being restricted of move-
ment by the earth’s magnetic ficld, would point
along a linc called the magnetic meridian. If the
earth were perfectly symmetrical and magnetically
homogeneous, its magnctic poles would be 180
degrces apart and its magnctic meridians would be
great circles joining these poles. This is not the

nagnetic lines of -
" ./force are”parallel -
‘earth's surfacs ot
he -Magnetic Equator - -
. {0°. No. Dip).

\

R i Text provided by ERiC

case, however, and the magnetic meridians form
jrregular curves.

The force of the magnetic field of the carth
can be divided into (wo components: the vertical
and the horizontal. The rclative intensity of these
two components varics over the carth so that, at
thc magnetic poles, the vertical component is at
maximum strength and the horizontal component
is minimum. At approximatcly thc midpoint be-
tween the poles, the horizontal component is ai
maximum strength and the vertical component is
minimum. Only the horizontal component is used
as a dircctive force for a magnctic compass.
Therefore, a magnetic compass loscs its uscfulncss
in an arca of weak horizontal force such as the
arcas around the magnetic poles.

The vertical component ‘causcs the end of the
necdle ncarer a magnetic pole to tip as the pole is
approached (figure 4-2). This departurc from the
horizontal is called “magnetic dip.”

COMPASSES

A compass may be defined as an instrument
which indicates direction over the_ carth’s surface

N
\

"} MAGNETIC UNES -
B , QF,'fORC.E

MAGNETIC

"POLE
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with reference to a known datum. Various types
of compasses have been developed, each of which
is distinguished by the particular datum used as
the reference from which direction is measured.
Two basic types of compasses are in’current use.
The magnetic compass uses the lines of force
of the earth’s magnetic field as a primary reference.

Even though the earth’s field is usually distorted

by the presence of other local magnctic fields, it is
the most widely used directional reference.

The gyrocompass uses as its datum an arbitrary

fixed point in space determined by the initial align-
ment of the gyroscope axis. Compasses of this
type are widely used today and may eventually
replace the magnetic compass entirely.

Magnetic Compass

The magnetic compass is an instrument v/hich
indicates direction in the horizontal plane with
reference to the horizontal component of the
earth’s magnetic field. This field is made up of
the earth’s magnetic field in combination vith
other magnetic fields in the vicinity of the co:npass.
These secondary magnetic fields are caused by the
presence of ferromagnetic objects, etc. Magnetic
compasses may be divided into two classes. These
are:

1. The direct-indicating magnetic compass in
which the measurement of direction is made by a

MAGNETIC COMPENSATOR
ASSEMBLY

direct observation of the position of a pivoted
magnetic needle.

2. The remote-indicating gyro-stabilized magnetic
compass in which the magnetic direction is sensed
by an element located at positions where Jocal
magnetic fields are at a minimum, such as the wing
tips. The direction is then transmitted electrically
to repeater indicators on the instrument panels.

DIRECT-INDICATING MAGNETIC ComPAsS. Basi-
cally, the magnetic compass is a magnetized rod
pivoted at its middle, but several features have
been incorporated in design to improve its per-
formance. One type of direct indicating magnetic
compass, the B-16 compass, often called the pilot’s
compass, is ilfustrated in figure 4-3. It.is used as
a standby compass in case of failure of the elec-
trical system that operates the remote compasses.
It is a reliable compass and wil' give good naviga-
tional results if used carefully. There are two
parts of this compass that are important to the
navigator, the compass card and the lubber line.

The card is mounted in a bowl filled with a
good quality damping fluid. The damping fluid
partially floats the card, thereby taking some of the
weight off the pivot that supports it. The fluid
also decreases the oscillation of the needie and
lubricates the pivot. The magnets are mounted on
the card which remains aligned with magnetic
north as the aircraft turns about it. A compass
rose, graduated in 1-degree intervals on some
models and in 5-degree intervals on other models,

FILLER PLUG PIVOT ASSEMBLY

EXPANSION
CHAMBER

SPRING SUSPENSION

W2

edatat)

Figure 4-3. Mognetic Compass
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YARIATION

VARIATION
. WEST

EAST

Figure 4-4. Variation is Angle Between True North
and Magnetic North

is attached to the card. On the reverse side of the
compass (the side 1oward the tail of the aircraft)
there is a glass windo.- through which the compass
is read. Down the center of the window there is a
Irbber line corresponding to the longitudinal axis

of the aircraft. Since the card is read from the
reverse side, it is necessary that it be numbered
with 180-degree ambiguity to give proper readings.

Concealed in the compass on the opposite side
from the window is an expansion-contraction cell
to take care of expansion of the liquid under
different temperatures. On top of the compass
case there are two small magnets that can be
rotated in ‘relation to the compass to counteract
deviation.

MacGNETIC ComMPASs ERRORS. It has been stated
that the earth’s magnctic poles are joined by
irregular curves called magnetic meridir:~. The
angle formed at any point between the magnetic
meridian and the geographic meridian is called
the magnetic variation. Variation is listed on the
charts as cast or west. When variation is east,
magnetic north is east of true north. Similarly,
when variation is west, magnetic north is wes* of
true north (figure 4-4). Lines connecting points
having the same magnetic variation are called
isogonic lines, as shown in figure 4-5. Magnetic
variation is an error which must be corrected if a
compass indication is to be converted to true
direction.

Another error with which the navigator is con-

e\

/A Vi z —
[SOUTH MAGNETIC POLE < 5%

= ==
100° 120° 140° 160° 180° 160" 14 120°

Figure 4.5, isogonic Lines Show Same Maanetic Variation
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cerned is caused by nearby magnctic influences,
such as those related to magnetic material in the
structurc of the aircraft and its electrical systems.
These magnctic forces deflect a compass needle
from its normal alignment with a magnetic merid-
ian. The amount of such deflection is called
deviation, which, like variation, is labeled cast or
west as the north-seeking end of the compass is
deflected east or west of magnetic north, respec-
tively.

The correction for variation and deviation is
usually expressed as a plus or minus value and is
computed as a correction to true heading. If
variation or deviation is cast, the sign of the
correction is minus, and if west, the sign is plus.
A rule of thumb for this correction is easily re-
membered as East is least and West is best.

Aircraft headings are expressed in various ways,
according to the basic reference for the heading.
If the heading is measured in relation .to geo-
graphical north, it is a truc heading. If the heading
is in referecnce to magnetic north, it is a magnetic
heading, and if it is in reference to the compass
lubber line, it is a compass heading. Compass
heading differs from true heading by the amount of
variation and deviation encountered. Magnetic
heading varies : ot truc heading by the amount of
variation.

This relationship is best expressed by reference
to AF Form 21, Navigator’s Log, where the vari-
ous headings and corrections are listed as True
Heading (TH), Variation (Var), Magnetic Head-
ing (MH), Deviation (Dev), Compass Hcading
(CH). Thus, if an aircraft is flying in an area
where the variation is 10°E and the compass has
a deviation of 3°E, the relationship would be ex-
pressed as follows, assuming a compass heading
125 degrees:

(figure 4-6) ,
TH Var = MH Dev CH
138 — 10 = 128 — 3 = 125
Variation. Variation has been measured at a

great many places throughout the world, and the
values so found have been plotted on charts. For
convenience, isogonic lines have been drawn
through all points having the same variation.
Figure 4-5, Isogonic Lines, is a simplified chart
shcwing world-wide coverage of variation. Iso-
gonic lines are printed on most charts used in aerial
navigation so that, if a navigator knows his ap-
proximate position, he can determine the amount

of variation by visual interpolation between the
printed lincs. These values are almost directly
proportional in accuracy to the cubé of the air-
craft altitude above the ground. At high altitudes
thcse values can be considercd quite realistic.
Converscly, at low altitudes these magnctic values
arc less reliaple because of local anomalies.

Variation changes slowly over a period of years
and the ycarly amount of such change is printed
on most charts. Variation is also subject to small
diurnal (daily) changes which may generally be
neglected in air navigation.

Deviation. Since deviation depends upon the
distribution of magnetic forces in the aircraft itself,
it must be obtained individually for each magnetic
compass on each aircraft. The process of determin-
ing deviation, known as compass swinging, is

Figure 4-6. To Find True Heading, Work Backwards
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fully discussed in the technical order for each
compass.

Deviation changes with heading as shown in
figure 4-7. Suppose the net resuit of all inherent
magnetic forces of the aircraft (those forces ex-
cluding the earth’s field) is represented by a dot
~in the longitudinal axis located just behind the
wings of the aircraft. If the aircraft is headed to-
ward magnetic north, the dot attracts one pole of
the magnetic compass (in this case, the south
pole), but on this heading does not change its
direction. The only cffect is to amplify the direc-

e Swirl error.
e Yaw error. ,

Northerly turning error is maximum during a
turn from a north or a south heading, and is
caused by the action of the vertical component of
the earth’s field upon the compass magnets. When
the aircraft is in straight and level flight, the com-
pass card is balanced on its pivot in approximately
a horizontal position. In this pdsition, the vertical
component of the earth’s field is not effective as a .
directive force. When the aircraft is banked, how-
ever, the compass card banks too, as a result of

tive force of the earth’s field. Suppose now that—the centrifugal force acting on it. While the com-

the aircraft heads toward magnetic east. The
illustration in figure 4-7 shows that the dot is now
west of the compass, in which position it attracts
the sou.th pole of the compass and repels the north
pole, causing easterly deviation. The illustration
in figure 4-7 also shows that the deviation is zero

on a south heading, and westerliz when the aircraft -

is heading west. Deviation can be reduced in
some of the more basic compasses, such as the
direct-indicating magnetic compass, by changing

the position of the small compensating magnets -

"in the compass case; however, it is usually not

possible to remove all of the deviation on all the -

headings. The deviation that remains is referred to
as residual deviation and can be determined by
“comparison with true values. After such deviation
has been determined, it is recorded on a compass
_correction card which shows the actual deviation
on various headings, or more frequently, the com-
pass headings for various magnetic headings as
illustrated in figure 4-8. o

From the compass ’gorrecﬁon card illustrated in
Figure 4-8, the navigator knows that to, fly a
magnetic heading of 270 degrees, the pilot must
steer a 'compass heading of 268 degrees. Dexiation
cards should be mounted near the compasses to
which they refer, with copies convenient to the
navigator. '

Errors in Flight. Unfortunately, variation and
deviation are not -the only errors of a magnetic
compass. Additional errors are introduced by the
motion of the aircraft itself. These errors may be
classified as: o
¢ Northerly turning error.

e Speed error.
o Heeling error.

ERIC"
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pass card is in this banked attitude in northern
latitudes, the vertical component of the earth’s-
magnetic field causes the north-seeking end of
the compass to dip to the low side of the ‘turn,
giving the pilot an erroneous turn indication. In
effect, the north-seeking end of the needle reacts
as though it is weighted and dips toward the low
wing. This error, called northerly turning error,
is most apparent 6n headings of north and south.
In a ‘turn fr..~ a heading of north, the compass
briefly gives an indication of a turn in the opposite
direction; in a turn from a heading of south, it
gives an indication of a turn in the proper direction
but at a more rapid rate than is actually the case
(see figure 4-9). In southern latitudes, all these
errors are reversed. They are called southerly .

MAGNETIC NORTH
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Figure 4-7. Deviation Changes with Heading
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Figure 4-8. Compass Correction Card

-turning error. [t is apparent that precise turns are

difficult by reference to such a compass. This
arror can be virtually eliminated by reference to a
gyro stabilized system.

If an aircraft flying an east or west heading
changes speed, the compass card tends to tilt
forward or backward. The vertical component
then has an effect as in a turn, causing an .error

which is like northerly turning error but is known'

as speed error. If an aircraft is flying straight but
in a banked attitude, a heeling error may be in-
troduced because of the changed position, with
respect to the compass magnets, of the small
compensating magnets in-the case and other mag-
netic fields within the aircraft, The heading on
which heeling error is maximum depends upon the
particular situation. Swirl error may occur when
* the liquid within the compass case is set in motion
during a turn. Finally, yaw error may occur if a
multi-engined aircraft is yawing about its vertical

-axis 'due to difference in power settmgs of the

engines.

Although a basic magnetic compass, such as
the B-16 or standby compass, has numerous short-
comings, it iS simple and reliable. The compass
is very useful to both the pilot and navigator and
is carried on all aircraft as an auxiliary compass.
Since most modern compass systems are dependent
upon the electrica’ system of the aircraft, a loss of
power means a loss of the compass system. For

Q e
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Figure 4.9.
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this reason, a constant check on the standby com-
pass provides a good check on the electrical com-
pass systems oi the aircraft.

REMOTE INDICATING GYRO-STABILIZED MAG-
NETIC CoMPAss SYSTEM. A chief disadvantage
of the simple magnetic compass is its susceptibility
to deviation. In remote-indicating gyro-stabilized
compass systems, tiiis difficulty is’ overcome by
locating the compass direction-sensing device out-
side magnetic fields created by electrical circuits
in the aircraft. This is done by installing the
direction-sensing device in a remote part of the

-aircraft such as the outer extremity of a wing.

Inaicators of the compass system can then be
located throughout the aircraft without regard to
magnetic disturbances. :

Several kinds of compass systems are used in
Air Force aircraft. All include the following five
basic components: (1) remote compass trans-
mitter, (2) directional gyro, (3) amplifier, (4)
heading indicators, and (5) slaving control.
Though the names of these components vary
among systems, the principle of operation is
identical for each. Thus the N-1 compass system
shown in figure 4-10 can be considered typical
of all such systems.

The N-1 compass syster: is designed for air-
borne use at all latitudes. It can be used either ns
a magnetic slaved compass or as a directional
gyro. In addition, the N-1 generates an electric
signal which is used as an azimuth reference by
the autopilot, the radar system, the navigation and
bombing computers, and the radio magnetic in-
dicator. '

Remote Compass Transmitter. The remote
compass transmitter is the ‘“magnetic-direction-
sensing” component of the compass system when
the systeinn is in operation as a magnetic-slaved
compass. The iransmitter is located as far from
magnetic disturb:nces of the ai-craft as possible,
usually in 2 wing tip or the vertical stabilizer. The
transmitter seases the horizontal component of the
earth’s magnetic field (the only component of any
value for dircctional purposes) and electrically
transmits it to the master indicator. The com-
pensator, an auxiliary unit of the remote compass
transmitter, is us2d to eliminate most of the mag-
netic deviation caused by aircraft electrical equip-
ment and ferrous metal, when a deviation-free
location for the remote compass transmitter is not
available.

OTHER EQUIPMENT
@ ' AUTOMATIC
REMOTE COMPASS PILOT
TRANSMITTER SLAVING
CONTROL _
pOwWER
INPUT

AMPLIFIER

®

DIRECTICONAL
GYRO0

Directional Gyro. The directional gyro is the
stabilizing component of the compass system when
the system is in magnetic-slaved operation. When

- the compass system is in directional-gyro opera-

tion, the gyro acts as the directional reference com-
ponent of the system. -

Amplifier. The amplifier is the receiving and
distributing center of the compass system. Azi-
muth correction and leveling signals originating in
the components of the system are each received,
amplified, and transmitted by separate channels in
the amplifier. Primary power o operate the com-
pass is fed to the amplifier and distributed to the
system’s components.

Master Indicator. The master indicator is the
heading indicating component of the compass sys-
tem. The mechanism in the master indicator
integrates all data received from the directional
gyro and the remote compass transmitter, corrects
the master indicator heading pointer for azimuth
drift of the directional gyro due to the earth’s
rotation, and provides take-off signals for operating
remote indicators, radar, and directional control
of the auto pilot.

The latitude correction control knob at the
upper right-hand corner of the master indicator
face provides a means for selecting either mag-
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CONTROL KNOB

Figure 4-10. N-1 Compass System Components

netic-slaved operation or directional-gyto opera-
tion of thc compass system as well as the proper
latitude correction rate. :

The latitude correction pointer is mechanically
connccted to the Tatitude correction control knob
and indicates the latitude sctting on the latitude
correction scale at the center of the master indica-
tor dial face.

The synchronizer control knob at the lower
right-hand corner of the master indicator face
provides a means of synchronizing the master
indicator heading pointer with the correct magnetic
heading when the sy: em is in magnetic-slaved

~ operation. It also provides a means of setting the

master indicator heading pointer on the desired
gyro lieading reference when the system is in
directional-gyro opecration.

The annunicator pointer indicates the direction
in which to rotate the synchronizer control knob
to align thc heading pointer with the correct
magnetic heading. ’

A small hole is provided in the right side of the
dial face through which the direction of rotation of
a white dot, the correction servo indicator, may
be observed. The rotating dot indicates that the

master indicator is using informatioen from either
the latitude-correction mechanism or the remote
compass transmitter. In magnetic-slaved orera-
tion, the dot will rotate slowly back and forth
indicating that the system is constantly integrating
information from the remote compass transmitter.
In directional-gyro operation, the dot will® rotate
at a speed proportional to the latitude correction.
It will rotate clockwise when north latitude is set
and counterclockwise when south latitude is set.

Gyro Magnetic Compass Indicators. The gyro
magnetic compass indicators are remote-reading, -
scttable-dial compass indicators. They are in-

.tended for supplementary use as directional com-

pass indicators when used with the compass sys-
tem. The indicators duplicate the azimuth heading
of the master indicator heading pointer. A setting
knob is provided at the front of each indicator for
rotating the dial 360° in either direction without
changing the physical alignment of the pointer.
Slaving Control. The slaving control is a gyro-
control rate switch which reduces errors in the
compass system during turns. When the aircraft
turns at a rate of 23° or more per nunute, the
slaving control prevents the remote compass trans-

4.9
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mitter signal from being transmitted to the com-
pass system during magnetic-sirved operation. 1t
also interrupts leveling action in the directional
gyro when the system is in magnetic-slaved or
directional-gyro operation.

The Gyro

Any spinning body exhibits gyroscopic proper-
ties. A wheel designed and mounted to use these
propertics is called a gyroscope or gyro. Basically,
a gyro is a rapidly rotating mass which is free to

move about onc or both axes perpendicular to the
axis of rotation and to cach other. The three axes
of a gyro, namely. spin axis, drift axis, and topple
axis shown’in figure 4-11 arc defined as follows:
e In a directional gyro, the spin axis or axis of
rotation is mounted horizontally.

e The topple axis is that axis in the horizontal
plane that is 90 degrees from the spin avis,

e The drift axis is that axis 90 degrees vertically
from the spin axis.

Gyroscopic drift is the horizontal rotation of the

Figure 4-11. Gyroscope Axes

4-10
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spin axis about the drift axis. Topple is the
vertical rotation of the spin axis about the topple
axis. These two component drifts result in motion
of the gyro called precession.

A freely spinning gyro tends to maintain its
spin axis in a constant direction in space, a prop-
erty known as rigidity in space or gyroscopic
inertia. Thus, if the spin axis of a gyro were
pointed toward a star, it would rotate at the same
ratc as the star and kecep pointing at the star.

0600 HRS

0000 HRS

1200 HRS

Actually, the gyro docs not move, but the earth
moving beneath it gives it an apparent motion.
This apparent motion. shown in figure 4-12, is
called apparent precession. The magnitude of ap-
parent precession is dependent upon latitude. The
horizontal component, drift, is equal to 15 degrees
per hour times the sine of the latitude. and the
vertical component, topple, is equal to 15 degrees
per hour times the cosine of the latitude.

These computations assume the gyro is sta-

1800 HRS

Figure 4-12. Apparent Precession

4-1
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SPIN AXIS

tionary with respect to the earth. However, if the
gyro is to be used in a high speed aircraft, it is
readily apparent that its speed with respect to a
point in space may be more or less than the speed
of rotation of the carth. If the aircraft in which
the gyro is mounted is moving in the same dircc-
tion as the earth, the speed of the gyro with respect
to space will be greater than the carth's speed. The
opposite is true if the aircraft is flying in a direc-
tion opposite to that of the earth’s rotation. This
difference in the magnitude of apparent precession
caused by transporting the gyro over the carth is
called transport precession.

A gyro may precess becausc of factors other

_than the earth’s rotation. When this occurs, the
- precession is labeled real precession. When a
-. force is applied to the piane of rotation of a gyro,

the plane tends to rotate, not in the direction of
the applied force, but 90 degrees around the spin
axis from it. This torquing action, shown in
figure 4-13, may be used to control the grro by
bringing about a desired rcorientation of the spin
axis, and most directional gyros are cquipped with
some sort of device to introduce this force.
‘However, friction within the bearings. of a gyro
may have the same effect and cause a certain
amount of unwanted precession. Great care is

taken in the manufacture and maintenance of

gyroscopes to eliminate this factor as much as pos-
sible, but, as yet, it has not been possible to elimi-
nate it entirely. Precession caused by the mc-
chanical limitations of the gyro is called real or

412

By applying an upward pressure on the GYRO SPIN AXIS, a deflective farce
is applied ta the rim of gyra at paint A (PLANE OF FORCE). The resultant
force is 90° chead in the directian of rotation to point B (PLANE OF
ROTATION), which causes gyra to precess (PLANE OF PRECESSION).

PLANE OF PRECESSION

PLANE OF ROTATION '

Figure 4-13. Precession of Gyroscope Resulting from Applied Deflective F~-ce

induced-precession. The combined effects of ap-
parcnt precession, transport precession, and real
preccssion produce the total precession of the
gyro.

The propertics of the gyro that most concern
the navigator arc rigidity and precession. By
understanding these two properties, the navigator
is well equipped to use the gyro as a reliable
steering guide.

DirecTIONAL GYRro. The discussion thus far has
been of a universally mounted gyro, free to turn
in the horizontal or vertical, or any component
of these two. This type of gyro is seldom, if ever,
used as a directional gyro. When the gyro is used
as a steering instrument, it is restricted so that the
spin axis remains parallel to the surface of the
carth. Thus, the spin axis is free to turn only in
the horizontal plane (assuming the aircraft nor-
mally flics in a near level attitude), and only the
horizontal component (drift) will affect a steering
gyro. In the terminology of gyro steering, preces- .
sion always means the horizontal component of
precession.

The operation of the instrument depends upon
the principle of rigidity in space of the gyroscope.
Fixed to the plane of the spin axis is a circular
compass card, shown in figure 4-14, similar to
that of the magnetic compass. Since the spin axis
remains rigid in space, the points on the card
hold the same position in space relative to the
horizontal plane. The case, to which the lubber
line is attached, simply revolves about the card.




L ‘PLANE- OF
o / ™ PRECESSION -
PLANE OF L

FORCE

PLANE OF
ROTATION

It is important at this point to understand that
the numbers on the compass card have no meaning
within themselves, as on the magnetic compass.
The fact that the gyro may indicate 100 degrecs
under the lubber linc is not an indication that the
instrument is actually oriented to magnetic north,

ROTOR BUCKETS
CYLINDRICAL DIAL

LUBBER LINE

CAGING KNOB

SYNCHRONIZER
PINION GEAR

or any other known point. To steer by the gyro,
the navigator must first set it to a known direction
or point. Usually, this is magnetic north or geo-
graphic north, though it can be at any known point.
If, for example, magnctic north is sct as the refer-
ence, all headings on the gyro rcad relative to the
position of the magnetic poles..

The actual sctting of the initial reference head-
ing is done by using the principle discussed earlier
of torquc application to the spinning gyro. By
artificially introducing precession, the navigator
can sct the gyro to whatever heading is desired and
can reset it at any time using the same technique.

Gyrocompass Errors. The major error affect-
ing the gyro and its usc as a steering instrument is
precession. Apparent precession wiil causc an ap-
parcnt change of heading cqual to 15 degrees per
hour times the sine of the latitude. Real preces-
sion, caused by defects in the gyro, may occur at.
any rate. This type of precession has becn greatly
reduced by the high precision of modern manu-
facturing mecthods. Apparent precession is a
known valuc depending upon location and can be
compensated for. In some of the more complex

CONNECTION TO
VACUUM PUMP

CENTRALIZING LEVER

CENTRALIZING LEVER
SHAFT SPRING

4

SYNCHRONIZER
RING GEAR

o Figure 4-14. Cutoway View of a Directional Gyro

ERIC

Aruitoxt provided by Eic:

A.11



Q

ERIC

Aruitoxt provided by Eic:

gyro systems such as the N-1 compass system, ap-
parcnt precession is compensated by setting in a
constant correction cqual to and in the opposite
dircction to the preeession caused by tlie earth’s
rotation,

ALTITUDE AND ALTIMETERS

Altitude may generally be defined as the height
of an aircraft above the carth. Knowledge of the
aireraft altitude is important for scveral reasons.
To remain a safe distance above dangerous moun-
tain pcaks, the navigator must know the altitude
of the aircraft and the clevation of the surrounding
terrain at all times. This is cspecially important
when visibility is poor and the terrain cannot be
scen. Also, it is often desirable to fly a certain
altitude to take advantage of favorable winds and
weather conditions. .

Altitude may be defined as a vertical distance
above some point or planc used as a refcrence.
Therc can be as many kinds of altitude as there
are reference plancs from which to measure thern,
but the navigator need concern himself only with
six: indicated altitude, calibrated altitude, pres-
sure altitude, density altitude, true altitude, and
absolute altitude. There are two main types of
altimeters; the pressure altimeter which is installed
in cvery aireraft and the absolute or radar altim-
eter. To understand the pressure altimeter’s
principle of operation, a knowledge of the stand-
ard datum plane is cssential.

Standard Datum Plane

The standard datum plane is a thcoretical plane
where the atmospheric pressure is 29.92 inches
of mercury (Hg) and the temperature is +15°C.
The standard datum plane is the zero clevation
level of an imaginary atmospherc known as the
standard atmosphere. In the standard atmosphere,
pressure is 29.92” Hg at O feet and decreascs
upward at the standard pressure lapse rate. The
temperature is +15°C at Q fect and dccrcases
upward at the standard temperaturc lapse rate.
Both the pressure and temperature lapse rates arc
given in the table in figure 4-15.

The standard atmosphere is theoretical. It was
derived by averaging the rcadings taken over a
period of many ycars. The list of altitudes and
their corresponding values of temperature and
pressurc given in the table were determined by

4-14

Standard
Standard | pressure Standard | Standard
Altitude pressure | (inches of tempera- tempera-
{feet) (millibars) | mercury) ture (°C) ture (°F) |
60,000 7.7 2.12 —56.5 —~69.7
59,000 75.2 2.22 —56.5 —69.7
58,000 79.0 2.33 —56.5 —69.7
57,000 82.8 2.45 —56.5 —69.7
56,000 86.9 2.57 —56.5 —&9.7
55,000 91.2 2.69 —56.5 —69.7
54,000 95.7 2.83 —56.5 —69.7
53,000 100.4 2.96 —56.5 —69.7
52,000 105.3 3an —56.5 —69.7
51,000 110.5 3.26 —56.5 —69.7
50,000 116.0 3.42 —56.5 —69.7
49,000 121.7 3.59 —56.5 —69.7
48,000 127.7 3.77 —56.5 —69.7
47,000 134.0 3.96 —56.5 —69.7
46,000 140.6 4.15 —56.5 —69.7
. 45,000 147.5 4.35 —56.5 —69.7
44,000 154.7 4.57 —56.5 —69.7
43,000 162.4 4.79 —56.5 —69.7
42,000 170.4 5.04 —56.5 —69.7
41,000 178.7 5.28 —56.5 —69.7
40,000 187.5 5.54 —56.5 —69.7
39,000 196.8 5.81 —56.5 —69.7
38,000 206.5 6.10 ~56.5 —69.7
37,000 216.6 6.40 —56.5 —69.7
36,000 227.3 6.71 —56.3 —69.4
35,000 238.4 7.04 —54.3 —65.8
34,000 250.0 7.38 —52.4 —62.2
33,000 . 262.0 7.74 =50.4 —587
32,000 274.5 8.11 —48.4 —55.1
31,000 287.4 8.49 —46.4 —51.6
30,000 300.9 8.89 —44.4 —48.0
29,000 314.8 9.30 —42.5 —44.4
28,000 329.3 9.72 —40.5 —40.9
27,000 3443 10.17 —38.5 —37.3
26,000 359.9 10.63 --36.5 —33.7
25,000 376.0 11.10 —34.5 —30.2
24,000 392.7 11.60 —32.5 —26.6
23,000 410.0 12.11 —30.6 —23.0
22,000 7.9 12.64 —28.6 —19.5
21,000 445.4 13.18 —26.6 —15.9
20,000 465 6 13.75 —24.6 —12.3
19,000 485.5 14,34 —22.6 —8.8
18,000 506.0 14.94 —20.7 —52
17,000 527.2 15.57 —18.7 —-1.6
t 16,000 549.2 16.22 —16.7 1.9
15,000 571.8 16.89 —147 55
14,000 595.2 17.58 —127 9.1
13,000 619.4 18.29 —-10.8 12.6
12,000 644.4 19.03 — 8.8 16.2
11,000 670.2 19.79 — 6.8 1.8
10,000 696.8 20.58 — 4.8 23.3
9,000 724.3 21.39 — 2.8 26.9
8,000 752.6 22.22 — 0.8 30.5
7.000 7818 23.09 1.1 340
6,000 812.0 23.98 3.1 37.6
5,000 843.1 24.90 5.1 41.2
4,000 875.1 25.84 7.1 44.7
3,000 9G8.1 26.82 9.1 48.3
2,000 9421 27.82 11.0 51.9
1,000 977.2 28.86 13.0 55.4
Sea level 1013.2 29.92 15.0 59.0

Figure 4-15. Standard Lapse Rate Table
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*True Altitude can be determined by correcting Indicated STANDARD

. H ALTIMETER
_TrueAltitude for temperature on the DR computer. | ATt
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Figure 4-16. Types of Altitude

these averages. The height of the aircraft above
the standard datum plane (29.92” Hg and
~+157C) is called pressurc altitude as illustrated
in figure 4-16.

Pressure Altimeter Principle of Operatien-

The pressure altimeter is an ancroid barometer

calibrated to indicate feet of altitude instead of .

pressurc. As shown in figure 4-17, the pointers
arc connected by a mechanical linkage to a set of
ancroid cclls. These ancroid cells expand or con-
tract with changes in barometric pressurc. In
this manner. the cells assume a particular thickness
at a given pressure level and thereby position the
altitude pointérs accordingly. Or. the face of the
altimeter is a barometric scale which indicates
the barometric pressure (expressed in inches of
mercury) of the poiri or planc from which the
instrument is measuring altitude. Turning the
barometric pressure set knob on the altimeter
manually changes this altimeter setting on the
barometric scale and results in simultancous move-
ment of the altitude pointers to the corresponding
altitude reading.

Like all mecasurements, an altitude rcading is
meaningless if the point from which it starts is
unknown. The facc of the pressure altimeter sup-
plics both values. The position of the pointers

indicates the altitude in fect, and the barcmetric
pressurc appearing on the barometric seale is that
of the reference plane above which the measure-
ment is made.

Altimeter Displays

<

THREE-POINTER ALTIMETER. The three-
pointer altimeter illustrated in figure 4-17 has
three concentrically mounted pointers which are
coded by length and shape. The triangular-tipped
pointer indicates 10,000s of fect, the small pointer
indicates 1,000’s of fect, and the long pointer in-
dicates 100’s of fect and parts of hundreds. The
smallest graduations on the dial are 20-foot in-
crements between hundreds of feet. The 100-foot
pointer makes one complcte revolution in each
1,000 feet of altitude change; the 1,000-foot
pointer makes one complete revolution in each
10,000 feet of altitude chauge; the 10,000 foot
pointer makes onc complete revolution in each
100,000 fect of altitude change. A low-altitude
warning symbol (hash marks) is visible at altitudes
below 16,000 feet. Newer models of this altimeter
include an additional 10,000-foot refercnce con-
sisting of a narrow white stripe around the inner
perimeter of the instrument scale. This stripe be-
comes visible as the 10,000-foot pointer moves
clockwise, When this feature is present, the low

4-15
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1,000-Foot

ow Altitude: White stripe follows
Woearning Polnter 10,000 ,FOOT Pointer
Symbol around Inner peyimeter

of the altitude scole.

Pointer

100-Foo!
Pointer \

10,000-Foot

Barometric

ANEROID j
CELLS

INDICATED ALTITUDE
IS 9,570 FEET.

Barometric Pressure Set Knob

Figure 4-17. Three-Pointer Altimeter

altitude warning symbol is relocated to the nine

o’clock position, To determine the indicated al-.

titude, first read the 10,000-foot pointer, then the
1,000-foot pointer, and last, the 100-foot pointer.

COUNTER-POINTER ALTIMETER, The counter-

. pointer altimeter has a two-counter digital display

unit located in the nine o’clock position of the
dial. The counter indicates altitude in 1,000-foot

’

", INDICATED ‘ALTITUDE 15", 090 FEET .

100'-%000
Pointer

B arometric
" Pressure
" Set Knob

ir_lqréments from zero to 80,000 feet. See figure
‘4-18. A single conventional pointer indicates

100’s of feet on the fixed circular scale. It makes
one complete revolution per 1,000 feet of altitude
change, and as it passes through the 900- to 1,000-

“foot area of the dial; the 1.000 foot counter is

actuated. The shaft of the 1,000-foot counter in
turn actuates the 10,000-foot counter at each

-10,000 feet of altitude change. To determine the

indicated altitude, first read the 1,000-foot counter
and then add the 100-foot pointer indication.

CAUTION

It is possible to misinterpret the-counter-
pointer altimeter by 1,000 feet immediately
- before or immediately after the 1,000-foot
counter movgs. This error is possible be-
cause the 1,000-foot counter changes when
-the 100-foot pointer is between the 900-
-and 1000-foot position.

. CoUNTER-DRUM-POINTER ALTIMETER. Aside

‘from the familiar circular scale and 100-foot
‘pointer, the counter-drum-pointer presentation
differs somewhat -in appearance from the present

three-pointer altimeter. Starting at the left of the

"o




" Centers.

INDICATED ALTITUDE IS. 1,595 FEET

Function
Switch

10,000 Foot
Counter

1000-Foot
Counter

100-Foot
Drum

figure 4-19. Counter-Drum-Painter Altimeter

instrument illustrated in figure 4-19 and reading
from left to right, there are two counter windows
and one drum: window (white). The numerals
presented in the counter windows indicate 10,000%
and 1,000’ of feet respectively. The drum window
numbers always foliow the pointer number, there-
by indicating 100’s of feet.

Two methods may be used to read. mdlcated
pressure altitude on the counter-drum-pointer
altimeter: (1) read the counter-drum window,
without referring to the 100-foot pointer, as a
direct digital readout of both thousands and hun-
dreds of feet; (2) read the two counter indications,
‘without referring to the drum,. and then add the
100-foot pointer indication. The 100-foot pointer
serves as a precise readout of values less than 100
feet. o

* The -differential air pressure which is used to
operate the counter-drum-pointet altimeter is

processed by an altitude transducer where it is -

converted to electrical signals that drive the in-
dicator. The transducer is also used to send digitai

. signals to a transponder for purposes of automatic

altitude reporting to Air Route Traffic Control
A standby system is available. for use

should an electrical malfunction occur. In -the

standby system, the altimeter receives static air -

pressure directly from the pitot-static system. When
the instrument is operatmg in the standby system,
the word STANDBY appears on the instrument
face. A switch in the upper rlght-hand corner of

* the instrument is provided to return the instrument

Q
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to its normal mode of operation.  This switch may

also be used to manually place the mstrument in
the STANDBY mode.

Altimeter Errors

The pressure altimeter is subject to certain
errors which fall in five general categories.
MECHANICAL ERROR. Mechanical error is

* caused by misalignments in gears and levers which

transmit the aneroid cell expansion and contraction
to the pointers of the altimeter. This urror is
not constant and must be checked before each
flight by the setting procedure. ’

ScaLe ERRok. Scale error’is caused by lrregular
expansion of the aneroid cells and is recorded on
a scale correction card maintained for each al-
timeter in the instrument maintenance shop.

INSTALLATION/PosITION ERnor. Installation
position error is caused by tite airflow around the
static ports. This error varies with the type of air-
craft, airspeed, and altitude. The magnitude and
direction of this error can be determined by re-
ferring to the performance data section in the air-
craft technical order.

An altimeter correction card is installed in some
aircraft which combines the installation/position
and scale -errors.
of correction required at different altitudes and
airspeeds.

[

WARNING

Installatlon/ posmon error may be consid-
erable at high speeds.and altitudes. Apply
the corrections as outlined in the technical
order or on the altimeter correction card.

ReversaL ERrROR. Reversal error is caused by
inducing false static pressure in the static system.
It normally occurs during abrupt or large pitch
changes. This error appears on the aitimeter as a
momentary indication in the opposite direction.

HysTEREsts ERROR.  Hysteresis error is a lag
in altitude indication caused by the elastic_prop-
ertie$ ‘'of the material within the altimeter. This
occurs after an aircraft has mamtamed a constant
altitude for an extended- period of time and then

‘makes a large, rapid altitude change.” After a rapid

descent, altimeter indications are higher than
actual. This error is negligible during climbs and
descents at slow rates or after. mamtammg a new

- altitude for a short period of time.

47
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Seﬁi.ng the Altimeter

The barometric scale is used to sct a rcfcrence
planc into the altimetcr. Rotating thc barometric
pressuce set knob increascs or decreascs the scale
reading and thc indicated altitude. Each .0l
change on the barometric scale is equal to 10 fect
“of altitude.

The majority of altimeters have mechanical
stops at or just beyond the barometric scalc limits
(28.10 to 31.00).

NOTE: Those altimeters not equipped with me-
chanical stops near the barometric scale limits
can be set with a 10,000-foot error. Therefore,
when Setting the altimeter, insure that the 10,000-
foot pointer is reading correctly.

The altimeter must be checked for accuracy
beforc cvery flight. To check and set the altimeter:

I: Set the current altimeter qettmg on the baro-' :

mctric scalc. Tap altimeter gently,

2. Check altimeter at a known clevation and
note the crror in feet.

3.1 thc'erlror exceeds 75 feet, do not use the
altimeter for IFR flights.

Nonstandard Afmosbhere Effects

The altimeter setting is a correction for non-
standard surface pressure only. Atmospheric pres-
sure is measured at each station and the value
obtained is corrected to sea level according to the
surveyed field elevation. Thus, thc altimeter setting
is computed sea level pressure and should be
considered valid only in close proximity to the
station and the surface. It does not .reflect non-
standard temperature nor distortion of atmospheric
pressure at higher altitudes.

NOTE: Except for terrain clearance the navigator

should “disregard nonstandard atmosphenc effects

for Air Traffic Control purposes. All. altimeters

within 'proximz'ty of one another .react to these

veﬁects in the same.way, thus normal . vertzcal

separation among aircraft is provided. A complete

discussion qf ‘these.effects is found in AFM-105-5.
1

Types of Altitude

INDICATED ALTITUDE. The term, indicated alti-
tudc, means simpiy thc valuc of altitude that is
displayed on thc pressure altimetcr.

CALIBRATED ALTITUDE. Calibrated altitude is
indicated altitude corrected for msmlldtlon/posn-_

tion error.,

PRESSURE ALTITUDE. The height above the
standard datum nlane (29.92” Hg and +15°C)
is pressure altituue (refer to figurc 4-16).

DENsiTY ALTITUDE. Ordinarily, the pressure
lapse rate above the ground is not standard; it
varies with temperature. Thereforc, basic pressurc
altitude must bc corrected for temperaturc varia-
tion to find density altitude. Air expands with
increasc in temperaturc. Consequently, warm air
is less densc than cold air..As a result, the pressure
lapse ratc is less in a column of warm air than in
cold air. That is, pressurc decrcascs morc rapidly
with height in cold air than in warm air. Con-
sequently. an altimeter tends to read too high in
cold air and too .low in warm air as shown in
figure 4-20, Density altitude is of interest pri-
marily in the control of engine performance and is
of direct concern to the nav:gator in connection
with cruisc control.

TRUE ALTITUDE. Truc altitude is the actual
vertical distance abovc mean sea level, measured
in fect. It can be determined by two methods: (1)
Set the loca! altimeter sctting on thc barometric
scale of the pressure altimeter to obtain the indi-
cated true altitude. The indicated true altitude can
then be resolved to true altitude by use of the DR
computer (refer to figure 4-16). (2} Measure alti-
tudc over water with an ubsolute altimeter.

ABSOLUTE ALTITUDE. The height above the
terrain is called absolutc altitude. It is computed
by subtracting terrain elevation from true altitude,
or it can be read directly from an :absolute
altimeter.

Computer Altitude Solutions

The two altitudes most commoniy accomplished
on thc computer are true altitude and density al-
titude. Nearly all DR- computers have a window
by-which density altitude can be determined; how-
ever, be. certain that the window is labeled

DENSITY ALTITUDE

[mc
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Figure 4-20. True Altitude Decreases Going Into Cold Air

TRUE ALTITUDE DETERMINATION. In the space  plished by using the window just above:FOR AIR-
marked FOR ALTITUDE COMPUTATIONS are = SPEED AND DENSITY ALTITUDE COMPU-
two scales: (1) a centigrade scale in the window  TATIONS and the small window just above that
and (2) a pressure altitude scale on the upper  marked DENSITY ALTITUDE. a

. disk. When a pressure altitude is placed opposite Example: - .
the temperature at that height, all values on the Given: Pressure altitude 9,000 feet
- outer (miles) scale are equal to the corresponding Air temperature (°C) +10
values on the inner (minutes) scale increased or To Find: Density altitude

decreased by two percent for each 5.5°C that the
actual temperature differs from the standard tem-
perature - at that pressure altitude, as set in the
window. '
1+ Although the pressure altitude is sct in the
window, the indicated true altitude is used on the
inner (minutes) scale for finding the true altitude,
corrected for difference in temperature lapse rate.
Exampie:
Given: Pressure altitude 8,500 fect .
Indicated true altitude -8,000 feet
Air Temperature (°C)—15
To I'ind: True altitude. :
Procedure:. Place PA (8,500 fcet) opposite
“the temperature (—16) on the FOR ALTITUDE
COMPUTATIONS. scale. Opposite the indicated
true altitude: (8,000 feet) on the inner scale, read
" the true altitude (7,600 feet) on the outer scale.
The solution is illustrated in.figure 4-21. '
DENSITY ALITITUDE DETERMINATION. Density

altitude determination on the computer- is accom- 7 ‘Figure 4-21. Finding True ﬁlﬁfude
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Figure 4-22. Finding Density Altitude

7
* Procedure: Place pressure altitude (9,000 feet)
opposite air temperature (4-10) in window
marked FOR AIRSPEED AND DENSITY AL-
TITUDE window, read density altitude (10,400
feet). The solution is illustrated in figure 4-22.
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ABSOLUTE ALTIMETER

Accurate absolute altitude is an important reg-
uisite for navigation, photography, and bombing as
well as for safe piloting. It is particularly im-
portant in pressure pattern navigation. Absolute
altitude may be computed from the pressure altim-
eter readings if the position of the aircraft “is
known, but the results are often inaccurate. Under
changing atmospheric conditions, corrections ap-
plied to pressure altimeter readings to obtain true
altitudes are only approximate. In addition, any
error made in- determining the terrain elevations
results in a corresponding error in the absolut:
altitude. Such an error in absolute altitude makes
groundspeeds by timing inaccurate and precludes
reasonable accuracy of soundings.ifor pressure
pattern navigation.

Electronic Altimeter Set (High Level)

A typical high level radar-altimeter is designed
to indicate absolute altitude of the aircraft up to
70,000 feet above the terrain, land or water, Al-
titude indicated is presented on the calibrated face
of a cathode ray tube. This altimeter does not
warn of approaching obstructions such as moun-
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tains because it measures altitude only to a peint
directly below the aircraft. .

COMPONENTS AND OPERATING PRINCIPLE. A
typical set consists of the radar receiver-transmit-
ter, height indicator, and antcnna as shown in
figure 4-23. The transmitte; section of the re-
Ceiver-transmitter unit develops recurring pulses of
radio frequency (RF) enecrgy which are delivered
to the transmitter antenna located either flush
mounted or or the underside of the aircraft. The
transmitter antenna radiates the pulseu energy
downward to reflect off the ~arth and return to the
receiver antenna on the aircraft. The time con-
sumed between transmission a~.J reception of the

RF pulse is determined only by the absolute alti-

tude of the aircraft above the terrain since the
radio wave velocity is constant. The receiver an-
tenna delivers the returned pulse to the receiver
section of the receiver-transmitter unit:where it is
amplified and detected for presentation on the
indicator unit. On the indicator CRT a circular
trace and a zero reference pulse are started coin-
cidentially with emission of the transmitted pulse.

TIMES TEN/TIMES ONE
SCALE SWITCH

The returned pulse, which arrives later, is dis-
played at a point on the circular trace determined
by the aircraft absolute altitude. Calibration
marks on the CRT face provide an altitude-read-
ing scale. :

READING ALTITUDE. The operating controls

and reading scale of a typical set are located on the
front panel of the indicator, shown in figure 4-24.
To put such a set into operation, turn the REC
GAIN knob clockwise and allow a few minutes
for warmup.
_ The reading scale is a circular trace. One com-
plete revolution represents either 5000 feet or
50,000 feet, depending on the position of the
TIMES ONE (X-1), TIMES TEN (X-10),
switch.

When the set is operating, two lobes appear on
the trace. One is the zero reference lobe which can
be adjusted to coincide with zero on the scale. The
other lobe is the reflected or altitude lobe which
moves around the scale according to the absolute
altitude of the aircraft.

TIMES TEN ZERO ADJUSTMENT

Ly

POWER-ON LIGHT

ON/OFF
RECEIVER GAIN

ALTITUDE SCaiE

TIMES ONE
ZERO ADJUSTMENT

CABLE RECEPTACLE

\

CIRCLE SIZE

Figure 4-24, Absolufé Altimeter (Indicator)
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ZERO LOBE ' ZERO LOBE

Read altitude here

tens of thousands Read altitude here.

of feet.
ALT. LOBE ALT. LOBE
Figure 4-25. Reading Indicator, Times Ten Scale Figure 4-26. Reading Indicator, Times Ore Scale
MOUNTING

ELECTRONIC CONTROL AMPLIFIER

RADAR, RECEIVER TRANSMITTER

HOUS!NG, RECEIVER TRANSMITTER

HEIGHT INDICATOR

Figure 4-27. Radar Altimeter Set
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Reading this type of altimeter is illustrated.
In the X-10 position (figure 4-25), the indicator
shows the aititude to be between 25,000 and
30,000 feet. Read the 5,000-foot marker next
below the position of the lobe (25,000 feet). Next
place-the scale switch in the X-1 position (figure
4-26) and take the exact altitude indicated (3,000
feet). The sum of the two altitudc readings (25,-
000 feet plus 3,000 feet) is equal to the exact
radar height of the aircraft (28,000 feet).

Radar Altimeter (Low Level) -

" This type altimeter provides a dial indication .of

ERI
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the altitude of the aircraft above the terrain. Tt
is designed to eliminate the necessity of adding
antennas or any other equipment external to the

surface of the aircraft. This equipment may, also

be used in conjunction with automatic pilot or

- other devices requiring altitude limit data.

The components of a typical system include the
receiver-transmitter, the -height ind]z:ator, and the
electronic control amplifier (figure 4-27).. The
height indicator contains the only operating con-
trol on the equipment. This instrument gives
altitude readings ‘of the aircraft up to 10,000 feet
over land and up to 20,000 feet over water. The
scale is logarithmic-and is graduated in 10’s of
feet for the first 200 feet. From 200 feet to 20,000
feet, the graduations are g:adually compressed. A
limit indicator system is included to provide an
indication of flight below-a pfeset altitude. -

To operate the equipment, turn the ON-LIMIT

Vg
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" controf to ON. After warnwp, the terrain clear-

ance of the aircraft within the range of 0-20,000
is rcad directly from the single printer on -the
indicator face. Notice the small triangular mark.
on the indicator in figure 4-28. This pointer can
be preset to @ny desired altitude by the ON-
LIMIT control and is used as a reference for flying
at fixed altitudes. The altitude can be maintained
by observing the position of the pointer with
respect to the small triangular marker instead of

“the acfual altitude scale. In addition, a red light

on the front of the indicator lights up when the
aircraft is at or below the preset altitude. - To turn
off the equipment, it is only necessary to turn off
the ON-LIMIT control-on thé indicator.

. . ==/ TEMPERATURE

Determination of correct temperature is neces-
sary for accurhte-computation of airspeed and
altitude. Temperature, airspeed, and aititude are
all closely interrelated, and the practicing navigator
must be familiar with each in order to work effec-

. tively and accurately.

Temperafufe Gages

- The temperature gage most commonly used in
the Air Force employs a bimetallic element. The

_instrument, illustrated in figure 4-29, is a single

unit consisting of a s't;linless steel stem which
projects into the air stream and a head -which
contains the pointer-and scale. The sensi‘ive ele-

.

v
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ment in the end of the stem—projected outside
the aircraft—is covered by a radiation shield of
brightly polished metal to cut down the amount
of heat that the element might absorb by direct
radiation from the sun.

The bimetallic element {called the sensitive ele-
ment) is so named because it consists of two strips
of different metal alloys wclded together. When
the element is heated, one alloy expands more
rapidly than the other causing the element, which
is shaped like a coii sprirg, to turn. This, in turn,
causes the indicator neefile to move.on the pointer
dial. Temperature between —60°C and J-50°C
can be measured on this type of thermometer.

Temperature Scales

In the United States, temperature is usually
expressed in terms of the Fahrenheit scale (°F).
In aviation, temperature is customarily measured
on the centigrade, or Celsius, (°C) scale.

Although aircraft thermometers are usually cali-
brated in °C, it is sometimes necessary to inter-

convert Fahrenheit and centigrade temperatures:’

The following formulas may be used:
°F = (1.8 X °C) + 32°
°C — °F — 32°

1.8

Temperature error is the total effect of scale
error and heat of compression error. Scale error
is simply an erroneous reading of the pointér
under standard conditions. It is difficult for a
crew member to evaluate this error without sensi-
tive testing equipment. With this in mind, the
reading of ine indicator is considered correct and

called indicated air temperature (IAT).

The second error, heat of comprescion error,
cavses the instrument to read too warm. Heating
occurs at high speeds from friction and the com-
pression of air on the forward edge of the tempera-
ture probe. Thus the IAT is always corrected by
a minus correction factor to produce true air
temperature (TAT). Heat of compression in-
creases with true airspeed. The TAT can be ob-
tained from the aircraft flight manual.

AIRSPEED
Airspeed is the speed of the aircraft with rela-

tion- to the air mas: surrounding that aircrait.

’

4-24

Pitot-Static System

Accurate airspeed measurement is obtained by
means of a pitot-static system. The system con-
sists of: (1) a tube mounted paraliel to the longi-
tudinal axis of the aircraft in an area that is free
of turbulent air generated by the aircraft, and (2)
a static source that p'ro'vides still, or undisturbed,
air pressure. ‘

Ram and static pressures may be taken from a
single pitot-static tube or from complctely separate
sources. A pitot-static tube usually has a baffle
plate, as shown in figure 4-30, to reduce turbulence
and to prevent rain, ice, and dirt from entering the
tube. There may be one or more drain holes in

‘the bottom of the tube to dispose of condensed

moisture. A built-in electrical heating clement,
controlled by a switch inside the aircraft, prevents
the formation of ice in the tube.

/1) eror nuee

STATIC TUBE
~HEATER ' STATIC PRESSURE

Figure 4-30. Structure of the Pitot Tube

Reasonable care should be taken with the pitot-
static system to insure continuous, reliable service.
The drain holes should be checked periodically to
insure they are not clogged. At the completion of
each flight, a cover is placed over the intake end of
the tube to prevent dirt and moisture from collect-
ing in the tube.

Principlues of Operation of Airspeed Indicator

The heart of the airspeed indicator is a dia-
phragm which is sensitive to pressure changes.
Figure 4-31 shows it located inside the indicator
case and connected to the ram air .ource in the
pitot tube. The indicator case is sealed airtight and
connected to the static pressure source. The dif-
ferential pressure created by the relative effects of
the impact and static pressures on the diaphragm
causes it to expand or contract. As the speed of
the aircraft increaseé, the impact pressure in-
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creases, causing thc diaphragm . to = expand.
Through mechanical linkage, the cxpansion is dis-
played as an increasc in airspeed. This principle is
used in the indicated airspeed meter, the truc air-
speed meter, and the Machmeter.

Airspeed Definitions

There are many reasons for the dl"ere“\ce be- -
. tween indicatud airspeed and true airspced. Some

of thesc reasons arc the error in the meclianical
makeup of the instrument, the error cau.cd by
incorrect installation, and thc fact that density
and pressure of the atmosphere vary from standard
conditions.

INDICATED AIRSPEED (IAS). Indicated air-
speed is the uncorrected reading taken from the
face of the indicator. It is the airspeed that the
instrument shows on the dial. It can b~ read
in miles per hour or in knats, dependmg upon
the scale of the dial.

BasIC AIRSPEED (BAS). Basic airspeéd is the
indicated airspeed corrceted for instrument crror.
Each airspeed indicator has its own characteristics
which cause it to differ from any other airspced
indicator. These diffcrences may be caused by
slightly different hairspring tensions, flexibility of
the diaphragm, accuracy of the scale markings, or
even the effect of temperature on the different

metals in the indicator mechanism. The effect of
temperature ‘ntroduces an instrument error due to
the variance in the cocflicient of expansion of the
different metals comprising the working mecha-
nism. This error can be removed by the installation
of a bimetallic compensator within the mechanical
linkage. This bimetallic compensator is installed
and properly sct at the factory, thercby climinating
the temperaturc crror within the instrumcnt. The
accuracy of the airspeed indicator. is also af-
fected by the length and curvature of the pressure
linc from the pitot tube. These installation crrors
must be correeted mathematically. Installation,
scale, and instrument errors are all combined un-
der one title called instrunient error. Instrument
error is factory dctermined to be within specified
tolerances for various airspeceds. It is considered
ncgligible or is accounted for in TO tables and
grarhs.

CALIBRATED A RSPEED (CAS). Calibrated air-
speed is basic airspeed corrected for pitot-static
crror and/or attitude of the aircraft. The pitot-
static system of a moving aircraft will have somc
error. Minor crrors will be found in thc pitot
section of the system. The major difficulty is
encountered in the static pressure section. As the
flight attitude of the aircraft changes, the pressure

_TO ALTIMETERSP

Figure 4-31. Operating Principle of the Airspeed Indicator
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at the static inlets changes. This is caused. by the
airstream striking the inlet at an angle. Differcent
types and locations of installations cause different
errors. It is immatcrial whether the static source
is located in the pitot-static head or at some flush
mounting on the aircraft. This error will be es-
sentially the same for all aircraft of the samc
model, and a correction can be computed by rc-
ferring to tables found in the appendix of the
appropriatc flight manu~l (sce figure 4-32).

AIRSPEED POSITION ERROR CORRECTION
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Figure 4-32. Airspeed Installation Correction
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EQuUIVALENT AIrsPiED (EAS). Equivalent air-
speed is calibrated airspeed corrected for com-
pressibility.” Compressibility error has come into
prominence with the advent of high speed aircraft.
It becoines noticcable when the airspeed is great
enough to creatc an impact pressure which causes
the air molecules to be compressed within the im-
pact chamber of the pitot tube. The amount of
compression is directly proportionate to the im-

" pact pressure. As tie air is compressed, it causes

the dynamic pressure to be greater than it should
be. Therefore, the correction is a negative value.
The correction for compressibility error can be
detcrmined by referring to the performance data
section of the 7ircraft flignt manual or by using
the “F” correction fzcror on the DR computer.

DENsITY AIRSPEEL (DAS). Density airspeed is
calibrated airspeed corrected for pressure altitude
and true air temperature Pitot pressure varies not
only with airspeed but also tvith air density. As the
density of the «tmosphere decrcases with height,
pitot pressure for a given airspeed must also de-
crease with height. Thus, an airspeed indicator
operating in a less dense medium than that for
which it was calibrated will indicate an airspeed
lower than true speed. The higher the aircraft
flies, the greater the discrepancy. The necessary
correction can be found on the DR computer.
Using the window on the computer above the area
marked FOR AIRSPEED DENSITY ALTI-
TUDE COMPUTATIONS, set the pressure alti-
tude against the True Air Temperature (TAT).
Opposite the calibrated airspeed on the minutes
scale, read the density airspeed on the miles scale.
At lower airspeeds and altitudes, density airspeed
may be taken as true airspeed with negligible
error. However, at high speeds and altitudes,
this is no longer true and compressibility error
must be considered. (Compressibility error is
explained in the equivalent airspeed section.)
When density "altitude is multiplied by the com-
pressibility factor, the result is true airspeed.

TRUE AIRSPEED (TAS). True airspeed is
equivalent airspeed which has been corrected for
air density error. By correcting EAS for true air
temperature and pressure altitude, the navigator
compensates for air density error and computes an
accurate value of TAS. The true airspeed in-
creascs with altitude when the indicated airspeed
remains constant. When the airspeed remaiis
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Figure 4-33.

constant, the indicated airspeed dccreases with
aftitude. Calibrated and cquivalent airspeeds can
be determined by referring to the performance data
section of the aircraft flight manual.

Computing True Airspeed

ICE-T METHoD, To compute true airspeed
(TAS) using the ICE-T method on the DR com-
puter, solve for cach type of airspeed in the order
of I, C, E, and T; that is, change indicated air-
speed to calibrated, change calibrated to cquiva-
lent, and change equivalent to truc. This process
is illustrated by the following samplc problem.
(Refer to definitions as nccessary.)

Given: Preseure Altitude(PA): 30,000
Temperature: —37°C
Indicated - Airspeed(IAS): 253 knots
Flight Manual Correction

Factor: +2 knots

Find: Calibrated Airspecd (CAS)
Equivalent Airspeed (EAS)

True Airspeed (TAS)

EAS245k
§ 100% * 10 index” “F 'odor?é%

SeO temperoture above !he
Pressure Altitude in the
For Airspeed ond Density
Alfitude Computaticns” window.
Locote EAS on Minutes Scole ond
propertionol TAS is above it

Terp - 37°C _ TASdoak
PA'30000 ~ EAS245k

ICE-T Method

Answer: CAS is determined by algebraically
adding to 1AS the correction factor taken from the
chart in your flight manual. (Thi$ correction is
insignificant at low speeds but ean be higher than
10 knots ncar Mach 1.)

To correct CAS to EAS, use the chart on the
slide of the computer cntitled F CORRECTION
FACTORS FOR TAS. Sec figurc 4-33. Enter the
chart with CAS and PA. The F factor is .96. This
means we multiply CAS by .96 or take 96% of
255 krots. To do this, place 255 knots on the
inner scale undcr the “10” index on the outer scale.
Locate 96 on the outer scale and read EAS on
the mncr scale: 245 knots.

Now we nced to correct EAS for temperature
and altitude to gct TAS. As shown in figure 4-33,
in the window marked FOR AIRSPEED AND
DENSITY ALTITUDE COMPUTATIONS place
temperature over PA. Locate the EAS of 245
knots on the inner scale and rcad TAS on the
outer scale. The TAS is 408 knots.
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Figu;'e 4-34. ICE-T Method in Reverse

ALTERNATE TAS MEeTHop. There is an alter-

nate method of finding TAS when given CAS. The
instructions for the alternate solution are printed
on the computer directly below the F factor table.
Mathematically, your answer should be the same
regardless of the procedure you use, but the ICE-T
method is used most often because the computation
can be worked backwards from TAS. If you wish
to maintain a constant TAS, you can determine

what CAS or IAS to fly. by working the IGE-T .

method in reverse as illustrated in figure 4-34,

Machmeters

Machmeters indicate the ratio of aircraft speed
to the speed of sour.d at any particular altitude and

(TAS 742k) . fb TEMP —20%
MACH 1.2 MACH TNDEX

wiGATIon Y. 4
AR NA TYPE N3¢

-

“,. NRSPED g .

O LRSI Aun
> A eoPUTA !lp,:

5
v Da
81,y L1SY it

20 10 §
for
ot
rLTation

61

Figure 4-35. Finding TAS from Mach Number
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temperaturc during flight. It is often necessary to

. convert TAS to a Mach number or vice versa. In-

struction are clearly written on the computer in the
center portion of the circular slide rule.

Locate the window marked FOR AIRSPEED
AND DENSITY ALTITUDE COMPUTATIONS
and rotate the disc until the window points to the

- top of the computer (toward the 10 index on the
_ outer scale). Within the window is an arrow en-

titikd MACH NO. INDEX. See figure 4-35. To
obtain TAS from a given Mach nuimber, set air
temperature over the MACH NO. INDEX, and
opposite the Mach number on the MINUTES
scale, read the TAS on the outer scale.

Example: 1f you are planning to maintain
Mach 1.2 on a cross-country flight, place the air
temperature at flight altitude over the MACH NO.
INDEX. Read the TAS on the outer scale opposite
1.2 on the inner scale. If the temperature is
—20°C, the TAS will be 742 knots.

AIRSPEED INDICATORS

True Airspeed indicator

Most true airspeed indicators display true air-
speed by a single pointer on a fixed circular scale
as illustrated in figure 4-36. They employ an .
aneroid cell, a differential pressure diaphragm, and
a temperature diaphragm to measure im.pact pres-
sure, barometric pressure, and free air tempera-
tures. The combined actions of the diaphragms
mechanically compensate for air density error to
provide an indication of true airspeed.
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Figure 4-36. True Airspeed Indicator

Maximum Allowable Airspeed Indicator

This indicator, figurc 4-37, displays indicated
airspecd in 100’s of knots by an indicated airspeed
pointcr on a fixed circular scale. It displays valucs
less than 100 knots on a rotating scale in a readout
window. A maximum allowablc indicated airspeed
pointer continuddsly indicates the maximum al-
lowable indicated airspced for the particular air-
craft. Its indications arc governed by an aneroid
cell which expands as altitude increascs, causing
the maximum allowable indicated airspeed pointer
indications to. decrcase. The maximum allowablc
Mach marker is sct to the maximum allowable in-
dicated Mach number for the aireraft.

Maximum
Allowable
Airspeed Pointer

Mach Adjustment ————
Scale

Maximum Allowable
Mach Marker

Figure 4-38. Mach Indicaror

Mach Indicator

The Mach indicator, shown in figurc 4-38, dis-
plays Mach number which is the ratio between the
truc airspeed of the aircraft and the specd of sound
at flight altitude. In computing a true airspeed
from indicated airspeed,.air density must be taken
into account. This requircs that a correction for
temperaturc and altitude be made on a DR
computer. With a Mach number, these corrections
arc unnccessary becausc the existing temperature
at flight level determines the speed of sound at
flight level. The Mach number is determined by
the speed of sound, which in turn is determined by
air density; thus, Mach is always a valid index to
the specd of the aircraft.

Airspeed Pointer

Rotating Airspeed
Scale

Fixed Airspeed
Scale

Figure 4-37. Maximum Allowable Airspeed Indicator
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Airspeed-Mach Pointer

Mach Scale

Maximum Allowable
Airspeed-Mach Pointer.

Airsceed Marker

Fixed Alrspeed Scale

Mach Scale

Airspeed Marker Set Knob

' Figure 4-39. Combined Airspeed-Mach Indicators

Combined Airspeed-Much Indicator

The combined airspeed-Mach indicator, shown -

in figure 4-39 is usually found in high-performance
aircraft or where instrument panel space is limited.
It simultaneously displays indicated airspeed, in-
dicated Mach number, and maximum allowabie
airspeed. It contains a differential pressure dia-
phragm and two aneroid cells. The dlaphragm
drive:. the airspeed-Mach pointer. One aneroid
cell rotates the Mach scale, permitting indicated
airspeed and Mach number to be read simultane-
ously. The second aneroid cell drives the maxi-
mum allowable airspeed pointer. This pointer is
. preset to the aircraft’s maximum indicated air-
speed. Unlike .the maximum indicated -airspeed
and unlike the maximum allowable airspeed, Mach
number increases with altitude.’ _
marker set knob positions a movable airspeed
marker. This marker serves as a memory reference
for desued alrspeeds :

Summary of Types of Anrspeed .

INDICATED AIRSPEED (IAS) is the uncorrected»
reading taken d1rectly from the mdrcator

JAn- airspeed .

Basic AIRsPEED (BAS) is the IAS corrected for
instrument error. .

CALIBRATED AIRSPEL'D (CAS) is the BAS cor-
rected for prtot-statlc sys.em error, and error in-
duced by the attitude of the aircraft.

EqQuivALENT AIRSPEED (EAS) is CAS cor-
rected for compressibility error.

DENSITY ARSPEED (DAS) is the CAS cor-

rected for pressure and temperature.

TRUE AIRSPEED (TAS) is EAS corrected for
air density err. - (pressure and temperature).
Other TAS relationships are as follows:

TAS = Density airspeed corrected for com-

_ press lblllty - ~

"TAS = True Mach corrected for true air
temperature
INDICATED MACH NUMBER (IMN) is the Mach
number displayed on the Mach indicator.

" TRUE Mach NuMmBer (TMN) is indicated

'Mach corrected for installation/position error.

Calibrated*and equivalent airspeed and true

Mach can be determined by’ referring to the per-
formance data section of the aircraft flight manual.

S



CHALAPTER 5

Dead .'Reckon.ing\.

‘The navigator builds his knowledge upon cer-
tain fundamentals. In navigation these basic ideas
or methods are called dead reckoning (DR) pro-
cedures. Correct use of the plotter, dividers,
computer, and charts to solve the three basic
problems of navigation (position of the aircraft,
direction to destination, and time of arrival) all
make up dead reckoning procedures.

It is possible, using only basic instruments
such as the pressure altimeter, compass, airspeed
meter, and driftmeter, to navigate directly to any
place in the world. But this would take conditions
approaching the ideal such as good weather and
perfect instruments. Therefore aids to dead reck-
oning or DR such as celestial, radar, loran, map
reading, etc., have been ‘developed‘ to correct
inadequacies of basic navigation.

of DR can be used to compute winds, ground-
speeds, and alterations to the path of the aircraft
in order to complete an assngned miission,

Thus, proriciency in DR procedures is indispen-

These aids are |
primarily known as fixing aids, and they provide -
- information from' which the fundamental skills

sable if full use is to be made of the aids to
navigation.

PLOTTING

A navigator must learn proper chart work be-

fore he can direct.an aircraft from one point to - -

another. The structure and properties of maps
and charts have been covered.. Now, the next
step is plotting positions and directions or lines
on a chart. Chart work should be an accurate
and- graphic picture of the progress of the aircraft
from departure to destination and, with the log,
should serve as a complete record of the flight.
Thus it also follows that the navigator must be
familiar with and use accepted standard symbols
and labels on his chart as shown in n figure 5-1.

Expldnulion of Terms

Several terms have been mentioned in earller\

portions-of this nianual, Precise definitions of

-~

these terms must now be understood before tbe-

mechamcs of chart work are learned.

3

AIR VECTOR (TH-TAS) | > ]

True heading and airspeed 3 DR Position @
GROUND VECTOR (TR-GS) - _.,>--‘-\ o ey
| Track and ground speed - Sy 4 AlrPosition + -,
| wINDVECTOR(W/V) | et NS L
‘Wind direction and speed. | - F x A -

. Figure'5:1.,

Standdrd Plotting Symbols



TrUE Course (TC) is the intcnded horizontal
direction of travel over the surface of the earth,
expresscd as an angle measurcd clockwise from
truc north (000° Yhsough 360 degrees.

Course LINE is the horizontal componcnt of
the intended path of the aircraft comprising both
dircction and magnitude or distance.

Track (TR) is thc horizontal component of
the actual, path of the aircraft over the surfuce of
the carth. Track may, but very scldom "docs,
coincide with the true course or intended path of
the aircraft. The difference betwcen the two is
caused by an inability to predict perfectly all
inflight conditions.

TrUE HEADING (TH) is the horizontal dircc-

tion in which an aircraft is pointed. Morc pre-

cisely, it is. the angle measured clockwisc from
true north through 360 dcgrces to the longitudinal
axis of the aircraft. The differcnce between track
and true heading is caused by wind and is

: exp]amed under wind triangles.

GROUNDSPEEL (GS) is the rate of motlon of
the aircraft relative to. the earth’s surface or, in
simpler terms, it is the speed of the aircraft over
the ground. Tt may be expressed ‘'in nautical
miles, statute miles, or kilometers per hour, but,
as a navigator, you will usc nautical miles per
hour (knots). :

‘TRUE AIRSPEED (TAS) is the rate of motion

of-afi”aircraft relative-to the air mass surrounding

it. Since the air mass is usually in motion in
relation to the ground, alrspeed and groundspeed

seldom are the same.

"True headmg and trie airspeed are -the compo-"
nents of the vector used to establish an air posmon o

P A ruimext providea by R

DEeAD RECKONING P_osrrmN (DR POSITION) 1S

a point_in relation to the earth established by .

keeping an accurate account of time, ground-

-speed, and track since the last known position.

It may also be defined -as the position obtained
by applying wind effect to the true heading and
true airspeed of the aircraft.

A Fix is an accurate position determined by B

on"/e of the aids to DR

CAIR POSITION (AP) is the location of the -

aircraft in relatlon to the air mass surrounding it.

MOST PROBABLE POSITION (MPP) is a posmon
determmed ‘with partial reference to a- DR posr-
tlon and partla] reference to a ﬁxmg aid.

-ing area“-of the chait.

Uu denn
o an von- Imnd.:

Figure 5-2. Use of Dividers .

Plolting Equipment

PENCIL AND ERASER. Probably the most ele-
mentary but indispensable articles of plotting
cquipment arc pencils and erasers. The pencil
should be fairly soft and well sharpened. ‘A hard
pencil is undesirable, not only because~it makes
lines which are light and difficult to see, but also
because it makes lines which are difficult to crase.
An cxperienced navigator keeps his chart cleax
by crasing all. unnccessary lines. It.is good prac-

tice to carry several well-sharpened woodcn pen-

cils rather than a mechanical pencil. Mechanical
pencils generally make broader, less\precise lines.

Use a soft eraser which will not smudge or ~
damage the chart. Hard, gritty erasers tend to-
wear .away -printed information as well as the
paper itself. Not/all erasers will remove all pencil
lines, so find"a pencrl-craser combination . that
will work satisfactorily. Nothing reflects a navi-
gator’s ability more than kecping neat, clean, and
accurate . charts and logs. An untidy chart,
smudged and worn through in places, often causes

one to conclude that the nav1gatron performed was

careless. - : .
DIVIDI:RS A palr of dmders is an- mstrument ’

- used for measuring: distances on a chart by sepa-. - -
ratmg the pomts of the dwrders to ‘the ‘desired " -

dlstance on the proper sca]e (usually the latitude .
scale) and transferrmg thxs dlstance to ‘the work-"

f‘desrred length can be marked off By reversmg. .

In. this. way, . lines of a . ...



SCALES FOR'
DIRECTION

Figure 5-3. Typical Plotter

the process, unknown distances on the chart can

be spanned and compared ‘with the scale.

It is desrrable to mampulate the dmders with
one hand (see ﬁgure 5-2), leaving the other free
to use the plotter, pencil, or chart as necessary.
Most navigation dividers have. a - tension" screw
which you can adjust to prevent the dividers from
becoming either too stiff or too loose for con-
venient. use. Adjust the points of the dividers to
approximately equal length A smali screw drrver,
required for these adjustments, should be a part of

‘ the navrgators ec.ipment.

Whrle makrr W measurement hold the chart

. flat and smooth «.-./een the points of the dividers,
“as a wrlnkle may cause an error of. several mrles -

Mark pornts on a chart by applymg slrght pressurc
on the d1v1ders so that they prlck;the chart: Too

.. N_,much pressure results ,in’ large “holes ‘in the ‘chart

and “tends: to spread the pornts of: the dwnders

" farther ) apart, reducing measurement accuracy.

Precision navngat:on requrres precrslon measure-
ment.

. PLOTTERS. ‘A plotter is an 1nstrument designed ‘
prlmarrly to aid in drawmg and measuring lines
in desired directions. Plotters vary from compli-
cated drafting machines and complete navigator’s
draftipg sets to a simple plotter combining a kind
of protractor and straight edge: '

"-A common Air Force plotter is shovn in ﬁgure :
5-3. This plotter is‘a semrcrrcular protractor with
a straight edge -attached to- it. * A small hole at

' the base. of the protractor portion indicates the

center -of the arc of the angular scale. Two com; - -

- "plete scales cover the outer: edge of the protracter
‘and ‘are graduated in degrees
" inner scale ‘measures the angle from the vertical,

“An abbrevrated

The ‘outer- scale rncreases from 000 degrees

, to 180 degrees counterclockwrse, and the mner‘ .
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Figure 5-4. To Measure True Course

scale increases from 180 degrees to 360 degrees
counterclockwise. An angle is measured by placing
the vertical line (that line containing the small
hole) on a meridian, and aligning the base of the
plotter with -the line to be measured as shown
in the illustrations measuring true course (figures
5-4 and 5-5). o
The angle -measured is the angle between the
' meridian and the straight line. The outer scale
~ is used to read all angies between north through
east to south, and.the inner scale is used to read

o7 all_angles between south through west to north

as in figure 5-6.

Ploh‘ir}g Pro_éedur/e, Mercator Chd}rl“

,_._’ PfiEPARAi“beTA great many charts and plotting
-~ - sheets are printed on the Mercator projection.
" When plotting work is done -on-4 blank plotting
sheet, with only the parallels of latitude and. the

- be oriented correctly depending upon the latitude.
~—If-the chart is to be used in south latitudes, the
. sheet is turned upside down so that the latitude

‘increases toward the south.’ |

R ‘FigU(_e 5-5. 'T

0" Measure Trve Course Near . :
180° or 360° .

- tude of the. flight. With North at the ‘top of the

‘meridians printed on it, the plotting sheet should -

* . chart, west longitude increases toward the western
- .(left) .edge and’ east longitude increases. toward
-+ . the eastern (right).edge. This is true in both

-

. ! When plotting on chaf;s which have-only the o
parallels printed ‘on them, the ‘meridians should .
- be’ assigned the appropriate values for the longi-



Figure 5-6. To Read Angles from Plotter

north and south latituues. However, with South
at the top of the chart, west longitude increases
to the right and east longitude increasés to the
left. Once the meridians are numbered, the points
of departure and destination shonld. be plotted,
along with .important navigation aids.

Beforc starting any plot, note the scale and
projection .of the chart and check the date to
‘make sure that it is the latest edition. The latitude

scale is used to represent nautical miles. The
longitude scale should never be used to measure
distance. Some cha{'ts carry a linear scale in the
margin, and, where present, it indicates that the
" same scale may’ be used anywhere on t_he'.chart.

. PLOTTING PosITIONS. On some Mercator charts,
the spacing betv.:en. meridians and parallels is
. close cnough to permit plotting by visual inter-
polation. Howevei, on, most Mercator charts, -
the ' meridians and parallels are. more widely
~spaced, necessitating the use of dividers. There
are several methods by which positions can be
plotted on Mercator charts. One method is illus-
-trated in figure 5-7. Place the straight. edge of
the plotter in a vertical position, at the desired
longitude. - Set the dividers to.the desir~d number,
of minutes. of latitude; Hold one: point a@ainst
the straight edge on-the parallel of latitude corre-
sponding to the whole degree of latitude given.
Let the other. point also rest against the $traight
edge and lightly prick the chart. This marks the- . ,
desired position. In measuring the latitude and Figure 5-7. Plotting: Positions on a Mercator
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longitude of a position alrgédy ;;lottyed,ﬂ re?érse the.

procedure. - -

PLOTTING AND MEASURING (COURSES. Plot de- -

parture and destination on the chartz;-,as_ shown in
figure 5-8, Step 1. Step 2 is to™draw the- course
line between.the two points. If they are close

together, the straight €dge of the plotter can be
used. If they are far apart, two plotters can be
used together, or a longer siraight edge.can be
used. If none of these methods is adequate, fold
the edge of the chart so that the fold connects the

.departure ‘and destination points,’ and ‘make a




series of pencil marks along the edge'. A plotter
or straight edge can then be used to connect the
points when the chart s unfolded.

After the course line has been plotted and
labeled, the next step is to determine its direction.
Place the points of the dividers or a pencil any-
where along the line to be measured, Step 3.

* Place the plotter against the dividers, Step 4.
Slide the plotter until the center hole is over.any
meridian as shown in Step 5. Read TC on the
protractor at the meridian, Step 6. Keep in mind
the approximate direction of the line when reading
the protractor.

A course line has two ‘possible directions (fig-
ure 5-9): the correct one: and the opposite or
reciprocal. The error- of pIottmg and measuring
-reciprocals is, unfortunately, all too common,
and such mistakes have resulted in serious trouble

for more than one navigator. By having a mental  __._ \ / 1 / -
picture of the cormpass rose, the navigator can T— <
save himself the embarrassment of plotting or ~ "JTTrIETTT W Y ‘5 0 "ﬂ'ﬂ*’fv ' ”{f TEYYTITY
measuring reciprocal courses or bearings. Small ‘!’{) . ALk 7 g o 2,0, r 4
arrows are found on some plotters near the 90°- 25 HY (S R
270° marks to_minimize the pOSSlblllty of reading e I ST Y
" the wrong scale: ) ' ? RIS RTINS NS BT, RA s ’A.-'..,,.
MEASURING NEARLY VERTICAL LINES. Some— “‘j‘aééfa'w”ﬁi‘m*‘?*«?f‘ai&tﬁ?ﬁ?%?&f ,';’mi?&%“:

times the line whose direCtion is to be measured
" runs nearly north or ‘s‘.out}i,'making it difficult to
align the hole in the plotter with a meridian. In-
this case, the easiest solution is to use a paralle!
of latitude as a reference instead of a meridian,
Move the plotter along a line until the center hole
is over any parallel of latitude. Measure the
direction of the line by reading the degree scale
0a the same parallel and mentally adding or
subtracting 90 degrees. Some plotters are provided
with an abbreviated scale  for measuring such
angles without adding ‘or subtracting 90 degrees.

o

" Flgure 59, Rec:proca! Drrechons
——_ A

Full Tt Provided by ERIC.



Figure 5-10. Plotting Course from Given. Position

PLOTTING COURSES FROM GIVEN POSITION. A

course from a given position can be plotted quickly
in the following manner:’ Place the point of a
pencil on the position and-slide the plotter along

" this point, rotating it as necessary, until the center
hole and the figure on the protractor representing
the desired direction aré lined up with the same

. meridian. Hold the plotter in placz and draw the
line along the straight edge (figure 5-10).

. PrLOTTING NEARLY VERTICAL COURSES. When .

a course which extends nearly north or south is
to be plotted, the simplest method of orienting
a plotter is to align thc plotter with a parallel of
latitude, as explained previously. Hold .a pencil
on the pointfrom which the course is to be drawn,

and then slide the plotter ~long the pencil until

the center hole and.-the desired degree on the
abbreviated scale of the protractor a:e both on

the same parallel.' The .edge‘of the'p'lottef against

E the pencil is now aligned with the desired course -
and the course line can .be drawn. (figure 5-11)./

MEASURING DISTANCE. One of the disadvan- -

tages of the Mercator -chart is the lack of a

constant scale.  If the two points between which -

 the distance is to be measured are approximately -
in a-holfth_.—south_ direction and.the total distance .

between them can.be spanned,’the’ distance. can

be measured on the latitude scale opposite the
midpoint. . However, the total distance . between
any two points that do rot lie approximately north

_or south of each other should not be spanned

unless the dis’.iice is short. All distances should
be measured as near the mid]\atitude as possible.
In the measurement of long distances, select a
midlatitude lying approximately half-way between
the latitudes of the two' points. By using dividers
set ‘to a convenient, reasonably short distance,
such as 60 nautical miles picked off at the mid-
latitude scale, you may determine an approximate

~ distance by markil.,, off units along the line to be

measured as shown in figure 5-12. )
The scale at the midlatitude is accurate enough -

“if the course line does not cover more than 5

degrees of latitude (somewhat less in high lati-
tudes). If the course line exceeds this amount or

“if it ccosses the equator, dividé it into two or

more. legs "and measure - the length of each leg

~ witis-the scale of its own midlatitude.

Plotting Procgdure, Lambert Conformal and
Gnomonic Charts ’ — '

_ PLOTTING PostTIONS. On a Lambert conformal
chart;" the meridians are not parallel as on a
‘Mercator chart. Therefore, in plotting a position

~

« g




‘Figure 5-11. Plotting Nearly Vertical Courses.

AN

by the method described under Mercator charts,
it is not accurate to allow the plotter to parallel
any onc printed meridian. Instead, the plotter
‘'should intersect two graduated parallels of latitude

" at the desired longitude. When the plotter is in

this position, the dividers are set to the given

minutes of latitude, and with one point resting

on the given parallel of latitude against the plotter,
the other point will rest on the correct position

adjacent to the plotter. Follow this “procedure

on a small scale chart where the meridians show

marked convergence. On a large scale chart, the

meridians are so nearly parallel that this precau-

tion is unnecessary.

The $Gale on' all parts of a Lambert conformal
chart is essentially constant. Therefore, it is not
absolutely necessary to pick off minutes of lati-
tude near any particular paralle] except in the
most precise work. Distances. can be measured
using any portion of the latitude. scale, or by using
the miles scale which is usually showr.

PLOTTING AND MEASURING COURSES. Any
straight line plotted on a Lambert conformal
_chart is approximately an arc of a great circle.
In long distance flights, this feature is advantageous
since ihg great circle course line can be plotted
‘as easily as a rhumb line on a Mercator chart.

However, for shorter distances where the differ~
ence between the great circle and rhumb line is
negligible, the rt-.mb line is more desirable be-

" cailsg- a constant heading can be held. For such




Figure 5-13. Use Midihe_ﬁgliaq to Measure Course on a Lamber! Conformal

'

distances, the approximate direction of the rhumb
line course can be found by measuring the great

circle course at midmeridian as shown in ‘igure

5-13. In this. case, the track is not quite the
same as that indicated by the course line drawn

on the chart, since the actual track (a rhumb line).

appears. as a curve convex to the equator on a

Lambert conformal chart,_while the course line

»

- . . ~

'(gpproximately a great circle) appears as a
straight line. Near midmeridizn, th: two have

- approximately the same direction (except for very

long distances) along an oblique course line-as
indicated in figure 5-14. =

For long distances involving great circle courses,
it is not feasible io change heading continually,
as. is necessary when following a great circle

A\)
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Figure 5-15.

exactly, and it is customary to divide the great
circle into a series of legs, each covering about
S degrees of longitude. The direction of the
rhumb line- cconnecting the ends of each leg is
found at its midmeridian.

MEASURING DISTANCE. As. previously stated,
the scale on a Lambert conformal chart js prac-
tically constant, making possible the use of aay
part of a meridian graduated in minutes of latitude

~

for measurement of nautical miles. Scales of both"

nautical and statute  miles are/ shown on some
Lambert conformal charts.

PLOTTING ON A GNOMONIC CHAPT Gnomomc
caarts are used mostly for .planning great circle

routes. Since any straight line on a gnomonic

chart is an arc of a great circle, a straight line E
from the point of rdepartire to destination indi-

" Gates the great_circle route.

in segments to a Mercator chart as. shown in

" figure 5-15.

JAFuiToxt Provided by ERIC

The latitude and longitude of a serles of potnts

This: great circk:’
route is customarily used by transferring the line ..

along tie great cucle are measured and plotted_ '

!'Wl

HL Y

_putations, and positions,

Transferring Great Circle Route froni Gnomonic to Mercator thart

on a Mercator chart. They are then connected

with straight (rhumb) lines.

- ProtTiNG HinTs. ) The following suggestrous
should prove helpful in developing good ttmg
procedure'

e Measure all du-ectlons and distances carefully
Check and doublecheck all measurements com-

e Avoid plotting unnecessary lines.

to extend beyond their useful limits: _

e Keep plotting equipment in good working order.
If the plotter is. broken, replace it. ‘Keep sharp
points ‘on dividers. Use a sharp-pointed, <oFt

~pencil and an eraser thint will not smudge v

e Draw light lines at first, as they may have to"
.be erased. When the line has been ~hecked and
] proven to be correct then darken it if desired.

o Hold the pencrl agalnst the plotter at the same
angle throughout the entire length of the lme
. Label lines and points immediately after they
are drawn. Use standard labels and . symbols.
Letter ‘the labels legibly. Be neat and exact. -

If a line
.serves no purpose, erase it. Do not -allow lines.
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DR COMPUTER

Almost any type of navigation requires the’

solution of simple arithmetical problems involving
time, speed, distance, fuel consumption, and so
forth. In addition, the effect of the wind on the
aircraft must be known; therefore the wind must
b= computed. To solve such problems quickly
and with reasonable accuracy, various types of
computers have been devised of which the com-

puter described in this manual is one. This com-

puter is simply a combination of two devices:
(1) a circular slide rule for the solution of arith-
metical problems (See figure 5-16) and (2) a

; *specially designed instrument for the graphical

‘solution of the wind problem. (See figure 5-17.)

The slide rule is a standard device for the
mechanical solution of various arithmetical prob-
lems. Slide rules operate on the basis of loga-
rithms, but no knowledge of logarithms is neces-

sary for the successful use of the instrument. Slide

AVIGATION,
Tt NS

Figure 5-16.

5-12

DR Computer Slide Rule Face

rules are either straight or circular; the one on
the DR computer is circular.

The slide rule face of the computer consists
of two flat metallic disks, one of which can be
rotated around a common center. These disks are

_graduated near their edges with adjacent, loga-

rithmic scales to form a circular slide rule approxi-
mately equivalent to a straight, 12-inch slide rule. .
Since the outer scale -usually represents a number

of miles and the inner scale, a number of minutes, _ '

they are called the miles scale and the minutes or
time scale, respectively. Refer to figure -16.

The numbers on each scale represent the orinted -~

figure with the decimal point moved any number- - *

of places to the right or left. For example, the.

fizure 12 on either scale can represent 1.2, 12,-

120, 1200, etc. ) -
Since speed (or fuel consumption) is expressed

‘in miles (or gallons or pounds) per hour (60 min-

utes), a large, black arrow marked speed index
is placed at the 60-minute mark. -

Figure 5-17. DR Computer Wind Face

.
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A. Not all ewit intervals are wombered, .
m»wl\ldlmmn-qbond )

18 19 20 a1 .
SO AL ALLISS
8‘-00 8:00

25 LA "700[

52

2\, %‘ X

3. Observe the unit division markers between
(2] these two; finally, pick the third te locate 83.
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Figure 5-18. Reading the Slide Rule Face

Graduations of both scales -are identical. The

graduations are numbered from 10 to 100 and-

the unit intervals decrease in size as the numbers
increase in size. Not all unit intervals are num-
bered. The first element of skill in using the
computer is a sure knowledge of how to read
the numbers.

Reading the Slide Rule Face

The unit intervals which arc numbecred present
no difficulty. The problem lies in giving the cor-
rect values to the many small lines which come
between the numbered intervals. There are no
numbers given between 25 and 30 as shown in
figure 5-18A, for example, but it is obvious that

" the larger intermediate divisions are 26, 27, 28,

and 29. Between 25 and (unnumbered) 26, there
are five smaller divisions, each of which would
therefore be .2 of the larger unit.

To find an uneven number, such as 8%, illus-

trated in figure 5-18B, find first the nearest smaller .
‘numbered “ graduation (80), then the nearest

larger numbered graduation .(90). After ob-
serving the value of the divisions between, select
the proper division. (in this case, the third) for
the desired number.

For a number such as 278, ﬁrst.ﬁnd the 27
(for 270), then the 28 (for 280), then the fourth

“of the intermediate divisions (for 278) since the

divisions here are of two units each. Obviously,
unit divisions will be found only for. numbers
made up of relatively few integers. For a number
such as 27812, the point already chosen for 278
would be used. This same point would also be
used for 27.8, 2.78, etc. There are thus several
numbers for each point on the scale. The matter
of the use and place of the decimal point is largely
one of common sense,

5-13
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Problems on the Slide Rule Face

SIMPLE PROPORTION..
the computer is so constructed that any relation-
ship between two numbers, one on the miles scale
-and one on the minutes scale, will hold true for
all other numbers on the two scales. Thus, if the
two 10’
numbers will be 1dentxcal around the clrcle 1t
20 on the minutes-scale is pldced opposite 10 on
the miles scale, all numbers on the minutes’ scale
will be double those on the miles scale. This

feature allows cne to supply the fourth term of

any mathemancal proportion. Thus; the ur.known

‘in the equatlon

18 __x
H— 50

could be- solved on the computer by setting 18

on the miles scale over 45 on the minutes scale

and reading the answer (32) above the 80 on ..
. the minutes scale.

It is this. relationship that
makes possible the solution of time-speed-distance
problems. :

TIME, SPEED, AND DISTANCE. An aircraft has
traveled 24 miles in 8 minutes. How many min-
utes will be required to travel 150 miles? This is
a simple proportion which can be written as

24 _ 150
8 7 x
Setting the 24 over the 8 on the computer as

illustrated in. figure 5-19 and reading under the

150, we find the answer to be 50 minutes.

oy

Aruitoxt provided by Eic:

The slide rule face of .

rre placed opposite each other, all other

A problem that often occurs is,to’find the
groundspeed of the aircraft when a given™distance
is traveled in a given time. This is solved in the
same manner, except that the computer is marked
with a speed index to aid in finding the correct
proportion. In the probl:m just stated, if 24 is
set over 8 as in the original problem, the ground-
speed of the aircraft, 180 knots, is read above

‘the speed index as shown.

Example: To find distance when groundspeed
and time are known.

Given: Groundspeed 204 knots,

- Required: Distance traveled in 1 hour 15 min-
utes (75 minutes).

F:gure 5-20. To Find Disfance when Speed and
- Time Are Known

Solution: Set the speed index on the minutes
scale to 204 on the miies scale. Opposite 75 on.

- the minutes scale, read 255 nautical miles on the

miles . scale. The computer solution is shown i
figure 5-20.

Example: To solve for time when speed and

' dlstance are given.

Gwen. Groundspeed 250 knots.
Distance 375 miles
Reéuired_: Time
Solution: Set speed index on the minu_tes scale
opposite the "groundspeed (250. knots) on the
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Figure 5-21. To Find Time when Speed and Distance
Are Known

Figure 5-22. To Find Speed when Time and Distance
Are Known

136 STATUTE
MILES:
118 NAUTICAL MitEs 218 ‘ULOMETERS
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miles scale. Opposite the distance (375) on the
miles scale read the time (1:30) on the minutes
scale. In this instance, the hours scale beneath

the minutes scale is used since the time is more

than one hour. The minutes scale reads correctly
in minutes (90 minutes) but the hours scale con-
verts the time into hours and minutes. The com-
puter solution is shown in figure 5-21.

Example: To find speed when time and dis-
tance are known.

Given: Distance 140 nautical miles
Time 40 minutes

Réquired: Groundspeed

Solution: Set the distance (140) on the miles
scale above the time (40) on the minutes scale.
Read the groundspeed (210 knots) above the
speed index on the minutes scale as shown in
figure 5-22, )

SECONDs INDEX. Since one hour is equivalent
to 3600 seconds, a subsidiary index mark, called
seconds index, is marked at 36 on the minutes
scale of some computers. When placed opposite a
speed on the miles scale, the index relates the
scales for converting distance to time in seconds.
Thus, if 36 is placed opposite a groundspeed of
144 knots, 50 seconds is required to gc two
nautical miles, and in 150 seconds {2 minutes
30 seconds) 6.0 nautical miles are covered, Simi-
larly, if four nautical miles are covered in 100
seconds, groundspeed is 144 knots. -

CONVERSION OF DISTANCE. Subsidiary indexes
are placed on some computers to aid in the con-
version of distances from one unit of measure to
another. The most common interconversions are

those involving statute miles, nautical miles, and
kilometers,

Statute-Nautical Mile Interconversion. The
miles scale of the computer is marked with a
Statute mile index at 76 and a nautical mile index
at 66. The units are interconverted by setting the
known distance under the appropriate index and
reading the desired unit under the other.

Example: To convert 136 statute miles to
nautical miles, set 136 on the minutes scale under -
the STAT ‘index on the miles scale. Under the
NAUT index on the miles scale, read the number
of nautical miles (118) on the minutes scale. See
figure 5-23.

Figure 5.23. Statute Mile, Nautical Mile,Kilometer
* Interconversion ‘



Figure 5-25. To Divide One Number: by-Another

Conversion of Nautical or Statute Miles to
Kilometers. A Kkilomcter index is indicated on
the miles scale of the computer at 122. When

nautical or statute miles are placed undér. their -

appropriate index on the miles scale, kilometers
" may be read, on the minntes scale, under the Km
index.
Example:
“kilometers, place {18 on the minutes scale under
the NAUT index on the miles scale. Under the
KM index on the miles scale, read kilometers
(218) on the minutes scale
MULTIPLICAT]ON AND DivisioN. To multiply
two numbers, for example 12 X 2, the index

(printed as -10 on the minute scale) is placed: .
opposite one of the numbers to be multiplied .

ERIC

B A ruivex: provided by Eric

To convert 118 ‘nautical miles. tb.

(12), and the product’ (24) is read on the miles
scale above the other number (2) on the minutes
scale (see ﬁgure 5-24).

To divide one number by another, for example
24 - 8, set the divisor (8) on the minutes scale
opposite the dividend (24) on the miles scale,
and read the quotient (3) on the miles scale oppo-
site the index on the minutes scale (see figure
5-25). , .

The rules for placing the decimal point are given
in most algebra texts. However, in the compu-
tations encountered in air navigation, as in the

above examples, there is usually no doubt as to -

the placement of the decimal point in the result.

Review of the Slide Rule Face

The computer is a circular slide rule with two
circular scales; the outer miles scale and the inner
minutes scale. The itner scale is rotatable. A

. ratio CXIStS around the slide rule o that when

ong rano or fraction is set on the scale, this auto-

matically sets up every posslble fraction nf equal -

value. Knowing one term of any fraction in the
proportion, the other term is found either above
or below the known term.

Use caution in positioning the decimal point
in problems. The slide rule is based on loga-

rithms; consequently, the numbers represent multi- -

ples of ten. The number 10 may represent 10,000
in one problém and only 100 in another, yet it is
found in the same place. However in most cases,
the position of the dec:mal point will be falrly
obv1ous

Another thing to learn .is'the value of .the
graduations between numbers. In some cases .it

may be one, and in others two. When looking -

for -uneven numbers, find the nearest smaller
numbered graduation and the nearest larger num-

‘bered graduation and determine the value of the

divisions in between. Then select the value desired.

o

The major use of the computer is in solving

time, speed, and distance problems.

tions, they can be solved quickly on the computer.

§|I{ega_rdle5s of which unknown must be solved, the
“computer: is.set so that the distance appears over

the timé and the speed appears above the 60 (the
arrowhead speed index). The number 60 is used
because in most cases, values in knots are desued

Because:
time, speed, and distance problems are propor-.
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BODY OF AIR
MOVES 20 MILES

IN ONE HOUR

BALLOON MOVES
20 MILES
IN' ONE - HOUR

Figure 5-26. Balloon Floats Downwind at Rate Equal to Wind Speed .

To convert statute miles to nautical miles, or
vice versa, there are convenient scales provided
which’ ehmmate the neressity for setting up a
proportlon‘ ~In addition, a kilometer conversion
is provided.

To solve a problem of. multxphcatlon or dwnsnon

set the equation on the computer as a proportion,

For multiplication, set the index under one factor
and read the product over the other factor.
division, the divisor is placed under the number
to be divided and the answer is read above the
index. . ‘

The use of the wmdows on the slide rule side
of the computer is covered later

EFFECT OF WIND ON AIRCRAFT

Any vehicle traveﬁng ‘on the ground, such as

. an automobile, moyes in the direction in which

it is steered or headed and is affected very little

by wind. However, an aircraft seldom travels in.

exactly the direction in which it is headed because
of the wind eﬁ"ect

For

Consider first the effect of wind on a balloon
which has no motion of its own. At 0900 ‘a
balloon is launched into the air at point A4 ‘in -
figure 5-26. If the wind is from 270 degrees at

20 knots (W/V, 270°/20k), where is the balloon"

at 1000? Think of the balloon as floating in a
body of air which moves from 270 degrees toward
90 degrees at 20 knots.” In one hour the body of
air moves 20 nautical miles and the balloon moves
with it. Thus, in the illustration, at 1000 the
bal'oon js at point B, 20 nautical miles from point
A in the direction of 90 degrees. A balloonist
rever feels any wind because he is suspended in
the body of air and moves with it. Conseauently,
no air moves past him. A balloon in the air is

just like an empty bottle floating down a river; 1t‘

travels with the current,
Any free object in the air moves downwind

" with the speed of the wind. This is just as true

of an aircraft as it is of a balloon. If an aircraft
is flying in ‘a 20-knct wind, the body of air in
which it'is flying moves -20 nautical miles in one
hour. Therefore, the aircraft also moves 20
rnautical miles downwind in one hour. This move-

5-17



Q

ERIC

Aruitoxt provided by Eic:

. Movement of
" in addition to forward movement : -
. of aircraft through air.
: e

Bo)éﬁrair moves 20 miles in one hour,
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Figure 5-27. Two Factors Determine Path of Aircraft

ment is in addition to the forward movement of
the aircraft through the body of air.

The path of an aircraft over the earth is deter-
mined by the two unrelated factors shown in figure
5-27: (1) the motion of the aircraft through the
air mass, and (2) the motion of the air mass
across the earth’s surface. The motion of the
aircraft through the air mass is directly forward in
response to the pull of the propellers or thrust of

the jet units, and its rate of movement through

the air mass is true airspeed. This motion takes
place in the direction of true heading. The motion
of the air mass across the earth’s surface may be

_from any direction and at any speed. The meas-

urement of its movement is called wind and is

- expressed in direction and speed (W/V).

Drift Caused by Wind

An aircraft’s movement over the ground is
comparable to a boat crossing a river. If there
is no current in-the river, a boat started at one
shore of the river and rowed perpendicularly to
the river’s edge would end up at a point on the

- 5-18
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opposite shore directly across from its starting
point. However, if there is a current, the boat
will be carried downstream. Until the boat even-
tually reaches the opposite shore, the displacement
downstream is dependent upon the velocity of the
river current and the speed of the boat.

The aircraft in figure 5-28 departs from point
A on a heading of 360 degrees and flies for one
hour in a wind of 270°/20k. The aircraft is
headed toward point B, directly north of A, so its
true heading is represented by the line AB. If
there "were no wind, the aircraft would be at
point B at the end of the hour. However, there
is a wind. The body of air in which the aircraft
is flying moves 20 nautical miles toward the east
in the hour, and the aircraft moves with it. Con-
sequently, at the end of the hour the aircraft is
at point C, 20 nautical miles downwind from
point B. The line AB is the path of the aircraft
through the body of air; the line BC shows the
motion of the body of air; and the line AC is the
actual path of the aircraft over the earth. The
effect, then, of this wind on the aircraft is to
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Figure 5.28, In One Hour, Aircraft Drifts Downwind

an Amount Equal to Wind Speed

"HEADWIND 0° DRIFT

cause it to follow a different path over the ground
than it does through the air mass. The path over
the ground is its track (Tr). At this time it might
be well to differentiate between the terms true
course (TC) and track (Tr). True course rep-
resents the intended path of the aircraft over the
carth’s surface. Track is the actual.path that the
aircraft has flown over the carth’s surface. The
terms TC and Tr are often considersd synonymous.
Remember, however, that in the actual workings
of navigation, true course is considered to be
future, while track is considered to be past.

The lateral displacement of the aircraft caused
by the wind is called drift. Drift is the angle
between the true heading and the track. As shown
in figure 5-28, the aircraft has drifted to the right;
this is known as right drift.

With a given wind, the drift will change on
each heading. A change of heading will also
affect the distance flown over the earth’s surface
in a given time. This rate traveled relative to the
earth’s surface is known as groundspeed (GS).
Therefore, with a given wind, the groundspeed
(GS) varies on different headings.

The next illustration, figure 5-29, shows the
effect of a 270°/20k wind on the groundspeed
and track of an aircraft flying on headings of 000°,

" TAILWIND 0° DRIFT

I

Figure 5-29. Effect of Wind on Aircraft Flying in Opposite Directions

5-19



Figure 5.30. Aircraft Heads Upwind fo Correct
for Drift

090°, 180° and 270°. The aircraft flies on each
heading from point X for one hour at a constant
true airspeed.

Note that on a true heading of 000°, the wind
causes right drift, whereas on a true heading of
180°, the same wind causes left drift. On the

headings of 090° and 270° there is no drift at all.’

Note further that on a heading of 090° the air-
- cr ft is aided by a tailwind and travels farther in
ai hour than it would without a wind; thus its
groundspeed is increased by the wind. On the
heading of 270°, the headwind cuts down the
groundspeed ‘and also cuts down the distaice
traveled. On the headings of 000° and 180°,
the groundspeed is somewhat increased.

Drift Correction Compensates for Wind

Previously, it has been demonstrated how the
wind causes drift and affects the track of an
aircraft. But how to adjust the true heading to
allow for drift and thus maintain a desired true
course has not been explained.

In figure 5-30 suppoée the navigator wants

5-20

to fly from point A to point B, a true course of
000°, when the wind is 270°/20k. What should
be the true heading? Obviously, if he flew a true
heading of 000° he would not end up at point B
but at some point downwind from B. Rather, the
navigator must head for some point upwind from
point B.and let the right drift bring him to B.
If the aircraft is to be in the air for one hour, it
will drift 20 nautical miles downwind from point
B. Flying the heading AC, he would reach point
B in one hour; the track of the aircraft will be the
line AB. :

Heading an aircraft upwind to maintain.the
true course is called correcting for drift. The
angle BAC is called the drift correction angle or,
more simply, the drift correction. Drift correction
is- the correction which is applied to a true
course to find the true heading. BAC is a minus
correction.

The amount of drift correction must be just
enough to compensate for the amount of drift
on the particular heading. Therefore, if the
aircraft is on a heading of AC, the drift correction
angle must be equal to the drift angle. If drift is
to the right, drift correction must be to the left
or minus. Therefore, the drift correction angle
is measured in the opposite direction to the drift
and given a sign of plus or minus.

"Figure 5-31 shows the drift correction necessary
in a 270°/20k wind if the aircraft is to make good
a true course of 000°, 090°, 180° or 270°.

Note that to reach point B or D, the aircraft
need make no drift correction. To reach point A
or C, the aircraft must head upwind. This means
that to reach point A the aircraft must correct
to the left, or minus (—) drift correction, and to
reach point C it must correct to-the right, or plus
(+4-) drift correction. o

In computing a magnetic heading to fly the
navigator must first obtain the true heading,
Therefore, he must compute a. drift. correction
to apply to the true course. (True Course == Drift
Correction = True Heading.)

Suppose an aircraft is flying from point X to
point A in the illustration, a true course of 000°,
Drift correction is left; therefore the true heading
is less than 000°. The drift correction which must

"be applied to the true course to obtain the true

heading is minus in sign. When the drift is right,
correct to the left, and the sign of the correction
is minus. ‘When the drift is left, correct to the
right, and the sign of the correction is plus.
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Figure 5-31. Maintaining Course in Wind

Keep in mind a mental picture of the compass
rose and how directions increase clockwise.

Remember that after compensation for drift,
the aircraft will still drift. All that has been
done is to head the aircraft off course so that
the wind will cause it to d-ft along the course
while maintaining a con<ant heading. This cor-
rection in the heading of the aircraft cannot, of
course, have-any effect on the wind. The wind is
a natural element over which there is no control.

Vectors and Vector Diagrams

In aerial navigation there are many problems
to solve involving speeds and directions. These
speeds and directions fit together in pairs, one
speed with one direction. Previously it was stated
that wind should be expressed as a direction and
as a speed, never as a direction or a speed alone.
Of the other factors involving speed and direction,
true heading (a direction) is related to true air-
speed (a speed), and track (a direction) is
related to groundspeed (a speed). These last
four can be expressed separately and solved
separately. '

RIGHT DRIFT
REQUIRES A LEFT
OR {—) DRIFT

CORRECTION. TAILWIND 0° DRIFT |

E}. 090°
>

LEET DRIFT _
REQUIRES A RIGHT -
OR (+) DRIFT
CORRECTION.

e R

It has been shown how wind is expressed as a .
force with direction and speed horizontal to the
carth’s surface. This force affects the movement
of aircraft much the same as the current of a
river affects a boat. It has also been pointed out
that by turning an aircreft into the wind, it is
possible to correct for the wind effect. A more
exact method of determining wind effect and a
correction for it nre needed. By using vector
solution methods, -:aknown quantities can be
found. For examrie, true hcading, true airspeéd,
and wind velocity 'y be Yaown, and track and
groundspeed unknown. To solve such problems,
the relationships of these quantities must be
understood.

The vector can be represented on paper by a
straight line. The direction of this line would
be its angle measured clockwise from true north,
while the magnitude or speed is the length of
the linc compared to some arbitrary scale. An
arrow-head is drawn on the line representing a
vector to avoid any misunderstanding of its direc-
tion. This line drawn on paper to represent a

<
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Figure 5-32. A Vector ‘Has Both Magmfude
and Direction

vector is known as a vector diagram, or often it is
referred to simiply as a vector as shown in ﬁgurc
5-32. Future references to the word vector will
mean its graphic representation.

Two or more vectors can be added together
simb]y by placing the tail of each Succeeding
vector at the head of the previous vector. These
vectors added together are known as component’
vectors. The sum of the component vectors can
be determined by connecting, with a straight line,
the tail of one vector to the head of the other.
This sum is known as the resultant vector. By its
construction, the resultant vector forms-a closed
figure as shown ix figure 5-33. Notice the resultant
is the same regardless of the order as long as the
tail of one vector is connected to the head of the
other. .

The points to remember about -vectors are as
follows: '

e A 'vector possesses both direction and magn.-
tude.

o In aerial navigation the vectors which we use

have speed and direction.

e When the components are represented fail to
head in any order, a line connecting the tail of

the first and the head of the last represents the -

Tesultant.
. All component vectors must be drawn to the
same scale.

Q
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Figure 5-33. PResultart Vector Is Sum of
Component Vectors

Wind Triangle and Its Solution

A vector illustration showing the effect of the
wind on the flight of an aircraft is called a wind
triangle. Draw a line to show the direction and
speed of the aircraft through an air mass (TH
and TAS); this vector is called the TH-TAS
vector or air vector. Using the same scale, con-
nect the tail of the wind vector tc the head of the
air vector. Draw a line to show the direction and
speed of the wind (W/V}; this is the wind vector.
A line connecting the tail of the air vector with
the head of the wind vector is the resultant of
these two component ‘vectors; it shows the direc-
tion and speed of tiie aircraft over the earth (Tr
and GS). It is called the Tr-GS vector or ground
vector.. Tt makes little difference which of the two
components is drawn first; the resultant is the
same.

To distinguish one from another, it is necessary
to mark each vector, Accomplish this by placing
one arrowhead at midpoint on the air vector
pointing in the direction of true heading. The
ground vector has two arrowheads at midpoint
in the direction of track. The wind. vector is
labeled with, three arrowheads in the direction the

~wind is blowing. The completed wind triangle

is shown in fipure 5-34..

Remember that wind direction and wind speed
compose the wind vector. True airspeed is always
in the dire~tion of true heading; when these two
are used together they form the air vector. Simi-
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larly, groundspeed is always in the direction of
track; these two compose the ground vector when
used together.

Also remember that the ground vector is the
resultant of the other two; hence, the air vector
and the wind vector are always drawn head to
tail. An easy way to remember this is that the
wind always blows the aircraft from true heading
to track. '

Consider just what the wind triangle shows.
In figure 5-35, an aircraft departs from point 4
on the true heading of 360° at a true airspeed of

150 knots. In one hour, if there is no wind, it

reaches point B at a distance of 150 nautical miles.
The line AB shows the direction and distance the
aircraft has flown. But the distance the aircraft
has flown in one hour is an expression of its
speed (150 nautical miles per hour). Therefore,
the length of AB shows the true airspeed of the
aircraft. Thus 4B tepresents the velocity of the
aircraft through the air and is the air vector.

Suppose that at the end of the first hour the
aircraft stops flying forward and remains sus-
pended in midair. Suppose then that the wind
starts blowing from 270° at 30 knots. At the
end of the second hour the aircraft is at point C,
30 nautical miles downwind, the distance the
aircraft has moved with wind, or the direction
and distance the air has moved in an hour. There-
fore, the length BC. represents the speed of the
wind drawn to the same scale as the true airspeed.
Thus, BC represents the wind and is. the wind
vector. .

If the aircraft engine and the wind get in their
hour’s work during the same hour—and that is

what actually happens—the aircraft reaches C

at the end of the Srst hour. It does not go to B
and then to C; it goes directly by the line AC
since the wind carries it east at 30 knots at the
same time that it moves north at 150 knots.
Therefore, the line AC shows the distance and
direction the aircraft travels over the ground in
one hour. Consequently, the length of AC repre-
sents the groundspeed drawn to the same scale
as the true airspeed and wind speed. Thus, the
line AC, which is the resultant of 4B and BC,
represents the motion of the aircraft over the
ground and is the ground vector.

Measuring the length of AC determines that

~ the groundspeed is 153 knots. Measuring the

drift angle, BAC, and applying it to the true
heading of 360°, results in the track of 011°.

.

{ One arrowhead denctes - {Thyne orrowheads denote ;

L - Two orrowheads denote N
GROUND VECTOR (TR ond GS)|

Figure 5-34. Mark Each Vector of Wind Triangle

If two vectors in a wind triangle. are known,
the third one can be found by drawing a diagram
and measuring the parts. Actually, the wind tri-
angle includes six quantities: three speeds and
three directions. Problems involving these six
quantities make up a large part of dead reckoning

" navigation. If four of these quantities are known,

HEAD to TALL.

Figure 5-35. ‘W.nd Triangle
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the other two can be found. This is called solving
the wind triangle and is an important part of
navigation.

The wind triangle may be solved by trigonomet-
ric tables; however this iS unnecessary since the
accuracy of this method far excceds the accuracy
of the data available and of the results needed.

In flight the wind triangle is solved gréphically,

ecither on the chart or on the vector or wind face
of the computer. ’

The two graphic solutions of the wind triangle,
the chart solution and computer solution, perhaps
appear dissimilar at first glance. However, they
work on exactly the same principles. Plotting
the wind triangle on paper has been discussed;
now the same triangle is plotted on the wind face
of the computer.

WIND TRIANGLES ON DR CoMPUTER. The wind
face of the computer has three parts: (1) a frame,
(2) a transparent circular plate which rotates in
the frame, and :3) a si‘de or card which can be
moved up and down in the frame under the
circular plate, This portion of the computer is
illustrated n figure 5-36.

The frame has a reference mark called the
TRUE INDEX. A drift scale is graduated 45

SPEED

CIRCLES \

Origin does ot
appear on the slide.

LT o

degrees to the left and 45 degrees to the right
of the tiue index; to the left this is marked DRIFT
LEFT, and to the right, DRIFT RIGHT.

The circular plate has around its edge a compass
rosc graduated in units of one degree. The posi-
‘tion of the plate may be read on the compass
rosc opposite the true index. Except for the edge,
the circular plate is transparent, so- that the slide

~can be seen through it. Pencil marks can be

made on the transparent surface. The center of
the circular plate is marked by a small black
circle called the grommetr.

The slide has a portion of a circular graph
printed on it. Running the length of the slide
is a center line, which falls beneath the true index
and the grommet. The center line is cut at inter-
vals of two units by arcs of concentric circles
called speed circles; these are hymbered at inter-
vals of 10 units. '

On cach side of the center line are track lines,
which radiate from a point of origin off the slide
as shown in figure 5-37. Thus the 14° track line
on each side of the center line makes an angle
of 14° with the center line at the origin. And the
point where the 14° track line intersects the speed
circle marked 160 is 160 units from the origin.

AMOUNT OF DRIFT

[
i=1

[]
T

S

\ TRACK OR

DRIET LINES

Figure 5-37. Speed Circles and Track Lines
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In solving a wind triangle on the computer,
plot part of the trianglc. on the transparent surface

of the circular plate. For the other parts o! the

triangle, use the lines which are already drawn
on the slide. Actually, there isn’t room for the
whele triangle on the computer, for the origin of
the cent<r line is one vertex of the triangle. When
learmng to usei.the wind face of the computer, it
may helpto draw in as much as posmble of each
triangle. .

The center line from its origin to the grommet

*always represents the air vector. If the true air-

speed is 150 knots, move the slide so that 150 is
under the grommet; then the length of the vector
from the origin to the grommet is 150 units as
illustrated in figure 5-38A.

The ground vector is represented by one of

the track lines, with its tail at the origin and its -
head at the appropriate speed circle. If the track.

is 15° to the right of the true heading, and the
groundspeed is 180 knots, use the track line 15°
to the right of the center line and consider the
intersection of this line with the 180 speed. circle
as the head of the vector as illustrated in figure
5-38B.

The tail of the wind vector is at the grommet

and its head is at the head of the ground vector
as shown in figure 5-38C.

Thus far nothing has been said about the direc-
tion of the vectors. Since the true index is over
the center line beyond the head of the air vector,
this vector always points toward the index, There-
fore, true heading is read on the compass rose
opposite the true index.

Sirce track is true heading with the drift angle
applied, the value of frack can be found on the
scale of the circular plate opposite the drift cor-
rection on the drift scale. The wind vector is
drawn with its tail at the grommet as shown in
figure 5-39, Since wind direction is the direction
from which the wind blows, it is indicated on the

-compass rose by the rearward extension of the
‘wind vector. Therefore, the most convenient way

to draw the wind vector is to set wind direction
under the true index and dra: the vector down
the center line from the grommet; the scale on
the center iine can then be used to determine the
length of the vecior.

Conversely, to read a wind already determined,
place the head of the wind vector on the center
line below the grommet and read wind direction
below the true index.

Figure 5-39. Draw Wind Vector Down from Grommet
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Figure 5-40. To Find Track and Grounaspeed Using Chart

WIND TRIANGLE PROBLEMS. Depending on
which of the six quantities of the wind triangle
are known and which are unknown, there are
_three principal types of problems to solve. They
are to solve for &) the grcund vector, (2) the
wind vector, ‘and (3) true heading and ground-
speed. The following discussion gives the steps
for the chart solution and the computer solution
for each type. Work each sample problem by
both methods, and notice that the same wind
triangle is shown on the computers that is shown

on the chart, even though it lS not completely :

drawn on the computer.

To F md Ground Vector When Air Vec!or and
Wind Vector Are Known

~ Sample Problem:
Given: TH 100°
TAS 210k
W/V, 020/25k

To Find: Tr and ‘GS

This type of problelﬁ arises when true headihg

- and true airspeed are kiyown by readir ; the flight

.instruments and when ‘the wind direction and
velocity are known from either the metro forecast
or from determinations in flight.

CHART SOLUTION First, construct the tri-
“angle: -

- 1. From any origin dra\v the air vector in the
direction of the true heading (100°) and to the
length representing- the true airspeed (210k) in

\

any convenient scale as shown in figure 5-40.
When plotting on a Mercator chart, use the
midlatitude scale. Mark the air vector with one
arrow to indicate the direction, and to be able
to Jdentlfy it as the air vector.

2. From the head of the air vector, draw the
wind vector in the direction foward which the
wind is blowing and to thc length showing the
wind speed (25k) in the same scale. Remember
that the wind direction (020°) is always the
direction from which the wind is blowing. Dis-
tinguish the wind vector from the air vector by the
use of th_rét_a arrows. S '
3. Draw a line from the tail of the air vector-
to the head of the wind vector. This line is the
ground vector. Its head coincides with the head
of the wind vector. This .vector is then labeled
with two-arrows as shown,
4. To determine the track" (107°), measure the
direction of the ground vector.- The angle meas-
ured front the air vector to the ground vector is
the drift angle..
5. To determine the groundspeed (208k), meas-
ure the length of the ground vector, using the same
scale as before. '
Study figure 5- 40 and defermine what has
happened. By flying on a true heading of 100°
at a true airspeed of 210 knots in a wind of
020°/25k, the aircraft has actually moved over
the ground along a track of 107° at a groundspeed
of 208 knots.
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Figure 5-41. To Find Track and Groundspeed Using Compuf'er

COMPUTER SOLUTION: First, set the data:

1. Set wind direction (020°) under the true

index.
2. Draw the wind vector from the grommet

down the center line, making its length (235 units) .

along the speed scale to conform with the wind
speed (25k).

3. By rotating the compass rose, set the true.

‘heading (100°) under the true index.
4. Slide the card up or down until the true
airspeed (210%) is under the grommet. The wind
triangle is now constructed on the computer as
illustrated in figure 5-41. The ground vector lies
along one of the radiating track (Tr) lines with
its head at the head of the wind vector.

Now read the answers.
5. Read groundspeed (208k) on the speed circle
which passes through .the head of the ground
vector. . '
6.. Read the drift angle (7° right) by counting

the number of degrees from' the ¢enter line to the.

ground vector; that is, to the head of the wind
vector.

B .70 rovidd by ERIC

7. Determine track (107°) by applying the drift

- angle to the true heading. If the track is right

of the center line, it is greater than the truc
heading; so the drift angle must be added to the
true heading. An alternate method of determining
track on the computer is to read the .drift angle
at the head of the ground vector, then transfer
this value to the drift scale on the same side of
the true index and read th .rack on the compass

rose of the circular disk.

To Find Wind Vector When Air Vector and
Ground Vector Are Known

Sample Problem:

Given: TH 270°

Tr 280°
TAS 230k
GS 215k

To Find: W/V .

This type of problem arises when determina-
tion. of true heading and true airspeed can be
done by reading the flight instruments and finding
track and groundspeed either by measuring the

5-29



- Figure 5-42. To Find Wind Usirrg Chart

direction and distance between two established
positions of the aircraft or by determining the
drift angle and groundspeed by reference to the
ground
CHART SOLUTION First, construct the.
angle:
. 1. From .any origin draw the air vector in the
direction of the true heading (270°) and to the
length representing the true airspeed (230k)
"any convenient scale as illustrated in figure 5-42.
2. From the same origin, draw the ground vector
in the .direction of the track {280°) and to the
length showing the groundspeed (215k) in the
same scale. _ ..
3. Draw a line from the head of the air vector
to the head of the ground vector. This line is the
wind vector. Its head coincides with the head of
the ground vector.
4, To determine the wind direction (207°),
measure the direction of the wind vector. Remem-
ber again that wind direction is the direction from
which the wmd blows, whereas the vector shows;
the direction toward which it is blowing. To
avoid the possibility of a reciprocal wind direc-
tion remember that wind always blows the aircraft
from the air vector to the ground vector.
5. To determine wind ‘speed (42k), measire
the length of the wind vector, using the same
scale as before.
COMPUTER SOLUTION (figure 5- 43) First,
set in the data:
1. Set the true headmg (270°) under the true
index.
2. Set the true airspeed (230k) under the
gromimet.
3. Find the drift angle (10° right). by comparing

tri-

the true heading (270°) with the track (280°},

Q

If the track is greater than the true heading,
drift is.right; if it is less, drift is left. Find the
appropriate track line on the computer (10° right
of center line).

4, Find the speed circle (215k) correspondmg
to the groundspeed cnrcle

THRITETH

I
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Figure 5-43. To Find Wind Using Computer



- The wind triangle is now constructed. The
mark made is thc head of the wind vector and
the head of the ground vector.

5. Rotate the compass rose until the head of
the wind veector is on the center line below the
grommet. Read the wind direction (207°) under
the true index.

6. Read the wind speed (42k) on the speed
scale between the grommet and the head of the
wind vector. _

To Find True Heading and Groundspeed When
True Course, True Airspeed, and Wind Vector
Are Known. ‘

Sample Problem:

Given: TC 230°

TAS 220k
W,/V"270°/50k
To Find: TH and GS

\

This type of problem arises before a flight
or during a flight, when you need'to determine a
true heading to fly and groundspeed on the basis
of which to compute an ETA.

CHART SOLUTION (figure 5-44). First, con-
struct the triangle:

I. From any origin, draw the wind vector in
anv convenient scale in the direction toward
which the wind is blowing (090°) and to the
length representing the wind speed (50k).

2. From the same origin, draw a line in_the
direction of the true course (230°) and of indefi-
nite length, since the groundspeed is not known.

3. Using the same scale as in Step 1, open the
dividers an amount equal to true airspeed (220k);
from the head of the wind arrow, swing an arc
with a radius of 220 nautical miles to intersect
the true course line."

4. Draw a line from the point of intersection

~ WIND 270°/50k

77 >

i )
{ .

i .,_3 Dotted linesshowother =
: i half of parallelogram.
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Figure 5-44. To Find True Heading and Groundspeed_Using Chart
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"of the arc and the true course line.to the head

of the wind arrow.
5. To determine the true heading (2381%°)
measure the directionn of the air vector.

" 6. To determine the groundspeed (i79k), meas-

ERIC
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ure. the length of the ground vector, using the
same scale as before.

This solution gives a false picture of the vector
diagram as previonusly presented, but it gives true
values because it forms the other half of a
parallelogram. Notice in figure 5-44 that there
is another method of solving this type of problem
in which the wind triangle is drawn in its true
form.

1. Draw the true course (230°) of indefinite
length,

2. Draw the wind vector with its head at any
point on the true course.

3. Using the same scale as in Step 1, open the
dividers an amount equal to true airspeed. From
the tail of the wind vector swing an arc of 220
nautical miles to intersect the true course line.
4. Draw a line from this point of intersection
of the arc and the true course line to the tail of
the wind vector. Be sure in doing this that the
wind and ground vectors are meeting head to head.
5. The answers (TH and GS) can be determined
exactly as in Steps 5 and 6 of the previous method.
COMPUTER SOLUTION. First, set in the data:
1. Set wind direction (270°) under the true
index.

2. Draw the wind vector down the center from
the grommet, making its length along the speed
scale correspond to the wind speed (50k).
3. Set the true airspeed (220k) under
grommet,

4. Set the true course (23Q°) under the true
index (figure 5-45).

The wind triangle is set up incorrectly, for

true course rather than true heading is set uader
the true index. However, since the true heading
is not known, the true course is used as a first
approximation of the true heading. This will give
a first approximation of the drift angle, which can
be applied to the true course to get a more accurate
idea of the true heading.
5. Determine the drift angle (10° left) on the
approximate heading (230°) to ‘obtain a second
approximation of the true heading (240°). If the
drift angle is rig!ht, the. drift correction is minus;
if it is left, the drift correction is plus,

the

6. Set the second approximate heading (240°)

5-32

under the true index. Read the drift angle for
this heading (8° left). The wind triangle still is
set up incorrectly. To be correct, the drift angle
which is read at the head of the wind vector must
equal the difference between the true course and
the true heading which is set under the true index.
As it stands, the drift angle is 8° left, while the
difference between true course and the indicated
true heading is 10° ic’t.

7. Juggle the compass rose until the drift angle

. equals the difference between true course and

true heading. In this example the correct drlft
angle is 872 ° left.
Now the wind !riangle is set up correctly.
8. Read the true headmg (238142°) under the
true index.
9. Read the groundspeed (179k) on the speed
circle ;-assing through the head of the wind vector.
High Speed Wind Solutions. When wind speeds
too large for the DR computer are encountered,
it creates a minor problem. However, note how
the linear values of all vectors in a triangle can
be changed an equal amount without changing
the angles. Or, the scalé of the linear values can
be changed (each unit on the scale can equal

TRUE INDEY
vy ‘l’l'o

Figure 5-45. To Find True Heading oand Groundspeed
Using Computer



two units of the problem) and thus the smaller
triangle can represent the same values as the
larger triangle. The latter is done on the DR
computer. Solve this problem for true heading
and groundspeed.
Sample Problem:
Given: TC 250°
TAS 240k
WwW/V 200°/70k
To Fird: TH and Co

4_ 1. Place the wind direction (200°) under the

true index and draw the wind speed down from

_the gromumet 35 units. Since each unit now rep-

resents two knots, this would be 70 knots.

2. Place the grommet over the true airspeed
(120k), remembering that each unit represents
two knots.

3. Rotate the compass rose until the truc course -

(250°) is under the true index.

4. As in the previous problem, juggle the com-
pass rose until the drift correction angle equals
the difference between true course znd the true
heading. In this example the drifc correction angle
is minus 13°,

5. Read_the true heading under the true index

(237°). .
6. Read the groundspeed under the head of the
wind arrow but remember that the reading must
be doubled to compensate for halving the scale
of the computer when drawing in the vectors.
Ninety-five (95) doubled would give a ground-
speed of 190k. By now it should be very clear
that changing the linear values or scale of the
vectors does not change the angles or directions

(this is shown graphically in figure 5-46). There-

Length of vectors :
. can be changed without ,
. changing ongles. '

fore, directions and angles may be read directly
from the computer.

Average Wind Affecting Aircraft

An average wind is an iinaginary wind which
would produce the same wind effect during a
given period as two or more actual winds which
affect the aircraft _during that period. Sometimes
an average wind can be applied once instead of
applying each individual wind separately. Aver-
age wind, like any-wind has direction, and its
speed is expressed ‘in knots. Normally, average
wind is the average wind effect for one hour.

if the wind directions are fairly close together,
a satisfactory average wind. can be determined
by arithmetically averaging the wind directions
and wind s~ceds. However, the greater the varia-
tion in wina direction the less accurate the result
will be.

It is generally accepted that winds should not
be averaged arithmetically if the difference in
directions and speeds exceeds 090° and/or 15
knots. In this case, therc are other methods which
may be uscd to obtain a more accurate average
wind. .

CHART SOLUTION: Find the sum of the sev-
eral wind vectors by drawiag them tail 1o head
and connecting the tail of the first with the head
of the last. This, then. is the wind effect for as
many hours as there are wind vectors. The direc-
tion of the average wind is the direction of this
resultant. The speed of the average wind is the
wind effect divided by the number of hours; that
is, by the number of winds averaged.

. /
Angles A, B,and C /
are equal for V4
both triangles. /

/
/
B,/

Figure 5-46. Angles and Direcf_ions Do Not Change
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_ Draw winds as component
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Figﬁre 5-47. To.Find Average Wind Using Chart

To average the folloving five winds: (A)
030°/20k, (B) 050°/2%k, (C) 075°/30k, (D)
095°/30k, and (E) 115°40k, represent the winds
as component vectors AB, BC, CD, DE, EF, and
draw them in turn, tail to head as she wn in figure
5-47. Then draw the resultant, AF. ,

The direction of the avera:e wind is the direc-
tion of line AF, 080°. The leuzch of AF repre-

sents a wind effect of 125 nautical miles for a--
period of 5:hours. 'Therefore, the speed of the
~average wind is 125 nautical miles per 5 hours

or 25k. .
COMPUTER SOLUTION: Winds can also be
averaged by vectoring them on the wind face of
the DR computer using the square grid portion
of the slide and the rotatable compass rose. Aver-
age the following three winds by this method—
030°/15k, 080°/20k, and 150°/35k: ‘

1. Place the slide in the computer so that the
top line of the square grid portion i< directly
under the grommet and the compass rose is
criented 0 that the direction of the first wind
(030°) s under the true index. The speed of
the wind (15k) is drawn down from the grommet
(figure 5-48A). »
2. Turn the compass rose until the direction of
the second wind (080°) is under the true index
and then rcpositicn the slide so that the head
of the first wind vector is resting on the top line
of the square grid section of the slide. Draw the
speed of the second wind (20k) straight down
(parallel to the vertical grid lines) from the head
of the first wind arrow (figure 5-48B).

3. Again turn the compass rose so that the
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direction of the third wind (150°) is under the -
true index and reposition the .slide so that the
head of the second wind vector is resting on the
top line of the square grid section of the slide.
Draw the speed of the third wind (35k) straight
down from the head of the second wind arrow
(figure 5-48C). _ A

4. Turn the compass rose so that the head of the

. third wind arrow is on the center line directly

below the grommet and reposition the slide to
place the grommet on the top line of the square
grid section of the slide. The direction of the
resultant or average wind may be read directly
beneath the true index (108°). The wind speed
is determined by measuring the length of the rc-
sultant wind vector (46) on the square grid sec-
tion of the slide and dividing it by the number of
winds used (3). This will give a wind speed of
1514 knots or 15V knots which is as close as it
is possible to read the computer. The average
wind then is 108°/15%:k (figure 5-48D).

In som 2 cases because of the number of winds
to be averaged or because of high wind speeds, it
is not possible to draw in all the wind vectors on
the computer unless the wind speeds are cut by
Y5 or 14, etc., before drawing the vector. If
one wind speed is cut, all wind speeds must be
cut. In determining the resultant wind speed, the
length of the total vector must be multiplied by
2 or 3, depending on how the wind speed was
cut, and then divided by the total number of
winds used. In cutting the speeds, the direction
is not affected and the wind direction is read

‘under the true index.
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. Wind 040°/25k affects -
aircraft for 1 hour.
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) aircraft for 2 hours.
3. Resultant vector
* equals 100°/69k, —

Figure 5-49. Weight Winds in Proportion to Time

Wind effect is proportiona! to time (figure
5-49). To sum up two or more winds which

have affected the aircraft for different lengths of ‘

time, weight them in proportion to the times.
If one wind has acted twice as long as another;
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Figr:ie 5-50. Convert Wind to Rectangular
Coordinates

2. Wind 120°/30k affects
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its vector should be drawn in twice as shown.
In dividing to get the average wind speed, of
course, this wind must be counted twice.

Throughout the discussion of the wind triangle,
the wind vector has been referred to as having
both direction and speed. In future discussions
of the wind vector, it ' may be referred to as W/V.
This term is commonly used for wind speed when
coupled with wind direction.

Resolution of Rectangular Coordinates

Since most data for radar. equipment is given
in terms of rectangular coordinates, it is important
that the navigator be familiar with the handling
of these coordinates. The DR computer provides
a ready, easy method of interconversion.
-~Example: Corverting wind to rectangular coor-
dinates (figure 5-50).

Given: A wind of 340°/25k to be converted
to rectangular coordinates.

-Procedure: .
1. Plot the wind on the computer in (the normal
manner. Use the square grid side of the~eomputer
slide for the distance. ' .
2. Rotate the compass rose until north, the
nearest cardinal heading, is under the true index.
3. Read down the vertical scale to the line upon

. which the head of the wind vector is now located.

The component value (23) is from the north under
the true index. :
4. Read across the horizontal scale from the
center line to the head of the wind vector. The
component value (9) is from the west. The wind .
is stated rectangularly as N-23, W-9.

Example: Converting rectangular ccordiiates
to a wind.

Given: Coordinates, S-30, E-36, to convert to
a wind. -

Procedure:
1. Use the square grid side of the computer.
2. Place either cardinal heading (east or south)
under the true index and the grommet on zero
of the square grid.
3. Read down from the grommet alor.g tae center
line for the value (30) of the cardinal direction
under the true index.
4. From the other cardinal direction- (ec3t), read
horizontally along the value located in Step three
from the center line of the value of the second
cardinal direction and mark the point.



5. Rotate the compass rose until the marked
point is over the center line of the computer.

6. Read the wind direction (130) under the
true index and the velocity (47 knots) from the
grommet to the point marked.

DRIFTMETER -

By this time the navigator should realize that
accurate wind determination is a main source of
difficulty in performing his duties. The wind
problem is ever present in navigation. If the air
were absolutely still, aerial navigation would be
very simple. Without wind, the aircraft would
not drift off. its course. Unfortunately, however,
still air*seldom, if ever, exists. Therefore, navi-
gation with its costly equipment and detailed
procedures is made necessary. The nevigator must
continually determine the wind or the effect of
the wind if he is to obtain the results required for
accurate navigation.

Several methods of wind determination depend
on the knowledge of the drift angle—the angle
between true heading and track. When the earth’s
surface (land or sea) is visible, this angle can be
measured directly with an instrument known as a
driftmeter,

Principle of the Oriftmeter

The principle of the driftmeter is very simple.
Suppose that the ground is observed through a
hole in the floor of an aircraft. As the aircraft
flies along its track, objects on the ground appear
to move across the hole in the direction exactly
opposite to the track.

‘Thus, in figure 5-51 if the aircraft track is in
the direction of line BA, a house appears to move
across the hole from A to B. Suppose now that a
wire is stretched across the hole parallel to the
longitudinal axis of the aircraft. This wire YX
represents the true heading of the aircraft. Since
BA is the track and Y X is the true heading, the
drift angle is the angle 40X. The driftmeter
_ measures this angle 40X. A simple driftmeter
might be built as shown in figure 5-52. A glass
plate which may be rotated by means of the
handle on the right is placed over-a hole in the
fioor of the aircraft. On the glass are drawn
parallel drift lines. The drift lines, together with
the two or three cross lines (timing lines) usually
present in a driftmeter, are called the reticle. The

t

LONGITUDINAL AXIS

Figure 5-51. Principle of a Driftmeter

center drift line extends to the edge of the plate
as a pointer. On the floor ahead of the hole is
a drift scale which shows th. position of the
drift lines relative to the long wudinal axis of the
aircraft. Thus when the pcinter is on 0°, the

LOMGITUDINAL AXIS
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Figure 5-52, Rea ! Drift on Scale Opposite Pointer
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LINE OF
SIGHT
SCALE
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DRIFT
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Figure 5-53. Typical Driftmeter

N

drift lines are para':’icl to the longitudinal axis;
and when the pointer is on 10°R, the drift lines

- make a 10° angle to the right of the axis.

To use this simpfe drifymeter, turn the glass
plate so that objects %n_, th¢ ground ‘move across
the hole parallel to the uttii lines. Then the drift
lines are parallel to the track of the aircraft. Read
the drift scale opposite the pointer. If the pointer
indicates 15°L, the aircraft is drifting 15° to the
left. Then if the true heading is 090°, the track
is 075°.
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CAGED WALNING
LIGHT

RHEOSTAT KNOB

GYRO CAGING KNOB

AZIMUTH SCALE

3X EYEPIECE
HOLDER

On every driftmeter, the drift scale is marxed
with the words “right” and “left” or with the
letters “R” and “L.” These words always refer
to the drift and not to the drift correction. Nor-
mally, driftmeters have a plus and a minus sign
on the scale. These give the sign of the drift
correction (DC) which is discussed later.

The typical driftmeter shown in figure 5-53 is
basically the same as the simple instrument de-
scribed above, but it has many refinements. One
of the most important refinements is the use of a
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Figure 5-54. Trail Angle

gyro to keep the reticle horizontal. A driftmeter
without a gyro is difficult to use in turbulent air.
An azimuth scale has been added to aid the navi-
gator in determining relative bearings of objects.
Two eyepieces of varying magnifying power are

. provided to give the navigator a better view of

the ground.

The glass plate has been improved by adding
a system of prisms with which the navigator may
dircet his line of sight away from the vertical by
turning the line of sight handle. Figurc 5-54
shows that when the azimuth pointer is at 180°
on the azimuth scale, the line of sight can be
turned through an arc from 17° forward to 87°
aft of the vertical. The angle between the line of
sight and the vertical is the rrail angle. Since the

driftmeter can be rotated through 360°, a trail
angle of 87° can be seen in any direction from the
aircraft.

Operation

The driftmeter is a delicate instrument which

requires careful trcatment. Read thc following
operating procedurc carefully:
1. Before takeoff, clean the lens at the bottom
of the driftmeter tube. To remove grit, brush
lightly to avoid scratching the glass. Also check
the inside cf the lens for condensation of moisture
in the tube. If present, it may be recmedied by
removing the lens and wiping with a clean, soft
cloth.
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2. See that the azimuth pointer is at zero drift
during takeoff and landing-to prevent breakage of
the glass by stones. With zero drift on the scale,
the lens system is pointed towards the rear of the
aircraft. Thus, stones or gravel flying up from
the runway cannot strike the lens.

3. When the cngines arc started, turn on the
inverter switch. After making surc that the gyro
caging knob is in the caged position, turn on the
gyro by means of the three-position switch. '

4. When ready to read drift, uncage the gyro.
Be sure that the trail angle control is at zero so
that the ground directly below the aircraft is seen.
Adjust the focy: of the eyepiece. Adjust the illumi-
nation of the reticle by means of the rheostat knob.

5. The gyro should be kept in the caged position
at all times except when actually reading drift.
If the aircraft banks more than 15°, gently cage
the gyro and leave it caged until level flight is
resumed; otherwise the gyro miay tumble. If the
gyro does tumble, cage it only when the aircraft
is level. Caging a tumbled gyro requires a slight
but steady pressure on the caging knob. A sudden
forceful pressure is likely to cause damage.

6. If the gyro becomes inoperative or tumbles
frequently, cage it for the remainder of the flight.
Reme...oer to report the trouble after landing.
Unless the air is very rough, drift can be read
with the gyro caged. )

7. Before landing, cage the gyro,-turn off the
power switch, and return the azimuth pointer
to the zero position of the drift scale.

Reading urift

Watch the terrain for a time through the drift-
meter (at any trail angle setting). Turn the
azimuth drive untii the drift lines are parallel
with the path of each object across the field of
vision. Read the drift on the drift scale opposite
the azimuth pointer.

After reading drift, turn the pointer several
degrees away from the drift reading. Then wien
drift is read again, it will be an independent
reading and not influenced by the previous reading.

Above 2,000 feet, good drift readings can be .

obtained on objects directly beneath the aircraft;
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Figure 5-55. At Low Altitude,
Use 25° or 50° Trail Angle

at low altitudes, however, objects may pass by
too rapidly for accurate readings. This difficulty
can be overcome by using other methods of read-
ing drift. One of these methods is to set the trail
angle back to 25° or 50° and read drift in the
normal manner.

As shown in figure 5-55, the aircraft has passed
over the mountain. Actually, the navigator is
looking down into the instrument; however, he
sees the landscape behind the aircraft-at a 25°
angle. At this angle, the objects do not cross the
field of view as fast as they do when looking
straight down.

Finally, here are some miscellaneous tips. For
high altitude, replace the one-power eyepiece with
the three-power eyepiece. If the ground appears
too bright, introduce a shade glass into the optical
system by means of the shade glass lever.
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Figure 5-56. Computer Solution for Wind Vector When Drift on Two Headings Is Known

Wind Determination

Wind may be determined without knowing the

. exact position of the aircraft. The methods of

wind determination when the -position of the
aircraft is not precisely known are discussed under
these topics: (1) drift on multiple headings, (2)
muitiple drift, and (3) groundspeed by timing.
DRIFT ON MuLTipLE HEADINGS. If drift can be
read on two headings, the wind car . determined
using the wind face of the DR computer.
Sample Problem:
Given: TH! 045°,
TAS! 210k,
Drift 5° L(-+5°DC)
TH? 170°,
TAS® 200k,
Drift 4° R(—4°DC)
To Find: Wind Direction (WD) and Wind
Speed (WS)
COMPUTER SOLUTION.
1. Set TH! (045°) under the true index and
TAS® (210k) under the grommet as shown in
figure 5-56A.
2. On the transparent circular plate draw a line
over the track in the same number of degrees right
or left of the center line that drift is right or left.
If drift is 5°L, use the track line 5° left of the
center line.
3. Set TH® (170°) under the true index and

TAS® (200k) under the grommet (figure 5-56B).
4. Rule a line over the track line (4° right of
center) representing Tr®. The intersection of the
two lines is the head of the wind vector; and, for

_any true heading, this intersection is the head of

the track-groundspeed vector.

5. Rotate the compass rose until the head of the
wind vector is on the center line below the grom-
met as shown in figure 5-56C. Read WD (125°)
under the true index, and WS (19k) from the
grommet to the head of the wind vector.

If drift on another heading is known, rule in
another track line on the computer. If the three
lines intersect at a point, use that point as the
head of the wind vector. If they form a triangle,
use the center of the triangle.

Wind by drift on two headings can and should
be found when course is altered approximately
45° or more. If the change of heading is less than
45°, a small error in either drift reading may
cause a relatively large error in the wind found."
For example, assume a wind of 324°/12k. On a
true heading of 080° and at a true airspeed of
150 knots, an aircraft drifts 4° right. On a true
heading of 100° at the same true airspeed, it drifts
3° right. If you read drift correctly on the first
heading and make a 1° error in reading drift on
the second heading (reading 2° right instead of
3° right), the computed wind will be 299°/18k.
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MuLTtipLE DrIFT. Wind determination by
measurement of drift on two headings can be
used only when a reasonably large change of
heading is made. On the other hand, it is quite
possible to alter heading long enough to get a
drift reading and then return to the original head-
ing. If, for example, the aircraft makes a turn
of 45° to the right, remains on this heading for,
say, 114 minufes, then turns 90° left for the same
length of time, and finally returns to its original
heading, it should be approximately back on its
original track after the completion of the ma-
neuver. In the meantime, the navigator will have
had the opportunity of reading drifts on the head-
ings of 45° to right and left of his original head-
ing. These, combined with a drift reading made
on the original heading, give him three values
of drift on three headings to solve for the wind
vector on the DR computer. This maneuver is
called a rmultiple or double drift. Turns of 45°

15 SECONDS
IN TURN

15 SECONDS
IN TURN

and 90° are used in the example illustrated in

figure 5-57. There are other variations to this

proccdure.

COMPUTER SOLUTION OF MULTIPLE
DRIFT.

Sample Problem:

Given: TH on course, 175°
Drift on course, 7°L (+7°DC)
Drift on right leg, 7°L (+7°DC)
Drift on left leg, 2°L (4-2°DC)
TAS, 220k

To Find: W/V

GS on course
Set in the data:

1. Set on-course TH (175°) under the true index
and TAS (220k) under the grommet as show:
in figure 5-58A.
2. On the transparent plate, draw a line over
the drift line (7° left of center) representing track.
Remember that track is the same number of de-
grees right or left of the center line as drift.
3. Rotate the compass rose 45° left, th{t is,
until the on-course TH {175°) is under the 45°
left-drift mark. Then the right-leg TH (220°) is
automatically under the true index (see figure
5-58B). )
4. Draw a line over the drift line (7° left of
center) representing the right-leg track.
5. Rotate the compass rose 90° right, that is,
until the on-course TH (175°) is under the 45°
right-drift mark. Then the left-leg TH (130°) is
automatically under the true index (see figure
5-58C). v
6. Draw a line over the drift line (2°) left of
center, representing the left-leg track. Note that
the three drift lines in this illustration form a
small triangle. Use the center of the triangle as
the head of the wind vector.
7. Rotate the compass rose unti! the head of
the wind vector is on the center line below the
grommet. Now read WD (290°) under the true
index, and read WS (30k) from the grommet to
the head of the wind vector (see figure 5-58D).
8. Set on-course TH (175°) under true index
and the grcmmet on TAS (220k). Read on-
course GS (234k) at the speed circle passing
through the head of the wind vector.
Remember, when flying a multiple drift, check
the compass on each heading to be sure the pilot
has turned correctly. Also, when turning 45°
and using the drift scale in setting up the com-
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puter, it is easy to turn the disk in the wrong
direction. If the turn is to the right, the computer
is turned counterclockwise, becausc the heading
increases. Be sure to take enough time to get an
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Figure 5-58. Computer Solution of Multiple Drift

accurate drift reading.

GROUNDSPEED BY TIMING. The method of com-
puting the wind vector when the true heading-
true airspeed vector and the track-groundspeed
vector are known has been explained. Track can

be found by applying drift to true heading.
Groundspeed can also be found with the driftmeter
by the method known as groundspeed by timing.
Thus, the wind can be found without knowing the
exact position of the aircraft and without altering
heading.

Groundspeed by timing is a method of deter-
mining groundspeed by measuring the time in
which an object on the ground appears to move
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Figure 5-59. Groundspeed by Timing, Zero. Trail Angle Method

through a known angle when the aircraft is 4t a
known altitude. This is shown in figure 5-59. The
angle is measured with a driftmeter and the tim:
with a stopwatch. In addition to the drift lines,
the reticle of a driftmeter has two transverse lines
called timing lines. With a stopwatch the passage
of an object can be timed from one timing line
to the other; that is, through an angle which is
constant for that driftmeter. The distance traveled
by the aircraft as the object passes through this
angle is proportional to the absolute altitude (AA
—altitude above the terrain) of the aircraft.
Knowing the absolute altitude and the angle, this
distance can be computed by trigonometry. Then,
from the distance and time, the groundspeed may
be computed.

However, trigonometry isn’t needed to work

out a groundspeed by timing prcblem. Since the
distance traveled is proportional to the ubsolute

ERIC
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altitude, it is found by multiplying the absolute
altitude by a factor (called the K-factor) which
is constant for the individual driftmeter. The
grourdspeed is solved on the DR computer using
time in seconds, absolute altitude, and the K-
factor. '

The accuracy of groundspeed by timing de-
pends on the accuracy of the timing and on the
accuracy of the absolute altitude. A 10 percent
error in either time or absolute altitude can
cause a 10 percent error in groundspeed. With
a given groundspeed, ..e time for an object to
pass between the timing lines increases with the
altitude. As altitude and time increase, a given
error in time will result in a smaller error in
groundspeed. Therefore, the greater the absolute.
altitude, the more accurate will be the results.
Ordinarily, the stopwatch timing should e accu-
rate to about one-tenth of a second.
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Absolute Altitude. The determination of abso-
lute altltude often is a source of inaccuracy. The
accuracy of this determination depends on the ~

nature of the terrain and on the type of altimeter

used. In level flight over the sea, the absolute
altitude remains nearly constant, but over rough
terrain, it changes continuously. Therefore, abso-
lute altitude can be found more easily and more
accurately over the sea than over rough terrain.

Absolute altitude can be read directly from an
absolute altimeter. Such an instrument is an altim-
eter based on the reflection of radio waves and
is discussed in detail later in the manual.
pressure altimeter is used, the terrain elevation
must be subtracted from the basic truc altitude to
find absolute altitude. With an absolute altimeter,
groundspeed by timing can be done over the sea
or over relatively flat terrain without knowing
the position of the aircraft.

However, with a pressure altimeter, the terrain
elevation must be known (when over land) to do
groundspeed by timing. To know the terrain
elevation, an accurate chart is necessary; more-
over, the timing must be accomplished in an area
where the elevation is marked on the chart. The
more uneven the terrain, the inore accurately the
position must be known. From this it is easy to
see why the absolute altimeter is a better instru-
ment for groundspeed by timing.

Two methods -of obtaining groundspeed by
timing are given.

If a

Zero Trail Angle Method
1. Uncage the gyro.

Z. Read drift and leave the pointer on the drift
reading. .

3. With a stopwatch, record the time required
for a sighted object to pass from one timing line
to the other. In addition to the two timing lines
near the ends of the drift lines, there is a third

transverse line at the center of the field. For the

zero trail angie method, use the outer lines.
4, To solve for grouadspeed in knots use the
following formuia: ’
Groundspeed __ K ( Absolute Al .itude in feet
inknots - T Time in seconds
The K-factor is stamped on a plate which is
fastened to the gyro housing. For solution on
the computer, write the formula as a proportion:

GS Absolute Altitude
. K & Time

Example:

Absolute Altitude 10,000 feet

Time in seconds 7.3

K-Factor .159
Set up the proportion on the computer as

follows;

GS _ 10,000
: 159 — 7.3
Set 7.3 on the minutes scale under 10,000 on
the miles scale. Read the groundspeed (217) on
the miles scale over .159 as shown in figure 5-60.

Figure 5-60. Groundspeed by Timing, Computer Solution

Aruitoxt provided by Eic:
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Figure 5-61.

Line-of-Sight Knob Detent Positions

A

Trail Angle Method, 0°—50°

The line-of-sight control handle has detents or
partial stops at three trail angles (refer to figure
5-61). As the line of sight reaches one of these

bnme [N SECONDS IS MEASURED OVER THIS DISTANCE

angles, the detent can be felt and heard. By
changing the line of sight from one detent to
another, the passage of an object can be timed
from the center timing line at one trail angle
to the center timing line at another trail angle.
The trail angle method of groundspeed by
timing is described in detail for use with the 0°
and 50° detents. The method is the same with
the 50° and 70.9° detents or the 0° and 70.9°
detents.
1. Read drift and leave the pointer on the drift
reading,
2. Turn the line of sight to the 0° detent. Start
the stopwatch as an object crosses the center
timing line.
3. ‘Turn the line of sight, keepmg the obJect
in view until the 50° detent is felt. Stop the
watch just as the same object crosses the center
line again. (See figure 5-62.)
4. Read or compute the absolute altitude.” If
possible, absolute altitude should ve read when
the objcet is directly beneath the aircraft.
5. Obtain the correct factor, The factor is 1.00
for the angle from 50° to 70.9°. For the angle
from 0° to 50°, the factor is 0.706; for the angle
for 0° to 70.9° it is 1.706. These factors are
for groundspeed in knots.

POSITION OF AIRCRAFY

POSITION OF AIRCRAFT 41
WHEN
TIMING IS STARTED.

0° TRAILL |

Follow the cbject with
the line.of-sight knob.

} WHEN
TIMING IS STOPPED.

ABSOLUTE ALTITUDE 3000’

Figure 5-62. Groundspeed by Timing, 0° to 50° Trail Angle Method

Q
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TRAIL ANGLE METHOD (B-3 DRIFTMETER})

FINISH START

IN° *0° 10° 20° 30° 40°.  50°
5° 0518

10 1043

15 .1587 0543

20 2155 a2

25 2761 1717 0605

30 | 3419 2375 1264

35 4146 3102 .1990 0727

40 4968 3924 2813 1549

45 5921 4877 3765 2502 0953

*50 7057 6013 4901  .3638 2089

55 8456 7412 6300 5037 .3487 .140
60 1.026 9222 8100 . .6837 .5287 .320
65 1.270 1165 1.054 9275 7729 564
*70.9 1.706 1.602 1490 1364 1209 1.000

*B.3 Driftmeter hus deténts ot these angles.

Figure 5-63. K-Fdactors for Groundspeed by Timing

6. Using the following formula, solve for the
groundspeed.

GS .

% =

The same -procedure may be used with trail

angles where there are rio detents. If this is done,

it is necessary to note the value of the angle at

the beginning of the run and at the end. Using

these angles, the factor can be obtained from the

table, K-Factors for Groundspe :d by Timing (see
figure 5-63).

Absolute Altitude
Time

The trail angle method is preferable to the
zero trail angle method because the length of
the timing period is increased. Consequently, the
groundspeed will be more accurate because errors
in timing will not be magnified as much as they
are with the shorter period of time.

Finding Wind After Groundspeed By Trmmg
After finding the groundspeed, it is an easy matter
to find the wind. Since the true heading-true air-
speed vector and the track-groundspeed vector
are known, the wind triangle problem can be
solved on the computer.
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CHAPTER 6

Lines of Position, Bearings and Fixes

BEARINGS AND LINES OF POSITION

Dead reckoning is fundamental to navigation.
DR positions based solely on time, speed, and di-
rection are the foundations of navigation. The
skill of the navigator dep'ends} upon his ability to

measure, interpret, correct, and translate these

data into useful and reliable information. Dead

- reckoning is seldom exact, and the longer DR is

carried from a fix, the less reliable it becomes.
Individual small errors tend to accumulate until
the total error becomes dangerously large.

To keep the total error at a minimum, ‘a com-
petent navigator employs every means of finding
his actual position in relation to the ground. In
flights over land, with suitable visibility, an air
navigator can frequently identify his position by
means of recognizable landmarks. An accurate
position determined without. reference to any for-
mer position is called a fix.

If a fix is well defined, the navigator knows his
position as precisely as at the time he took off.
Such a fix sérves as a new point of departure,
canceling all previous errors in DR and becoming
the origin of a new DR rlot. A series of fixes
improves the accuracy of later DR positions by
giving better information concerning track, ground-
spzed, and wind.

Lines of Position

A navigator often has knowledge of his position
without knowing precisely where he is. For ex-

ample, he might recognize a river crossed in flight -

without knowing exactly where the crossing was
made. He then has a definite clue to his position,
but he does not have a fix. A fix is a point; the
river is a line. A line indicating a series of possible

Figure 6-1. Two Intersecting LOPs Establish a Fix

positions of the aircraft is called a line of position
(LOP).

If a navigator can identify his position along
an LOP, he then has a fix. Suppose a navigator
is flying above a railroad as illustrated in figure
6-1. Even if he does not have an exact position
along the railroad, he has a visual LOP. He is
somewhere along this line. Now if he sees the
railroad cross another railroad below the-aircraft,
he then knows exactly his position on the two
railroads and has a fix. Thus, two intersecting
L.OPs establish a fix.

LINES OF POSITION BY BEARINGS. A common
method of determining a line of position is to
establish the direction of the line of sight'td a

6-1



ERI!

Aruitoxt provided by Eic:

Figure 6-2. Establish a Visual LOP ~ ) -

knowﬂ, fixed object by means of a driftmeter.
The illustration in figure 6-2 shows a line of
sight from the aircraft to a fixed object on the
ground. The direction of the line of sight is the
bearing of the object from the aircraft. A line
plotted in the direction of the bearing is a line
of position. At the time of the observation, the
aircraft must have been on the line of position;
otherwise the bearing would have been different.
A bearing is a locus of possible positions of the
aircraft. ‘ '

RELATIVE BEARINGS. A relative bearing is the
angle between the fore-and-aft axis of the aircraft
and the line of sight to the object, always meas-
ured clockwise from 000° at the nose of the air-

Figure 6-3. True Bearing Equals "Relative Bearing
Plus True Heading

craft, through 360°. In figure 6-3, the relative
bearing of the object is shown as 070°. Before the
relative bearing is plotted, it must be converted
to true bearing by adding to it the momentary
true heading of the aircraft when the bearing was
taken (dropping 360° when the sum exceeds this
amount). Thus: A
' TE =RB 4+ TH
Where: :

TB is the true vearing,

RB is the relative bearing, and

TH is the true heading.

Assuming the aircraft to be on a true heading
of 210° when the bearing was taken, the corre-
sponding true bearing of the object is 280°.

The basic equation for TB may be rearranged
to compute any other item it contains. Thus:

TH =TB — RB,
or
RB =TB — TH.

Plotting the LOP

As previously stated, two intersecting LOPs
determine the position of the aircraft. The only
other possible point from which to begin the
plotting is the object on which the bearings were
taken. The procedure is to use the reciprocal
of the true bearing of the object, thus drawing an
LOP toward the aircraft. In a:tual practice, it is
not necessary to compute the reciprocal of the
bearing; the true bearing is measured with the
plotter, and the LOP is drawn towards the oppo-
site end of the plotter.

——



Reciprocal of true bearing (T8) plotted,

29)

True bearing (TB) obloined

!

Tim=Ts .
015°-4 255° = 270°

Figure 4-4. Procedures for Flofting LOP

To establish an LOP by relative bcaring, the
navigator must know:

¢ The position of the source of the bearing. '

e The true heading of the aircraft.

o The relative bearing of the object.

o The exact time -at which the true heading and
relative bearings were taken. Figure 6-4 shows
the procedure to follow.

ERIC
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Use of LOPs

A fix gives definite information as to both
track and groundspeed of an aircraft since the
last fix, but a single LOP can define either the
track or the groundspeed—not both. It may not
clearly define either. The evidence obtained from
an LOP depends upon the angle at which it inter-
sects track, and LOPs are sometimes classified
according to this angle.



TRUE COURSE. -

TRUE COURSE

COURSE LINE
‘LoP

Figuré 6-5. LOP Parallel 1o Track Is Course Line

Course LINE. An LOP which is parallel or
nearly parallel to the course is called a course line
(figure 6-5). It gives information as to possible
locations of the aircraft laterally in relation to
the course; that is, whether it is to the right or
left of course. Since it does not indicate how far

1100 HRS

R = 045°
G5 = 00~

1100 HRS FIX

Figure 6-6. LOP Perpendicular to Track Is Speed Line

the aircraft is along the track, no speed informa-
tion is provided. =~

SPEED LINE. An LOP which is perpendicular
or nearly so to the track is called a speed line
(figure 6-6), since it indicates how far the air-
craft has traveled along the track, and thus is a

)/ 1055 HRS
NN

PARALLEL

1055 HRS

<
™~

e e T RS R SO

Figure 6-7. Adjusting LOPs for Fix




measure of groundspeed. It does not indicate -

whether the aircraft is to the right or left of the
course, When a speed line intersects the track
at an angle less than 90°, an accirate ground-
speed is obtained only if distance is measured
along the track.

FIXES

Adjusting LOPs for a Fix

Sometimes it is impossibl: for an air navigator
without assistance to obtain more than one LOP
ata given time. Unless a second LOP is obtained
simultancously, the intersection of the two lines
does not constitute a fix because the aircraft is
moving between the times of the two observations.

The illustration in figurc 6-7 shows a bearing
taken at 1055 and another at 1100. At 1055
when the first bearing is taken, the aircraft is
somewhere along the 1055 line of position (single
barbed LOP), 4nd at 1100 it is somewhere along
the 1100 LOP. The intersection of these two
lines, as plotted, does not constitute a fix. For
-an intersection to become a fix, the LOPs must
either be observed at the same time or adjusted
for the motion of the aircraft between the observa-
tions. The usual method of adjusting an LOP for
the motion of the aircraft is to advance one line
to the time of the other. The illustration in
figure 6-7 shows how this is done. The desired
time of the fix is 1100.

1. Determine the time to adva ice the LOP (5
minutes) and- multiply this time by the ground-
speed of the aircraft {300 knots).

2. Take the distance computed in the first step
and lay it off in the direction of the track of the
aircraft (45°).

3. Draw a line through this point parallel to
the 1055 LOP (double barbed LOP). This repre-
sents the advanced LLOP. The intersection of the
advanced LOP and the 1100 LOP is ihe fix.

For purposes of plotting, the advanced LOP is
usually labeled with two arrowheads, while the
unadvanced LOP: is ni:arked with a single arrow-
head.

When three LOPs are involved, the procédure is
exactly the same as for only two. The resolution
of three LOPs, however, usually results in a
triangle, and the triangle may be large enough
to vary the position of the fix considerably. The

procedure most universally adopted by Air Force -

AN

A 4

BISECTOR METHOD &

Figure 6-8. Use Center of Triangle for Fix

navigators is to place the fix at the center of the

triangle. The illustration in figure 6-8 shows the

technique for finding the center of the triangle

by bisecting the angles of the triangle. The point
of intersection of the bisectors is the position of

the fix.

The Rbnning Fix

It is possible to establish an aircraft position
by a series of bearings on the same object. For
best accuracy, these relative bearings are taken
when the object is approximately 45°, 90°, and

6-5



Figure 6-9. The Running Fix

135° from the aircraft. The lines are then ad-
vanced or retarded to the same time. The result-
ing fix is termed a running fix, though the position
is actually not an absolutely reliable fix because
the advance of the earlier line is dependent upon
track and groundspeed which may not be known
precisely. For short intervals, the error is small,
and the accuracy is almost equivalent to a fix.
The running fix is illustrated in figure 6-9.

Accuracy of a Fix

The accuracy of a fix can sometimes be im-

proved by the use of a little foresight. If the
direction of motion is known more accurately
than the groundspeed, a course line should be
adjusted since any error in the groundspeed will
have little effect on the position of the adjusted
line. TIf, however, it is desired to adjust a speed
line under these conditions, the accuracy of the
fix is in doubt. Similarly, if the groundspeed is
known more accurately than the track, the speed
line should be adjusted to the time of the course
line. The line which will be affected least by the
information in doubt is the line which should be
adjusted.
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CHAPTER7

Map Reading

Map reading is the determination of aircraft
position by matching terrain or manmade features
with their corresponding symbols on a chart. 1t is
one of the more basic aids to DR. The degree of
success in map reading depends upon the navi-
gator’s proficiency in chart interpretation, his
ability to estimate distance, and the availability of
landmarks.

CHECK POINTS

Check points are landmarks used to fix the
position of the aircraft or to check on its position
and direction of travel. Basically, a check point
is a fix that has been anticipated, and the position

of the fix, relative to its anticipated position, is.

the main information derived. Arrival over check
points at anticipated times is a confirmation of
the accuracy of the wind prediction and indicates
reliability of the predicted track and groundspced.
If check points are crossed but not at the pre-
dicted time, the groundspeed is in error. If the
aircraft passes near but not over a check point,
the track anticipated was not mage good.

The prudent navigator is quick w0 ooserve and
evaluate the differences between precdictions and
actualities in flight. He does not ignore even
smali variations from anticipated performance, for
these are the factors that influence his future judg-
ment. Small errors can become cumulative and
may eventuaily result in the aircraft becoming
lost.

If tlic navigator is doubtful of his position, li
must look for related details before the check
point can be positively identificd. Generally it is
better to select a feature of the chart and then
seek it on the ground, rather than to work from

the ground to the chart. The chart does not
show all the detail which is on the ground.:

Check points should be features or groups of
features which stand out from the background
and are easily identifiable. In open areas, any
tawn or road intersection can be used; however,
t..:se same features in densely populated areas are
difticult to distinguish. Figures 7-1, 7-2, 7-3, and
7-4 compare various chart and corresponding

~ photo areas and list the features to look for when

identifying landmarks as check points.

MAP READING PROCEDURES

When in flight, orient the chart so that north
on the chart is towzard true north. The course line
on the chart will then be aligned with the intended
course of the aircraft so that landmarks on the
ground appear in the same relative position as the
features on the chart. Obtain the approximate
position of the aircraft by DR. Select an identi-
fiable landmark on the chart at or ‘near the DR
position. It is important to work frumn the chart
to the ground since the chart may not portray
all of the features visible on the ground. Identify
the landmark selected and fix the position of the
aircraft.

When there is any uncertainty of position,
every possible detail should be checked before
identitying a check point. The relative positions
of roads, railroads, airfields, and bridges make
good check points. Intersections and bends in
in roads, railroads, and rivers are equally good.
When a landmark is a large feature such as a
major metropolitan area, select a small prominent
check point within the large landmark to fix the
position of the aircraft.

When a landmark is not available as a reference

74
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1 HEAVILY POPULATED AREAS:

Large cifies with definite shape. " @ Small cities and towns, clase together
Small cities with some outstanding ~~ | with no definite shape an chart.
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Figure 7-1. Landmarks as Check Points, Heavily Populated Areas
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_COASTAL AREAS
Landmarks as Check Points
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e - USE AVOID
. ® Coastline with unusual features. ® General rolling coostline with
" 9] no distinguishing points.
: < , @ Lighthouses, towns, cities, structures,
= s -~ distinct island: and reefs,
4

Figure 7-2. Landmarks as Check Points, Coastal Areas
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15350  MOUNTAINOUS AREAS
A gne Londmarks as Check Points

® Prominent peaks, cuts and passes, | @ Smaller peaks and ridges, similar
gorges. . insize and shape.

@ General profile of rangss, trans-
mission lines, railroads, large
bridges over gorges, high vays,
lookout stations, dams, and iakes.

@ Tunnel openings and mines.
Clearings and grass valleys.

Q Figure 7-3. Landmarks as Check Points, Mountainous Areas

LRIC
7-4



___FORESTED AREAS
Landmarks as Check Points

@ Transmission linz; and railroad ®Trails and small roads without
right-of-ways. ltoads and highways, | cleared right-of-woys.
bridges, cities, towns and villages,
forest lookout towers, farms.

® River, lakes, marked terrain fea- Extended forest areas with few
tures, ridges, mountaing, clearings, | breaks or outstanding characteris.
open valleys. ties of terrain.

Figure 7-4. Landmarks as Check Points, Forested Areas
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Fi~ure 7-5. Landmarks at Night
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at a scheduled turning point; make the turn on
the ETA. Extend the DR position to the next
landmark and fix the position of the aircraft to
make sure the desired course and groundspeed
are being maintained.

Low Level Map Reading

On low level flights the navigator may encounter
additional difficulties. Accurate drift observations
are hampered by the speed with which the ground
seems to rush by. Air turbulence increases the
difficulty of instrument observations. The circle
of visibility is reduced, and those objects that
are visible disappear so rapidly that only the
boldest outlines and most conspicuous patterns
can be recognized.

In low level navigation, preflight planning is
especially important as there is little time for in-
flight computations. The courses should b: laid
out to take full advantage of prominent check
points. It is sometimes desirable to draw drift
lines 5° on each side of the course line 1o assist
the navigator in estimating dri’t and making neces-
sary corrections.

A prominent landmark such as a high mountain
peak or a tower may provide convenient heading
references if ahead of the aircraft. Sometimes a
coastline, river, highway, or railroad can be fol-
lowed. ‘

In low level flight, one should be particularly
alert to possible danger from obstructions. Hills
and mountains are easily avoided if the visibility
is good. Radio and television masts, which may
extend as much as 1,000 feet or more into the
air, often from elevated ground, are less con-
_spicuous. All such obstructions may or may not
be shown on the aeronautical charts being used.

. Map Reading at Night

During hours of darkness, .an unlighted - land-
mark may be difficult or impossible to see. Lights
can be confusing because they appear closer than

they really are. Fixing on points other than those

directly beneath the aircraft is very difficult. Ob-
jects are more easily seen by scanning or looking
at them indirectly; this eliminates the eye’s visual
blind spot commonly encountered at night. The
navigator should preserve his night vision by
working with red light.

In moonlight, some of the prominent unlighted
landmarks are visible from the air. Coastlines,

lakes, and rivers are usually seen without difficulty.
Reflected moonlight often causes a river or lake
to stand out brightly for a moment, but this condi-
tion is usually too“brief for accurate fixing. By
close observation, roads and railroads may be
seen after the eyes are accustomed to the darkness.

Lighted landmarks such as cities and towns
stand out more clearly at night than in daytime.
Figure 7-5 illustrates a typical night view of the
Merced, California, area. Large cities can often
be recognized by their distinctive shapes. Many
small towns are darkened at night and are not
visible. Airfields with distinctive light patterns
may be used as chec¥ points. Military fields use
a double white and single green rotating ber.on,
while civilian fields use a single white and single
green rotating beacon. Early in the evening, busy
highways are discernible because of automobile
headlights.

Estimating Distance

A landmark usually falls right or left of course
and the navigator must estimate the distance to it.
While the ability to estimate distance from a land-
mark rests largely in skill and experience, the
following methods may be of assistance. One
method is to compare the distance to a landmark
with the distance between two other points as
measured on the chart. Another method, shown
in figure 7-6, is to estimate the angle between the
aircraft subpoint and the line of sight. The dis-

- tance in nautical miles from the landmark to the

subpoint of the aircraft depends on the sighting
angle:
(60°) horizontal distance = absolute altitude X
1.7
(45°) horizontal distance = absolute altitude
(30°) horizontal distance — absolute altitude X
.6
Cross-check the validity of the estimate by sight-
ing landmarks on each side of the aircraft and
comparing the results.

Saasonal Changes

Seasonal changes can conceal landmarks or
change their appearance. Small lakes and rivers
may dry up during the summer. Their outlines
may change considerably during the wet season.
They make good check points, however, because
they appear as clear areas.
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Figure 7-6. - Estimating Distances

Map Reading in High Latitudes

Map reading in high latitudes is considerably
more difficult than map reading in the lower lati-
tudes. The nature of the terrain is drastically
different, charts are less detailed and less precise,
and seasonal changes may alter the terrain appear-
ance or hide it completely from view.

In high latitudes, the navigator finds few dis-
tinguishable features from which to determine
his position. Manmade features arc ‘practically
nonexistent. The few which do exist are closely
grouped, offering little help to ™~ navigator flying
long navigation legs. Natural features which exist
in limited variety are difficult to distinguish from
each other. As illustrated by figure 7-7, lakes sexn
endless in number and identical in appearance.
The countless inlets are extremely difficult to
identify, particularly in winter, What appears to
be land may in reality be floating ice, the shape
of which can change from day to day. Recog-
nizable, rcliable check points are few and far
beiween.

Map reading in high latitudes is further compli-
cated by inadequate charting. Some polar areas,
as shown in figure 7-7, are yet to be thoroughly
surveyed., The charts portray the appearance of
general locales, but many individual terrain fea-
tures are merely approximated or omitted entirely.

In place of detailed outlines of lakes, for example,
charts often carry the brief annotation, “many
lakes.” A fix is possible, but requires extended
effort and keen judgment on the part of the
navigator.

When snow blankets the terrain from horizon
to horizon, navigation by map reading becomes
acutely difficult. Coastal ice becomes indistin-
guishable from the land, coastal contours appear
radically changed, and many inlets, streams, and
lakes disappear.

Blowing snow may extend to heights of 200
to 300 feet and may continue for several days,
but visibility is usually excellent in the absence
of interfering clouds or ice crystal haze. However,
when snow obliterates surface features and the

sky is covered with a uniform layer of clouds so

that no shadows are cast, the horizon disappears,

"causing earth and sky to blend together. This-

forms an unbroken expanse of white called white-
out. In this complete lack of contrast, distance
and height above ground are virtually impossible
to estimate. Whiteout is particularly prevalent in
northern Alaska‘during late winter and spring.
The continuous darkness of night presents another
hazard; nevertheless, surface features are often
visible because the snow is an excellent reflector
of light from the moon, the stars, and the aufora.
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Figuré 7-7. Natural and Cultural Features in High Latitudes

Contour Map Reading

Use of contours is the most common method of
showing relief features on a chart. Contours are
lines that, at certain intervals, connect points of
equal elevation. To understand contours better,
think of the zero contour lire to be sea level.
If the sea were to rise ten feet, the new shore
line would be the ten-foot contour line. Similarly,
the 20, 30, 40, etc., foot contour lines could be
determined. Contour lines are closer together
where the slope is stcep and farther apart where
the slope is gentle. Within the limits of the con-
tour intervals, the height of points can be deter-
mined from the chart and the angle of slope can
also be determined.
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Contour intervals are determined by the scale
of the chart, the amount of relief, and the accu-
racy of the survey. These intervals may range
from one foot on a large scale chart through 2,000
feet or greater on a smaller scale chart. Contours
may be shown on charts in varying colors and are
frequently labeled with “figures of elevation.” To
further accentuate the terrain, a gradient system
of coloring is also employed. The lighter colors
being used to show lower areas with a gradual
increase in density/darkness to portray the higher
terrain.

Military operations require the analysis of con-
tour-labeled charts to visualize the land. In opera-
tional planning this is of the titmost importance,
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whether it is planning_a route for a safe flight.or  with the_elevations of peaks given as accurately
in determining the best escape route from enemy  as they are known. Hachures may be used on
territory.

charts to show prominent hills or buttes too small

On charts of poorly known areas, mountains  to show up otherwise because of the large contour
may be indicated by hachures or shading lines, interval.
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CHAPTER 8

Practical Application of DR and Map Re&dl’ng

(Sampie Navigation Mission)

Previous chapters have been devoted to various
parts of basic navigation—maps and charts, plot-
ting equipment, DR computer and the wind tri-
angle. Standing alone, these parts have little
practical value; when used in combination, they
form the basis of all navigation, Dead Reckoning.
This chapter is devoted to combining these parts
of DR and also shows the use of map reading
as an aid to DR, To illustrate the procedures,
a cruise portion of a sample navigation mission
is used. Only the cruise portions are covered
since procedures related to mission planning, take-

off, and climb are explained in detail in later

chapters.

FLIGHT PLANNING

For the sample mission, departure has been
selected at coordinates 29-58N, 94-13W with
destination at 31-36 1/2N, 84-06W. The mission
is planned for a cruising altitude of 9,000 feet
with a true airspeed of 220 knots. In planning
the mission, the navigator first checks” with the
wéather forecaster and finds he canh expect stratus
and cumulus clouds with bases at 4,000 feet and
tops generally at 8,000 feet. Isolated thunder-
storms are reported about halfway to destination,
with conditions becoming scattered to clear during
the last half of the mission. o

Winds obtained are as follows:

Altitude Departure Temperature Destination

in Feef w/v in °C w/v

8,000 150/35 +11 230/30
10,000 150/35 + 6 210/30
12,000 130/45 + 2 210/35

The navigator is using an ONC chart for this
mission since the primary aid to DR is Map read-
ing. Departure and destination are plotted and the
true course drawn between them. The navigator
measures the true course and finds it to be 079°.
Since this is a single leg mission only one true
course is required. On a mission with several legs,
each turning point and each course lii:e would be
constructed. In flight planning, the length of a leg
or the operational conditions also dictate whether
the navigator uses an average wind between de-
parture and destination, or uses predicted metro
winds for segments of each leg. The same holds
true for variation when flight planning. On a long
navigation leg, use of average variation causes
the aircraft to swing off course, although it does
have the advantage of not requiring frequent
heading changes.

This mission is relatively short, lending itself
to use of average winds and variation. However,
the navigator wishes to stay as close as possible
to true course, therefore he plans his initial head-
ing using metro winds and variation at departure.
He further determines flight plan distance to be
530 nautical miles and desired indicated airspeed
for flight altitude to be 190 knots. -

INFLIGHT PROCEDURES

Takeoff is accomplished at 0956 hours. Using
a standard departure from the field, an on-course

- climb to flight level is begun. The navigator

records T.O. time in the ACTUAL portion of
AF Form 21, Navigator’s Log, and ETA ia the
PROPOSED section as shown in figure 8-1, line

81
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A. At 1010 hours the aircraft reaches flight alti-
tude and leveloff is accomplished. At this time
the navigator reads the compass at 080°, leveloff
time and compass heading arc then recorded in
the PROPOSED section of the navigator's log
under REMARKS. Since the navigator wishes to
establish his position as soon as possible after
leveloff, he obtains and plots a map reading fix
for 1013 hrs (figure 8-2). This fix is recorded
in the ACTUAL section of the log for the time
of 1013 (figure 8-1, line B). Since the fix shows
the aircraft to be on course, the navigator then
computes his distance to destination from the fix.
Using preflight wind and groundspced he finds
the ETA to be 1232, '

Instrument Entries

From this f)oint on, the frequency of instrument

readings or averages of readings is dependent
upon navigation methods, mission conditions, unit
procedures, or personal preference. If instrument
readings remain fairly constant then fewer entries
are needed.

Deviation Check

The principle of and reasons for compass Cevia-
tion are explained in Chapter 4, and the methods
of obtaining this deviation are fully explained in
Chapter 15. For purposes of this mission it will

RIC =~ . .
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suffice to say that the navigator obtains a true
heading (TH) with a periscopic sextant, applies
spot variation to obtain magnetic heading (MH),
and then compares the MH to the compass heading
(CH), which is taken at the same time as the
true heading (TH). On this mission the navigator
takes a deviation check at 1020 and determines
compass deviation to be —1°. At the same time
he computes pertinent airspeed information and
records all readings as shown in figure 8-1, line C.

There is no set rule to guide the navigator in
taking deviation checks, however, a general rule
to follow is to obtain an initial deviation check,
and an additional one each time the compass
heading changes by more than 15°,

DR Positions

Positioning of the aircraft enroute is a con-
tinuous process. Frequency of positioning infor-
mation depends primarily on flight conditions and
types of fixing aids available to the navigator. The
following general rules of frequency may be
applied: ‘
e Every half hour, if there is no significant change
in flight ~onditions.

» Whenever heading is altered, ‘either at a pre-
determined point or for some other reason.

Significant changes in flight conditions may be
defined as a wind shift that would alter drift more

Figure 8-2. ‘Level-Off Fix Is Plotted af 1013
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Figure 8-3. Inaccuracy Caused by Use of
Average Heading

than 3°, a change in airspeed of more than 10

knots, or a change in CH of more than 8°. To
allow too much of a change in flight conditions
without obtaining a position causes navigation
inaccuracies if the navigator attempts to average
out the changes at a later time. Figure 8-3 illus-
trates an exaggerated form of the inaccuracy
caused by usc of average heading.

Deferminaﬁon.of Wind and Groundspeed

Double drifts or groundspeeds by timing with
a driftmeter are primarily applicable to training
situations; however, they are a basic procedure
for determining wind and groundspeed and thus
should be familiar techniques to the navigator.

On the sample mission the navigator directs
the pilot to fly a double drift (D/D) at 1030
hours. He has previoutly actermined on-course
drift to be --8°, and now reads drift on the left
leg as --6° and drift on the right as 4-5°. He
has now logged enough information to compute
the wind (figure 8-1, line D). This includes true
heading, true airspeed and drift on all legs. In
addition, he has logged one minute of lost forward
motion to compensate for time lost in the double
drift. ~

At 1045 the navigator obtains a DR position
(figure 8-1, line E). To obtain this position he
applies the D/D wind to TH and TAS to deter-
mine average track and groundspeed (GS) from
the 1013 fix. Although elapsed time is 32 min-
utes, forward motion is computed fur only 31
minutes, since 1 minute is subtractcd for the time

lost in the D/D. The track and distance plotted
in figure 8-2 are 080° and 112%2 NM. From
the DR position the navigator measures distance
to destination and using the D/D wind and ground-
speed computes a new ETA.

Groundspeed by Timing

The navigator obtains two groundspeeds by
timing at 1055 and 1105. Together with drift
and instrument readings this information is logged
as illustrated in figure 8-1, lines F and G. Using
the formula for groundspeed by timing the average
of the two groundspeeds is determined to be 215
knots.

At 1115 he computes his second DR position
(figure 8-1, line H). This position is based upon
30 minutes elapsed time (1045-1115), at a
groundspeed of 215 knots. At this time he also
computes a new ETA to destination. Plotting
of the 1115 position is shown in figure 8-4.

At this time the navigator notes that isolated
thunderstorms lie across the heading of the air-
craft. Since his DR indicates that the aircraft is
to the right of course, he notifies the pilot that
heading alterations to circumnavigate the thunder-
storms should be made to the left. Because it is
probable that numerous heading alterations will
be required to circumnavigate the weather, he
also desires to secure a map reading fix from
which to start airplot.

At 1123 the navigator locates his position as
illustrated in figure 8-5. Fix information consist-
mg of time, fix symbol, and instrument readmgs i
‘s logged as shown in figure 8-1, line I. ’

Airplot

The problem of the navigator would be very
simple if he could plot the ground position of the
aircraft with respect to its movement through
the air mass (TH and TAS). But the movement
through the air mass (wind) complicates the
problem. Previously, the wind vector and the
air vector (TH and TAS) have been combined

- on the DR computer to determine the ground

vector (Track and GS) for a DR position.

Under certain conditions it is faster and easier
to solve navigation problems by the use of airplot.
Airplot is the graphic solution of the wind triangle
on a chart or computer for the purpose of finding
a DR position or a wind. It must be understood
that airplot is not a different method of ravigation,
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but merely a difference in the application of the
vectors of the wind triangle. '

Airplot becomes useful when the heading of the
aircraft changes radically and frequently. It then
becomes much easier io follow the movement of
the aircraft through the air mass using TH 2and
TAS than computing a DR position each time the
heading changes.

Obviously, airplot must be done quickly and
accurately so it may be completed with an accu-
rate DR position from which the heading to desti-
nation can be resumed. The basic resson that
airplot is faster than groundplot is that wind effect
is not considered until all he.ing changes have
been completed. At that time the net wind effect
for the period of airplot is applied to the final
air position to determine a ground position.

AIRPLOT ON CHART. To be accurate, axrplot
must be started at a known position—in tnis case
the 1123 fix as illustrated in figure 8-5. THe
navigator had previously decided he would begin
airplot at his first fix after the 1115 DR position.
The movement of the aircraft is represented on
the chart by a series of vectors based on TH and
TAS.

At 1130 the pilot alters heading to 035° to cir-
cumnavigate weather. Thus the first air vector
is found using TH and TAS for seven minutes
(1123-1130). The information is logged as illus-
trated in figure 8-1, line J. An examination of
this line entry reveals that the navigator is re-

cording only the minimum amount of information:

necessary to compute the air vector. Extensive
logwork is time consuming and is one reason why
airplot is faster than groundplot.

At 220 knots (TAS) the aircraft has travelled
25 air miles in seven minutes. The air vector is
_p]otted on a TH of 086° as shown in figure 8-5.

At 1138 the aircraft changes compass heading
to 010°. Again the navigator plots the air vector.
He finds that he has travelled 29 air miles (1130-
1138) on a true heading of 040°. Each time an
air position is completed, the navigator uses a
plus sign indicating the air position, and connects
the two air positions with a line labeled with a
single arrow for an air vector. '

At 1142 the pilot alters the aircraft compass
heading to 060°. The navigator plots the com-
pleted air vector of 15 air miles on a TH of
014° (1138-1142). Since the new heading will
safely circumnavigate the weather, the navigator
begins procedures to obtain a map reading fix

from which he can compute a headmg to desti-
natiozs. ’

ESTABLISHING PosiTION. After a penod of air-
plot two methods are commonly used to establish
aircraft position. The first method is to use the
last known wind and plot a proportionate amount
of this wind using the amount of time spu.at in
airplot. The wind vector is plotted from the last
air position with the tail of the vector representing
air positions; the head of the vector will then be
the ground position for that time.

The second method is to simply use the last air
position as a starting point. This method is
usually satisfactory only if the time s»ent in air-
plot is short and the wind speed is light. In the
case of high winds the air position can be co -
siderably in error from the actuzl ground position.

At 11472 the navigator obtains a map reading
fix over a small railroad bridge, as shown in
figure 8-5. An air position is plotted for the
same time. The air vector will be 20 air miles
on a TH of 065° (1142-1147%2). The fix and air
position are logged on the same line as shown in
figure 8-1, line M. The vector between these two
positions represents net wind effect for the time
spent in airplot. When converted to an hourly
increment, it provides wind speed and direction.

To obtain an airplot wind, the navigator meas-
ures the direction of the wind vector, remembering
that the wind always blows from the air position
to the ground position. The direction of the
vector as measured on the chart is 233¢ '(labeled
with 3 arrows representing wind) as shov Jn
figure 8-5. The length of the vector represents
the wind effect on the aircraft from the time air-
plot was started till the time it is completed. The
navigator finds this vector to be 11%%2 nautical
miles long which represents the wind effect for
24Y2 minutes (1123-1147%5). These two figures
are then set on the slide rule side of the DR
computer and the speed of the wind is read over
the 60 minute index. The proportion for this
particular problem prrvides an answer of 28
knots as shown in figure 8-6.

AIRPLOT oN WIND SIDE OF COMPUTER. Plotting
air vectors on the grid of the computer and ob-
taining a resultant air vector js exactly the same
as the method used in obtaining a vector average
of winds.

When plotting air vectors on the grid of the

8-7
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computer, the navigator will find that he must
asually halve the air miles to get them all on the
computer. This increases the change for errors,
therefore, an easier and quicker way has been
devised. Instead of plotting air miles, the navi-
gator plots minutes, in other words, time is
plotted as the magnitude of the vector. Using this
method shown in figure 8-7, the airplot problem
for this mission would be solved as follows:

1. Using the grid side of the wind slide, set the
first TH (086°) under the computer index. Draw
down from the grommet a vector of seven repre-
senting minutes on the first heading (1123-1130).
Each horizontal grid line represents 2 minutes.

2. Set the second 'H (040°) under the index.
Adjust the slide so that the head of-the first vector
is on the zero grid line. Draw down, from the
head of the first vector, a second line representing
8 minutes on the second heading (1130-1138).

3. Set the third TH (014°) under the index.
Adjust the slide so that the head of the second
vector is on the zero grid line and draw the thi-d
vector for four minutes (1138-1142).

4. Set the fourth and last TH (065°) under the
index, adjust the slide so the head of the third
vector is on the zero grid line. Israw a vector
down from the hecad of the third vector for five
and one-half minutes which represents the time
on the fourth heading (1142-1147%%).

5. Set the slide so that the grommet.is again on
the zero grid line.

6. Turn the compass rose so the head of the
fourth and last vector is on the center line directly
below the grommet. The direction under the
index (055°) is the resultant TH for the entire
time of the problem.

7. Count the total minutes from the grommet to
the head of the last vector. This time (22 min-
utes) is then set up on the slide rule side of the
computer with average TAS during the entire
period of airplot to obtain the air miles for the
length of the resultant air vector. At an average
TAS of 221 knots for the 22 minutes, the aircraft
traveled 81 nautical miles. Remember, even
though airplot was conducted for 244 minutes,
the resultant is for 22 minutes.

If extremely frequent heading changes and short
periods of time are anticipated or encountered,
the navigator would be wise to use the computer
to follow the aircraft by airplot. It is faster and,

- if care is taken in plotting the vectors, the com-

puter method is nearly as accurate as plotting
the individual vectors on the chart. Theoretically
either method will yield the same results, but the
small scale of the corputer grid prevents equal
accuracy. For example, on the sample mission
it is found that the resultant air vector of 055°
and 81 air miles would give an air position ap-
proximately one-half mile away from the one
determined by conventional plotting methods.

ALTER HEADING TO DESTINATION. The navi-
gator decides he will alter to destination at 1155.
With the information obtained from the 114712
fix, he obtains a DR position for 1155. By

* assuming that the aircraft would stay on the

san  heading and airspeed until that time, the
nz gator can compute a track and groundspeed
u. ag the airplot wind obtained at 1147%5. He
computes a distance of 31 nautical miles for
seven and one-half minutes on a predictzd tract
of 063° (1147%-1155). He logs this informa-
tion as shown in figure 8-1, line N. ,

The computation of a new MH and an estimated
time "of -arrival (ETA)  to destination (Turner .
AFB) from the 1155 DR position is very similar
to a preflight problem. The navigator measures
the new true course and distance between the two
positions and logs it in the proposed portion of
the log as shown in figure 8-1, line N, Again
assuming an indicated airspeed of 190 knots,
altitude of 9000 feet, and temperature of 4-5°,
he computes a TAS of 221 knots. With the latest
wind (the airplot wind) he can compute a pre-
dicted drift correction (DC) and groundspeed,
and work from TC to MH by applying the DC
and variation to obtain an MH to fly. The ETA
again is computed using the latest airplot wind.

Map Reading as an Aid to DR

At 1157, two minutes after the alter heading,
the navigator obtains a fix over a bend in the
road (figure 8-5). This information is logged as
shown in figure 8-1, line O. At 1208%% another
fix is obtained on a railroad 2 nautical miles north
of Brundidge (see figure 8-8). The navigator
computes a GS from the 1157 fix, and an ETA
to a new check point at Edison for 1223
(figure 8-1, line P).
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Figure 8-8. Alter Heading at 1229

At 1224 the aircraft is directly over Edison
(figure 8-8). At this time the pilot informs :he
navigator that Air Traffic Control is diverting the
aircraft to a new destination (Graham Air Field).
The navigator decides to alter heading to the new
destination at 1229. He computes a DR position
for this time (figure 8-8). Working ahead, he
logs information pertinent to this position as
shown in figure 8-1, line R. All information
necessary to alter heading to the new destination
is computed and logged, to include course, head-
ing, groundspeed, and ETA. At 1229 heading is
altered to the new destination.

In this sample problem no log and chart cntries
have been made between 1229 and 1246. How-
ever, in actual practice the navigator would con-

8-10

tinue to record instrument readings and, obtain
fixes as necessary to direct the aircraft .into desti-
nation. .

SUMMARY

There are many procedures and many means
of using dead reckoning and map reading tech-
niques. However, throughout the Air Force, navi-
gators use the samé¢ terminology and the same
standard log and chart symbols. A log and chart
should contain enough accurate entries to fully
reconstruct a mission. Good discipline in keeping
an adequate log and chart contributes to the over-
all efficiency of every navigator and aids in success-
ful mission completion. -



CH.APTER 9

Radio

The first airborne radio was used to cnable
the pilot to keep informcd of weather along his
flight path. Thc gradual developmcui of direc-
tional radio equipment made possiblc a system of
radio routes (becams) which eventually formed
aerial highways. World War II fostered the de-
velopment of several new radio aids, the most
important of which were loran and radar.

World War II also fostered the principle of
another radio aid to navigation called Consol.
This principle originated with the Germans and
was improved by the British in post war years.
The United States version is called Consolan.

The rapid growth of air tradic following Worl-
War Il necessitated improved radio aids for instru-
nient navigation and traffic control. Some of the
aids developcd were the VOR system, TACAN,
IFF/SIF, and improved communications equip-
ment. .

The terms VOR, TACAN, Consol, Consolan,
and IFF/SIF are explained and discussed in this
chapter.

FUNDAMENTALS

Frequency Classification

Energy in the ireuency range of 20 to 20,000
hertz (Hz) is capable of carrying audible com-
munications. This frequency range is called the
audio-fregéency (AF) band.- ‘
NOTE: The National Bureau of Standards has
adopted a hertz (Hz) as the Standard Unit Noia-
tion for measures of frequency. Thus, 60 cycles
per second has become 60 Hz Units, 400 CPS has
become 400 Hz units, and so on. The name is
in honor of Heinrich Rudolph Hertz, discoverer
of electromagnetic waves.

. The range of frequencies used in radio com-

munication is called the radio spectrum. Radio
frequencies extend from approximately 10 kHz
to 300,000 mHz and have been arbitrarily divided
into'bands. See figure 9-1.

Properties

Radio waves, like fight waves, undergo reflec-
tion, refraction, dif‘raction, and absorption, and
become attenuated (reduced in amplitude) as
they travel from the source of radiation. See
figure 9-2.

REFLECTION. Reflection is the sharp change
in the direction of travel of an incident wave which
occurs at the surface of a medium. The waves
“bounce” from the reflecting surface. A com-
mon example of this is the reflection of a beam

. of light from a mirror. All types of waves can be
reflected under certain conditions. Radio waves

are no exception. When reflection occurs, the
angle of incidence is exactly equal'to the angle of
reflection. _ »
REFRACTION. Electromagnetic energy emitted
from a hypothetical “point” source (an antenna)
near the surface of the earth viould travel in all
directions horizontally and vertically in a series
of ever-expanding, concentric spheres. A small
portion of one of these spheres is termed a wave
front. At a considerable distance from the an-
tenna, the spherical nature of the wave front is
less evident and it appears as a plane at right
angles to the direction of energy propagation.
Refraction is the bending of wave fronts as they
pass obliquely from one medium to another or
through a medium of varying density. The refrac-
tion, or bending, is caused by a differencs in the

‘speed of the waves through two mediums. The

mediums through which radio waves travel are

9-1
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Figure 9-1.

the various strata or layers of ionized gases which
surround the earth called the ionosphere.

DirrracTION. Diffraction of electromagnetic
energy occurs when energy travels near the edge
of solid objects through which it cannot pass.
Again, the concept of the wave front may be used
to explain the process.

REFLECTION

Elecfromagnetic Spectrum

.

ABSORPTION. Absorption is the loss of radio
energy within & medium resulting from its conver-
sion into heat. Radiated energy is absorbed by
abjects on the surface of the earth, such as trees
and buildings, and by the earth itself. The radiated
energy is said to be attenuated as it passes t th rough
a medium.

DIFFRACTE2N ABSORPTION

REFRACTION

Figure 9-2. Properties of Radio Waves
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Figure 9-3. Ground Waves Sky Waves, and Direct Waves

Electromagnetic Propagation .

BEHAVIOR OF RaDIO WAVES. Radio waves are
generally classified as ground waves, sky waves,
or direct waves according to the path along which

_ they travel to the receiver (figure 9-3),

‘Ground Waves. Radiated energy which follows
the surface of the earth is called the ground wave,
Transmission frequency and transmitter power
determine the distance a ground wave can be
used for reliable reception. Ground wave signals
in the low and medium frequency bands can be
received reliably at distances of several hundred
miles. As transmission frequency increases,
ground wave coverage decreases rapidly. At VHF
and higher frequencies, ground wave coverage is
limited to only a few miles.

Sky Waves. Sky waves are radio waves which
are refracted by the earth’s atmosphere. Radio
communication between distant points on the
earth depends principally upon sky waves.

As frequency is increased from the LF band
through the HF band, skip distance becomes
greater and greater until the VHF band is reached.
Although VHF skip signals are not uncommon,
in most instances ionospheric refraction is not

“sufficient to return these signals to earth. UHF

and higher frequencies are refracted to an even
lesser degree than VHF.

Whether or not a given wave returns to the
earth depends upon the degree of ionization, wave
radiation angle, and the transmission frequency
of the signal.

Direct Waves. Radio energy which follows a
line-of-sight path between a transmitter and a
receiver is called a direct wave. Normal air-to-
ground communications in the VHF, UHF, and
higher bands rely on the use of direct waves.

Skip Distance. For a given frequency, there is
a minimum distance from the transmitting antenna
within which sky waves are not received. This

Figure 9-4. Skip Distance and Skip Zone
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minimum distance is called skip distance. When
the distance covered by ground waves is less than
the skip distance, a skip zone occurs between the
outer limit of the gronnd waves and the first sky
wave. Skip distance and skip zone are illustrated
in figure 9-4." '

OTHER CONSIDERATIONS. Since radio waves
are influenced by many variables, it is essential
to understand several other factors which affect
a transmitted signal.

Night Effect. There is a period of the time
during sunset and sunrise when ground waves and
sky waves overlap because of rapid changes oc-
curring in the fonosphere. This is known as polari-
zation crror or night effect, and causes difficulty
in matching the correct signals.

Fading. Fading occurs when a single transmis-
sion of radio energy arrives at a recciver as both
a ground wave and a sky wave, or as two different
sky waves. If the two waves arrive in phasc, they
reinforce each other, resulting in a stronger signal.
If they arrive in opposite phase, however, they
tend to cancel each other. The changing phase
relationship of two such signals causes intermittent
fading.

Shore Line Effect. When ground waves pass
over a coast line at an oblique angle, they tend
to be refracted because of the difference in con-
ductivity between the land and the water. The
resultant change in direction is known as shore line
effect. This factor causes some inaccuracy of
radio bearings whencver a coast line lies between
the receiver and the transmitter.

Another factor which produces erroneous bear-

ing indications is bending and splitting of ground
waves in mountainous areas, or over arcas of
natural magnetic disturbance.

Interference. Unwanted signals in a receiver
are called interference. The intentional production
of such interference to obstruct communication
is called jarming. More detailed information on
interference and jamming is presented in Chupt(:{.
25.

Weaiher Disturbances.  Electrical discharges
produced by lhunderstorms generate signals in
the Jow and medium frequency bands which can
mascquerade as a desired signal. Becausc of this,
a radio compass is usually erratic in thunderstorm
arcas and may even point to an area of clec..cal
disturbance rather than to the desired station, In
thunderstorm arcas, LF and MF communications
may become garbled or covered by static.

Antennas

Antennas may be classified as either nondirec-
tional or directional. ’

NONDIRECTIONAL ANTENNAS. A nondirectional
antenna is one which radiates or receives radio
energy equally well in all directions. The most
common nondirectional antcnna is a vertical metal
mast mounted on an insulated base. This antenna
has almost no top surface and radiates compara-
tively little energy dircctly above the mast.

Vertical nondircctional antennas are commonly
used in the LF and MF bands for marine and
acronautical navigation beacons and for commer-
cial broadcast stations. Figure 9-5 shows the
transmission pattern of a vertical antenna.

Figure 9-5. Transmission Pattern of a Vertical Antenna
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DIRECTIONAL ANTENNAS. A directional antenna
is one which either transmits or rececives energy
more efficiently in one or more directions than
others. Thus, directional information can be ob-
tained by orienting a directional antenna for
either maximum or minimum signal strength from
a received signal.

There are many methods of achieving directional
transmission and reception, but the loop. anfenna
is perhaps the simplest and the most widely used
in airborne navigational equipment. The loop
antenna can be used for either directional trans-
mission or directional reception.

When the plane of the loop antenna is parallel
to the path of a transmitted signal, maximum volt-

. age is induced in its coils, causiug the signal to

be received at maximum strength (see figure 9-6).
When the plane of the antenna is perpendicular to
the path of a transmitted signal, minimum voltage
is induced in its coil, and the signal is received at
minimum strength. These characteristics give the
loop antenna its ability to “sense” the direction
of the path traveled by the signals it receives.
The convenient properties of a combined signal
from a loop and wire antenna system make possi-
ble the automatic direction finder (ADF) which
continuously presents the bearing of the radio
transmitting station to which it is tuned.

Loop positic : : - Plone of loop
characteristics |

Plane of loop paroliel 1o
&whndmmd.

i Cutaway of o -'
; leop antenna ;

RADI* AIDS TO NAVIGATION

Radio Beacons

Radio beacons transmit a nondirectional signal
which is easily identified as a specific station. If
an aircraft has ADF equipment, the direction of
the beacon from the aircraft can be determined.
Scveral names are given to radio beacons, depend-
ing on their spccialized functions. A compass lo-
cator is a radio beacon, usually of low power,
associated with an instrument landing system
(ILS). A homer is a radio beacon associated
with an airport. Most radio beacons transmit on
frcquencies between 200 and 400 KHz.

Fixing with the radio compass is relatively easy,
but depends on the availability and proximity of
stations. ADF bearings are us~d as LOPs and
arc treated as explained in Chaptcr 6. To obtain

a bcaring, thc navigator rotates the compass card

on thc bearing indicator (figure 9-7) until any
desired rcference is under the index. Set 360°
under the index for relative bearings; set true
heading for truc bearings, and set magnetic head-
ing for magnetic bearings.

Marker Beacons

Most marker beacons operate on a frequency
of 75 KHz and arc designed to give local position

3 |I||lx||||lll||u|
I
il l(ll.lﬂlhl

il

Figure 9-6. Loop Antenna
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Figure 9-7. Radio Compass Bearing Indicator

information, usually by narrow vertical beams. A
fan marker transmits a vertical beam whose cross
section is either lens shaped or bone shaped. Z
markers provide vertical beams with a circular
cross section. The coded flashes of a light on
the pilot’s insttument panel and an aural signal are
the only indications of passing over a marker bea-
con.

Radio Ranges

Low FREQUENCY. Low frequency radio ranges
are directional transmitting stations which operate

between 200 and 400 KHz. Although other aids
have made them obsolete, some range stations
still exist in the U.S. and they are more common
in other countries. The directional transmission
of a radio range station is liraited to four beams
or legs which are approximately 3° in width. If
an aircraft is not positioned exactly on one of
the four beams, it is possible to identify only
the quadrant between beams in which the aircraft
is located. The four quadrants are alternately
identified 'as “A” or “N” with the quadrant con-
taining true north always being an “N” quadrant.
The “A” und “N” signals are transmitted in Inter-
national Morse Code with precise spacing such
that a solid tone is heard when the aircraft is
positioned on one of the station’s four beams.
This tone is called the “on course” signal. (See
figure 9-8.)

It must be noted that after identifying the
ceurse signal or the “A” or “N” signal, good dead
reckoning information is necessary to identify the
correct course or quadrant. The direction to the
station can also be determined through the use of
ADF equipment.

Directly over the range is a characteristic cone
of silence; an area in which no signal is heard.

A “Z” marker is usually located at a low-fre-
quency radio range station, and its vertical beam,
centered in the cone of silence, is used to idcntify
station passage.

OMNIRaNGE. The VHF omni-directional range

Figure 9-8. Radio Range Symbols
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(VOR) is a radio facility which has eliminated
many of the difficulties associated with low-fre-
quency radio navigation. VOR stations operate
between 108.0 and 117.0 MHz. Station identifiers
are given in code ,r voice, or by both code and
voice transmissior. Unlike the low-frequency
radio range, a VOR station provides an infinite
number of radials or courses.

For simplicity, however, only 360 radials are
considered possible. These radials are identified
by their magnetic bearing from the station. Re-
gardless of heading, an aircraft on the 090° radial
is physically located east of the station. Flying
to the station on this radial, the magnetnc course
(MC) is 270°.

Since VOR transmissions are in the VHF band,
signals are not affected by atmospheric disturb-
ances or other factors common to lower fre-
quencies. They are, however, subject to line-of-
sight reception, and reccption distance varies
directly with the altitude of the aircraft,

Control Panel. A VOR control pane] contains
a power switch, frequency selector knobs, a fre-
quency window, and a volume control (figure
9-9). To tune a VOR receiver, turn the power
switch ON, select the desired frequency, and
ilentify the station.

Indicarors. VOR equipment has two indicators.
These are the course indicator and the radio mag-
netic indicator (RMI). They are shown in figures
9-10 and 9-11 respectively.

The course indicator has elght significant
features:

To-From |ndicator

FREQUENCY WINDOW POWER

SWITCH

R 1 OFF, _
© | VOLUME
b~y

FREQUENCY

SELECTOR KNOBS VOLUME CONTROL

Figure 9-9. VOR Control Panel

TO-FROM indicator :
Glide slope and course warning flags.
Course selector window

Marker beacon light

Glide siope indicator

Heading pointer

Course deviation indicator (CDI)
Course set knob

The TO-FROM indicator shows whether the
radial set in the course selector window is to or
from the station, and the CDI represents this -
radial. If the aircraft is to the right of the radial,

the CDI is to the left of center on the course
indicator.

The glide slope indicator is similar to

Marker Beacon Light

_ T Course Selector Window °
Heading Pointer
Course Deviation Scale

Caurse Deviation Indicatar {CDI)

Figure 9-10. Couise Indicator

£
s Course and Glide Slape
N Warning Flags’
Glide Slope Indicator (GSf)
Glide Slape Deviation Scale —
Course Set Knob
Q

ERIC

Aruitoxt provided by Eic:

9-7



Top Index

Rotating Compass Card

ADF Bearing Poirter

VOR Bearing Pointer

Figure 9-11. Radio Magnetic Indicator (RMI)

the CDI but represents the glide slope transmitted
by an instrument landing system. If the glide
slope indicator is below the center of the course
indicator, the aircraft is.above the glide slope.
The glide slope and course warning flags inform
the user that eith.: the glide slope indicator or
the CDI is inopeiative, or that the signals received
are toco weak to be used. The heading pointer
indicates the difference, to the right or left, be-
tween the aircraft magnetic heading and the radial
set in the course selection window. The marker
beacon light flashes when passing over a marker
beacon.

The RMI is a bearing indicator, usually with
“ two pointers and a movable compass rose. The
compass rose rotates as the aircraft turns indi-
cating the compass heading of the aircraft under
“the top index at all times. Therefore, all bear-
ings taken from the RMI pointers are magnetic
bearings.

Fixing with the VOR is similar to fixing with
the low frequency radio; however, since all V.JR
bearings are magnetic, variation must be applied
to obtain true bearing. One rule to remember is
to use the variation at the VOR station for VOR
LOPs and variation at the aircraft for ADF LOPs.
LOPs may be taken from the pointers on the RMI
or by centering the CDI and reading the radial
in the course selection window. '

TACAN
Tactical Air'Navigation (TACAN) is a short-

range navigation system which supplies continuous,
accurate, slant-range distances and bearings. The
station identifier is transmitted at 55-second inter-
vals in International Morse Code.

As with VOR, the major disadvantages of low-
frequency ranges (static interference and a limited
number of navigational courses) are climinated
with TACAN. Much like VOR, TACAN pro-
vides an infinite number of courses to or from the
TACAN station, and the rame instruments (course
indicator and RMI) are used to obtain bearing
information.

TACAN operates in the UHF band and has a
total of 126 channels. Airborne Distance Meas-
uring Equipment (DME) transmits on channels
in the 1025-1150 MHz range; associated ground-
to-air transmissions are made between 962-1024
MHz or 1151-1213 MHz.

Position information is obtained by using a
multi-channel airborne transmitter-receiver (trans-
ceiver). Radio signals transmitted over a selected
channel convey both distance and bearing infor-
mation. The equipment is designed to present
range information out to 195 nautical miles at
high altitudes. '

Accuracy of the DME is on the order of plus
or minus 600 feet, plus two tenths percent of the
distance being measured. Thus, at a distance of
10 nautical miles from the facility, the maximum
distance error is plus or minus 720 feet. Distance
is measured slant-range. For practical purposes,
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this may be regarded as horizontal distance except

-when the aircraft is very close to the station.

The ground equipment consists of a receiver-
transmitter combination (transponder) and a ro-
tating antenna for transmission of distance and
bearing information. Transmission of erroneous
signalg is possible during calibration of the station;
thcrefore, when calibration or ground-maintenance
is done, the station identifier is turned off. Always
monitor and identify the station before using any
bearing or range information.

If an aircraft is in a position to-receive two
stations on the same frequency, the strongest
signal will predominate. In an area of approxi-
mately cqual signal strength frcm two stations on

the same frequency, TACAN cquipment may seek

first onc station and then t":c other.

TuNING. . TACAN control box is shown in fig-
ure 9-12. Turning the OFF, REC, T/R switch
to the T/R or REC position turns the equipment
on. (If the switch is moved to the REC position,
the DME will not operate and cnly bearing infor-
mation will be displayed.) After the cquipment
is turned on, select the desircd channel between
1 and 126 by using the outer knob to select the
first two digits in the channel number (0 tc 12)
and the inner knob to select the third digit (0-9).
For exampl., to select channel 115, sclect the first

two digits (11) with the outer knob and the third

digit (5) ‘with the inner knob. Adjust the volume
and identify the station.

DISTANCE MEASURING EqQuipPMENT (DME).
Distance is determined with TACAN. equipment
hy measuring the clapsed time between transrais-

Ou’ - Knob Inner Knob
selects numbers selects nembers
Oto 12 Oto @

Power Switch

Volume Control

Figure 9-12. TACAN Control Box

Range
Worning — =
Flag

e ..
DISTANCE
NA_.UTI'CAI_._MIL'ES

Figure 9-13. Range Indicator

sion of interrogating pulses from the airborne set
and reccption of corresponding reply pulses from
the ground station. The aircraft transceiver starts
the process by sending out the distance interro-
gation pulse signals. Receipt of these signals by
the ground station receiver triggers its transmitter
and it sends out the distance reply pulse signals.
These pulses require about 12 microseconds
round-trip travel time per NM of distance from
the ground station. The range indicator (figure
9-13) displays distance to the TACAN station
in NM.

Since a large number of aircraft could be in-

terrogating the samc station, the airborne set

must sort out cnly the pulses which are replies
to its own interrogations. Interrogation pulses
are transmitted on an irregular, random basis by
the airborne set which then “searches” for replies
synchronized to its own interrogations. If the
signals are interrupted, a memory circuit main-
tains the last distance indication on the range
indicator for approximately 10 séconds to prevent
the scarch operation from recurring, The search-

‘ing process starts attomatically whenever the

airborne sct is tuned to a new station or when
there is a major interruption in signals. Depending
upon the actual distance of the aircraft from the

“station, the searching process may require up to

22 scconds.
PosiTioNING BY TACAN. Bearing information

is obtained in the same manner and on the same .

instruments as VOR bearings. Magnetic variation

9.9
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at the station is used to convert magnetic bearing
to a true bearing. The position of the aircraft is
determined by obtaining the bearing and the read-
ing from the range indicator simultaneously and

then plotting the true bearing and range from the

station towards the ai'rcra.ft.

VORTAC

VORTAC is a system consisting of a VOR
station and a TACAN station operating simul-
taneously with the antennas of both located at a
common geographical point. Aicraft equipped
with VOR and distance measuring equipment are
able to receive bearings from the VOR station
and distances from the TACAN station. Aircraft
equipped with TACAN receive bearings and dis-
tances from the TACAN portion of-the station.

ConsoL/CoNsoLAN. During World War 1I,
Germany developed a navigation system called
Sonne. Following the war the British further
developed the system under the name ‘Consol and
several stations operating in the LF band have
been installed in western Europe. The U.S. system
called Consolan, also has several stations operat-
ing in the same band.

Consol and Corsolan differ from other hyper-
bolic systems in that three antennas are located
in a straight line (antenna base line) and are
closely spaced. This aid is often considered direc-
tional rather than hyperbolic because great-circle
bearings are plotted from’the position of the center
antenna,

The -usable range of Consol and Consolan is
approximately 1,000 miles during the day and
1,200 to 1,400 miles at night. Bearings are most
accurate along a line perpendicular to the antenna
base line and accuracy decreases toward ‘he base
line extensions. The total usable area is approxi-
mately 240° .for Consol and 280° for Consolan.
The usable circumference is divided into two

* sections, one on each side of the base line and

centered on a perpendicular bisector to the base
line (see figure 9-143, Two unreliable dreas, of
‘approximately 40° cach for Consolan™and 60°

“each for Consol, are centered on the base line

E

extensions. Unreliable sections are labeled on
Consol charts. A typical Consol chart is shown
in ﬁgure 9-1..

In the daytime, at 1000 miles from the station,

LOP errors of from 6 miles'at the bisector center-

line to 24 miles at the outer edges of the usable
areas (approaching the base line) are not un-

Q
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common. At night these LOP errors may increase
to as much as 10 and 40 miles from the station.
Interaction between sky waves and ground waves
or high atmospheric noise can cause even larger
Cerrors. '

ConsoL/CoNsOLAN SiGNaLs. Consol and Con-
solan signals are transmitted as a series of dots and

-dashes. The phase of signals transmitted from

the two end intennas is rotated with respect to the
signal of the center antenna such that the radiation
pattern consists of many lobes rotating around
the middle antenna. Rotation is clockwise on one
side of the base line and counterclockwise on the
other side. Alternate lobes, or sectors, contain
dot and dash signals which merge into a tone or
equisignal at the sector boundaries.

The duration of a transmission sequence may
be as short as 30 seconds or as long as a minute
depending on the particular station being used.
During each sequence, a total of 60 dots and
dashes is transmitted. The transmission sequence,
heard by the operator, is shown in figure 9-16.

To obtain L.LOPs from a Consol or Consolan
station, only an LF receiver equipped with a beat
frequency oscillator (BFL) is needed. Tune the
receiver to the desired station frequency and turn
on the BFO (CW-Switch). If the receiver being
used is cqmpped with both sensing and loop an-
tennas, select the sensing antenna (ANT).

L -Figure 9-14. -Consolan Station

.
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CONSOL TRANSMISSION CYCLE AND SEQUENCE
BUSHMILLS QUIMPER PLONEIS
LONG EQUISIGNAL EQUISIGNAL
IDENT DASH .. bors

DASHES . DOTS DASHES

= e 4D SEC —

STAVANGER VARHAUG LUGO
LON! EQUISIGNAL EQUISIGNAL LONG.
IDENT DASH DASHES DOTS IDENT DaSHES . DOTS DASH
T L o

Eoch position line is ideniified by o number which corresponds to the
number of dots lor dashesl tronsaited by the beocon following the
continyous long dash or identficalion.

Figure 9-16. C_onsol Transmission and Sequence,

NOTE: If excessive interference is present, select-
ing the loop antenna, after initial tuning, will
sometimes improve reception.

The procedure for obtaining an LOP is shown
in the following example:
1. Tune the LF receiver to the desired station
frequency.
2. Identify thc station.
3. Count the number of dots or dashes trans-
mitted before the equisignal (for example, 15 dots
are heard). -
4. Note the time of the equisignal (this is the
time of LOP). ‘
5. Count the number of dots or dashes after the

‘equisignal (dashes—39).

6. Total the number of characters received before
and after the equisignal (dots and dashes—54).
This total is subtracted from 60 and the remainder
(6) is applied equally between the dots and
dashes to obtain the corrected dot and dash
count (18 dots and 42 dashes).

7. Piot an LOP representing the sum of dot4 or
dashes (18 dots) heard before the equisignal.
To plot the LOP, locate the number of dots (or

dashes) on the chart which corrésponds to those’

counted and draw a line as is shown in figure
9-17. A DR position or an ADF bearing to the
station is used to determine in which dot (or
dash) sector the LOP is located. Only a gross
error in either the bearing to the station or the
DR position could cause the [.OP to be plotted

in the wrong sector.

NOTE: AVC (automatic volume control) cannot
be used in the reception of Consol signals. This

9-12

is because the dot-dash signals from the Consolan
transmitter are signals of relative intensity. Since
AV C canses all signals to be of the same intensity,
the variations in the signal could not be detected.

CAUTION

1. At night, always take a series of readings,
particularly when 300 to 700 miles from the’
station. Wide variation in successive counts
is an indication of ground wave/sky wave
interference. These bearings should be used
with caution or disregarded altogether.

2. Consol LOPs should never be used within
25 miles of the station and Consolari LOPs
should not be used within 50 miles of the
station.

COMMUNICATION

Air/ground communications can be achieved
through the use of many types of equipment. Al-
thouzh older LF radios are still sometimes used, -
greater reliability has come with equipment which
uses higher frequency ranges (HF, VHF, and
UHF). These frequency bands are relatively staiic
free and are less susceptible to outside interference.
It must be remembered. however, that the higher
the frequency the tnore nearly the transmission
will follow a line-of-sigh: path. As frequency in-
creases, therefore, ccmmunication range .is
decreased.

* Long Range

Systems used for long range radio communica-
tion between aircraft and ground stations may be
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either amplitude modulation (AM) or single side-
band (SSB) transmission. Single sideband trans-
mitters concentrate all available power into onc
sideband; thercfore. 'SSB’ is much more cfficient
and has greater range than an AM transmitter of
the same power.

Although HF ground waves attenuate rapidly,
* sky waves at these ‘requencics are capable of
transmitting communication at distances up to
12,000 mile. or more, depending on ionospheric
conditions. HF cquipment on aircraft is used

mostly in remotc arcus where VHF or UHF com-

munication is not possible because of the distances
which must be spanned.

Short Range Air-to-Air and Air-to-Ground

Short range air-to-air and air-to-ground com-
munications are confined to the VHF and UHF
bands. Transmission.-and reception frequencies

are crystal controlled on all newer picces of equip-

ment. VHF channels are spaced at 50 KHz inter-
vals from 116 to 149.95' MHz and UHF channels
are spaced 50 KHz apart from 225.0 to 399.9
MHz. Most UHF transceivers have a manual

frequency selection capability in addition to a -

number of preset channels. Transmission and
reception is accomplished with a single antenna.

IFF/SIF

Identification Fricnd. or Foe (IFF) was first

used during World War II and is a small airborne
transponder which transmits coded signals when
triggered (interrogated) by a ground-based search
radar, Pulses received from the airborne equip-
ment produce “blips” on the ground-based radar
_ scope and are used to positively identify and locate
aircraft.

The addition of a Selective Identification Fea-
ture (SIF) allows faster isolation and identifica-

tion of any aircraft under surveillance. Positive’

identification can be established and maintained
by the ground controller when a designated SIF
“mode™ and *“code” is set into the airborne trans-
ponder. Initial identification is usually established
by using the “IP” or “flash” function of the air-
borne set. Track{mg is maintained by setting the
requested mode and code.into the airborne equin-
ment.

[1{0
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" AN/APX-64 Transponder

The AN/APX-64 (figure 9-18) provides nor-
mal IFF Mach X (SIF) operation in the familiar
modes. Two additional modes available are mode -
C for altitude reporting and mode 4, which is
classified.

[FF MaSTER CONTROL KNOB.
position rotary switch.

o OFF.

e STDY—No transmission capability untii warm-
up delay has cycled.

o LOW—Receiver sensitivity is reduced and only
local interrogations are answered.

¢ NORM—Full-range operation.

¢ EMER—AnN cmergency-indicating pulse is
transmitted cach time a mode 1, 2, or 3/A inter-
rogation is recognized.

This is a five~ "

IFF MopEe SwiTcHES. Four three-position tog-
gle switches are used to select the desired operating
modes. Mode 1 is the security-identity mode.
Mode 2 is for. personal identity. Mode 3/A is for
traffic identity. ‘Mode C is the altitude reporting
mode. The threc positions are identical for all
four toggle switches.

s OUT—Mode disabled.

¢ ON—Allows normal response to mode intcrro-
g'mon

. TEST——Sprmg-loaded for in- ﬂlght test and

lights test hmp when the reply is satisfuctory.

‘CODE’ SELECTOR KNOBS Used to set desired
codes. N

IDENTIFICATION OF POSITION SWITCH. A three-
position toggle switch that enables IDENT re-

plies.

. IDENT——-Sprmg—loaded and mmates reply for
30 seconds. :

e. OFF.

e MIC—Initiates a reply for 30 seconds whencver
the MIC button.is de ‘essed and the interphone
transmitter selector kn.o is set to UHF.

RADAR TEST/MONITOR SwiTcH. Used by
ground maintenance and in conjunction with the

‘test lamp to . monitor all responses in any SIF

mode.

Test LAMP. Lights in conjunction with proper
mode/test conditions and RAD TEST/MON sSwW
mterrogatlons

Mobe 4. The Mode 4 enable switch controls
the operdtion of Mode 4. The Mode 4 control
switch hLas tkree positions which permits ‘aural and



reply lamp monitoring of valid mode 4 interroga-
tions” and replics in AUDIO.
o OUT-—No monitoring capability.

O

e
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o LIGHT-—Reply lamp monitoring only.
o REPLY LAMP—Used with Mode 4 only.
MODE 4 code control knob. Classified._

MODE 4 CODE SELECTOR KNOB ' 10.
MODE 1 ENABLE/ TEST SWITCH '

REPLY INDICATOR LIGHT n.
MODE 2 ENABLE/ TEST SWITCH 12,
TEST INDICATOR LIGHT 13.
MODE 3/A ENABLE/ TEST swncu 14,
IFF/SIF MASTER CONTROL KNOB 15,

MODE C ENABLF/ TEST SWITCH
RADAR TEST/ MONITOR ENABLE SWITCH

IDENTIFICATION OF POSITION ENABLE
SWITCH

MODE 3/A CODE SELECT WHEELS
PANEL LAMP ! -,

MODE 1 CODE SELECT WHEELS

MODE 4 ENABLE SWITCH

MODE 4 REPLY lNDICATlON SELECT

SWITCH

Figure 9-18. IFF/SIF Control Panel

J
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CHAPTER ]u

Radar

BASIC PRINCIPLES

The manner in which a bat successfully avoids
the walls and jutting stalactites of a totally dark
cave makes fascinating reading. Investigation has

shown that if its mouth is gagged or its hearing im- -

paired the bat can no longer avoid such obstacles.
From this, it has been concluded that the bat'’s
uncanny ability to navigate derives from the emis-
sion of cries—inaudible to the human ear—which
are then reflected from ‘any obstacles in its path.
These reflected echoes allow the bat to orient him-
self with respect to the obstacles and thus ma-
neuver to avoid them.

The fundamental principle of radar is closely
akin to that used by the bat. The basis of the
system has been known theoretically since the. time
.of Hertz, who in 1888 successfully demonstrated
the transfer of electromagnetic energy in space and
showed that such energy is capable of reflection.
The transmission of electromagnetic energy be-
tween two points was developed as “radio,” but it
was not until 1922 that practical use of the
reflection properties of such energy was conceived.
The idea of measuring the elapsed time between
the transmission of a radio signal and receipt of
its reflected echo from a surface originated nearly
simultaneously in the United States and England.
In the United States, two scientists working with
air-to-ground signals noviced that ships ‘moving
.in the nearby Potomac River dlstorted lhe pattern
of these 51gnals [n 1925, the "sa,ﬁme screhﬁsts
were able to measure the tlme requlred\for a short
burst, or pulse; of radio energy to travel to§the
ionosphere and return. Following this success, it

was realized that the radar principle could be ’ap- :

plied to the detection of other ob]ects including
ships and aircraft.

By the beginning of World War II, the Army
and Navy had developed equipment appropriate
to their respective fields. During and following the
war, the rapid advance in theory and technological '
skill brought improvements and additional appli-
cations of the early equipment. -By suitable in-
strumentation it is now possible to measure ac-
curately the distance and direction of a reflecting
surface in space—whether it is an aircraft, a ship,
a hurricane, or a prominent feature of the terrain
—even under conditions of darkness or restricted
visibility. For these reasons, radar has become a
valuable navigational tool. _

There are many different types of radar sets
currently in use in the Air Force. For the naviga-
tor, they can be divided into two classes: (1)
those designed for navigation, search, and weather
identification, to which no computer has been
attached, and '(2) those designed principally for
use with high accuracy bombing-navigation com-
puters. With the former, fixing can bé accom-

* plished only by using ranges or bearings, or both.

With the Ilatter, the” position of the aircraft in
latitude and longitude is continuously displayed
on the navigation computer which is periodically
corrected by the radar.

In view of the great varrety of radar sets in use,
it would be impzractical to cover in this manual the
specific operating procedures for each. Therefore,
the following material is limited to the general
pro~edures for using radar as an aid to navigation.

. For detailed information concerning a specific. set,

consult the appropriate manual or technical order.
As noted previously, the fundamental principle
of radar may be likened to that of relating sound
to its echo. Thus, a ship sometimes determines its -
distance from a cliff at the water’s edge by blowing
its whistle and timing the interval until the echo is
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received. Since sound travels at a known speed
(approximately 1,100 feet per second in air), the
total distance traveled equals the speed times the
time interval, and one-half this distance (because
the sound must travel to the cliff and back before
the echo is heard) is the distance to the clifl. Thus,
if the time interval is 8 seconds, the distance to
the cliff is
1,100 X 8
2
The same principle applies to radar, which uses
the reflected echo of eclectromagnetic radiation
traveling at the speed of light, This speed is -ap-
proximately 162,000 nautical miles per second; it
may also be expressed as 985 feet per microsecond.
If the interyal between the transmission of the
signal and return of the echo is 200 microsecends,
the distance to the target is
985 X 200
2

= 4,400 ft = 0.725 NM

= 98,500 ft = 16.2 NM

TYPICAL RADAR SET

Components

In addition to the power supply, a radar set
contains five major units: the timer, the trans-

mitter, the antenna, the receiver, and the indicator ..

as shown in figure 10-1. Their functions are
briefly described as follows:

Thé timer, or modulator, is the heart of the

radar system. Its function is to insure that all

. ERI

circuits connected with the system operate in a

*definite time relationship with each otier and that
the time interval between transmitted pulses is of
the proper duration. The timer ‘“triggers” the other
units into operation. i

The transmitter is similar to the radio transmit-
ters described in the chapter on radio except that
it operates in the super high frequency band and
operates for very short periods of time.

.The antenna is a “parabolic dish” which directs
the transmitted énergy into a narrow wedge or into
a conical beam like that of a searchlight. It serves
not only for transmission but for reception as well,

The receiver, like the transmitter, is similar to a
radio receiver. Its main function is to amplify the
relatively weak echoes which return to the antenna.

The indicator for the radar set is a special vacu-
um tube called a cathode ray tube (CRT). It is
similar to the picture tube of a television receiver.
The CRT is commonly called the scope (from
oscilloscope). An electromagnetic CRT, the type
used in most radar scts, is illustrated in figure 10-2.
It is composed of an clectron gun, a focusing
magnet, and a set of deflection coils. The function
of the electron gun is to produce a thin electron
stream, or beam. This beam is so acted upon by
the focusing magnet that the focal point of the
beam in a properly adjusted CRT is at the face of
_the tube. The CRT face is coated with a fluores-
cent compound which glows when struck by the

electron beam. The picturc seen is thus a small

bright spot.
~ The location of an object by means of these
five units of a radar set-involves the simultaneous

POWER
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solution of two separate problems. First, the time

_interval betwcen the transmitted pulse and its ccho
must be accurately measured and presented as
range on the indicator. Second, the direction in
which each signal is transmitted must be indicated,
giving the bearing of the object.

Measurement of Range -

The radar cycle may best be exp]amcd by
discussing “~st thc life of a single pulsc as it is
affected by each of the components shown in
figure 10-1. The cycle begins when the timer
triggers the transmitter. A powerful pulse of radio
energy 1s generated there which is then emitted
from the antenna.” As soon as the pulse leaves the
antenna, thc antenna is automatically ‘isconnected
from the transmitter and connected to the receiver.
If an echo returns, it is amplified vy the receiver
and seri to the indicator for display. .

At the same time that the timer’ triggers the
transmitter, it also sends a trigger signal to the
indicator. Here, a circuit is actuated which causes
the current in the deflection coils to rise at a linear

5,
"
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Figure 10-2. Electromagnetic Cathode Ray Tube (CRT)

(uniform} rate. The,rising current, in turn, causes
the spot to be deflécted radially outward from the
centcr of the scope. The spot thus traces a faint
line on the scope; this line is called the sweep. If
no echo is réceived, the.intensity of the sweep re-
mains uniform throughout its entire length. How-
ever, if an echo s returned, it is so applied to the
CRT that it intensifies the spot and brightens
mo:.entarily a short segment of the sweep. Since
the sweep is linear and begins with the emission of
the transmitted pulse, the point at which the echo
brightens the sweep ‘will be an indication of the
range to the object causing the echo.

The progressive positions of the pulse in space
also indicate the correspc~ding positions of the
clectron beam as it sweeps across the face of the
CRT. If the radius of the scope represents 40
miles and the “return” appears at three-quarters
of the distance from thé scope center to its periph-
ery, the target is represented as bemg about 30
miles away.

Of interest here is the extremely short time scale
which is used. Inthe preceding example, the radar
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is set for 40-mile range operation. The sweep
circuits will thus operate only for an equivalent
time interval, so that targets beyond 40 miles will
not appear on the scope. The time equivalent to
40 miles of radar range is only 496 microseconds
(0.000496 seconds). Thus, 496 ‘microseconds
(plus an additional period of perhaps 100 micro-
seconds to allow the sweep circuits to recover)
after a pulse is transmitted, the radar is ready to
transmit the next pulse. The actual pulse repeti-
tion rate in this example is about 800 pulses per
second. The return will therefore appear in virtu-
ally the same -position along the sweep as each
successive pulse is transmitted, even though the
aircraft and the target are moving at appreciable
speeds. ' '

Measurement of Bearing

The deflection coils, illustrated in figure 10-2,
are mounted so they surround the neck of the CRT.
The direction taken by the swéep corresponds
directly to the orientation of the deflection coils.
In the previous discussion of range, it was assumed
that the deflection coils were stationary, so that
the sweep formed by the deflection current always
fell along the same radial. However, if the antenna
(which forms the transmitted energy into a narrow
beam) is rotated slowly in azimuth and the deflec-
tion coils are rotated mechaniczlly in synchronism
with the antenna, the sweep trace will point in the
same direction as the antenna. Therefore, the

relative bearing, as well as the range, of reflecting

objects will be shown on the scope.

Plan Position Indicator (PPI)

The type of cathode t- - tube display just dis-
cussed is called a plan position indicator (PPI).
it presents a map-like picture of the terraiu below
and around the aircraft. This is the presentation
usually available in -radar-equipped aircraft. In

figure 10-3, t"= center of the scope represents the
aircraft radar antenna. A radar target is shown at
its correct bearing and at a Cistance from the scope
center proportional to its range. To facilitate the
measurement of range, “false” echoes called fixed
range m: -kers are generated electrically at regular

"intervals after each transmitted pulse and intro-
duced at the indicator in the same manner as the
actual echoes.

Since these markers always appear at the same
position on the sweep for a given range setting,

IToxt Provided by ERI

they trace concentric range circles on the scope,
On some radar sets, the range mark circles are
traced at appropriate intervals, such as every 2
miles when maximum range is 5 or 10 miles, every
5 miles on the 30-mile scale, and every 25 miles
on the 100- or 200-mile scales.

To facilitate the measurement of bearing, a com-
pass rose surrounds the scope, providing a con-
venient bearing reference. On most sets, the bear-
ing of any particular return may be determined
by bisecting the return with a cursor (a radial line
inscribed on a transparent overlay) which can be
rotated manually about an axis coincident with the
center of the scope. The corresponding bearing is
then read on the compass rose at the periphery of
the scope.

In the plan position indicator illustrated in
figure 10-3, the range scale is 100 miles; the
range marker interval is 25 miles. Thus, the large
target shown is at a relative bearing of 060° at a
range of 50 miles. ' '

"

. SCOPE INTERPRETATION

The plan position indicator presents a map-like
picture of the terrain below and around the aircraft.
Just as map reading skill is largely dependent upon
the ability to correlate what is seen on the ground
with the symbols on the chart; so “radar” skill is
largely dependent upon the ability to correlate
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what is seen on the scope with the chart symbols.
Accordingly, a sound knowledge of the factors
affecting radar reflection is a prerequisite to intel-
ligent radarscope interpretation. Furthermore, a
knowledge of these factors, applied in reveise, en-
ables the navigator to predict the probable radar-
scope appearance of any area.

Factors Affecting Réﬂecfion

There are four primary factors which determine
whether a usable portion of the transmitted energy
will be reflected from a given object. No one factor,
however, determines the amount of reflection; total
reflection is based on a combination of all four
factors. These factors are:

s Vertical and horizontal size.
¢ Material of the okject.

¢ Radar range.

o Reflection angle.

VERTICAL AND HORIZONTAL Size. Assuming

equal width, the taller of two, structures presents

the greater reflecting area. Its radar reflection
potential is therefore yreater.

Assuming equal height, the wider of two struc-
tures presents the greater reflecting area. This
will cause it to appear as the larger return on the
scope. _

MATERIAL OF THE OBJECT. It is a basic law of
physics that all substances reflect some electro-
magnetic energy. All substances also absorb some
electromagnetic energy. Whether or not.a sub-
stance may be considered a good radar reflector
depends upon the ratio of the energy reflected to
the energy absorbed. In general, ihis ratio de-
pends primarily on the electrical conductivity of
the substance. .The reflection properties of the
various materizls from the best through the poorest
are as fol ws:

Metals.

other meials are excellent reflectors of radio e-
ergy. A metal-clad building usually has high radar
reflection potential. Those buildings which use
steel or some other metal as structural reinforce-
ment follow closely behind metal-clad buzldmgs
This group includes- concrete structures built
around steel frameworks, commonly called
“mixed” structures.

Watér. Water.is an excellent reflector of radio
energy. However, an aircraft flying over a smocth
water surface rcceives very little reflected -energy

RIC
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Because of their high electrical con-
ductivity, steel, iron, copper, aluminum, and most

from the surface because the angle of reflection is
away from the aircraft. If the sea surface is not
smooth, considerable energy is reficcted resulting
in large areas of sea clutter similar to ground
clutter.

Masonry. Masonry by itself is a fair reflector.
Masonry materials include_stone, concrete, and
clay products. However, masonry is often mixed
with structural steel. These mixed structures have
greater radar reflection potential than masonry
alone.

Wood. In comparison to metal or masoary,
wood is a poor reflector. Wooden structures do
not normally reflect sufficient radar energy for dis-
play unless other important reflecting factors (such
as unusual size) are present.

Dirt, Sand, and Stone. Although their reflec-
tion potential will vary t6 some extent with the
particular chemical composition involved, dirt,

sand, and stone are nuisicomz!'y considered good - -

reflecting mzierials. Also, radar return from flat
land areas is not nearly so great as that from land
which exhibits irregular surfaces, such as sand
dunes, hills, gravel pits, quarries, and similar
prominences.

Glass. Glass by itself is not a good radar re-
flector. However, structures using glass walls usu-

~ ally have steel framing and such structures often
‘can be considered among the better reflectors.

-The diagram in figure 10-4 shows the relative
reflection potential of the basic structural mate-
rials. These relationships will hold true,. of course,
only on ‘the assumption. that the other factors
affecting reflection—size, range, and reflection
angle-—are equal. .

Rapar RANGE. Range affects radar reflection in
two ways. First, the rearer of two objects of equal
size occupies a greater percentage of the beam
width and so has more energy in-Jent upon it.
It will therefore appear as the brighter return.
Second, as the radar waves travel through space,
many minute particles of dust;and other foreign.
matter intercept the beam. The resulting absorp- "
tion decreases the strength of, or attenuates, the
sxgnal The farther the energy travels, the more
attenuation occurs. ‘The attenuation effect is com-
ensated for by automatic increase of the power
output as the operating range is mcreased to the
next higher increment.

REFLECTION ANGLE. In all cases of true re-
fiection, the angle of reflection is equal to the
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Figure 10-4. Relative Reflecr‘ivify of Siructural Materials

angle of incidence. Therefore, maximum reflection

back to a radar set occurs when the reflecting
surfaces are at right angles to the radar beam. For
this reason, flat surfaces can give a momentarily
intense directional reflection, just as the windshield
of an automobile does when it flashes in the sun-
light. However, such radar échoes, though very

~ strong, are normally not usable for -navigational

purposes becausé the brevity of their existence
does not allow sufficient time fcr identification.
Fortunately, the great majority of radar targets are
multifaceted rather than smooth, so that at any
given inst ... some part of the target will be at right
angles to tne beam. The more closely the incident
wave approaches a direct right angle with respect
to the overall surface, the greater will be the radar
reflection. oo

Horizontal. The effect of the horizontal reflec- *

ticv, a; gie is shown in figure 10-5. Because of the
particular configuration between the aircraft and
reflecting objects, the aircraft at 4 gets no Teturn
from building 1 and maximum return from build-
ing 2 and the railroad tracks. At B, the aircraft
gets no reflection from building 2 and maximum
reflection from the ra‘lroad tracks. At C, maxi-

_ mum reflection is again being obtained from build-
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ing 2, This entire discussion oversimplifies the
problem for purposes of clarity. It should be em-

10-6

ye~

phasized again that' smooth surfaces such as those
shown are rarely encountered, and for normal
structures, the amount of reflection would be
minimum where zero reflection has been implied.

Vertical. The effect of the vertical reflection
angle is not nearly so pronounced as that of the
horizontal reflection angle. This is because of the -
much greater beam width in the vertical dimension
as compared to the horizontal when the normal
mapping beam is used. The vertical beam width
may be on the order of 50 degrees and the hori-
zontal beam width on the order of 14 degrees.
The effect of the vertical reflection angle cannot,
however, be neglected. Figure 10-6 shows that the
vertical energy pattern contains a main lobe. To
obtain maximum reflection, this main lobe should
strike the overall reflecting surface at right angles
to it. In most buildings; the overall reflecting sur-
face is vertical. Thws, as an aircraft approaches a
building or group of buildings, the actual vertical
réflection angle becomes more and mbre removed
from the optimum. - The final result is that, when
the vert~»l reflection angle approaches 45 degrees,
many of the structures scanned by the beam do not
reflect enough energy back to the set to appear on
the scope_ (