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‘Candidate of the Physical Sciences, Engineérrébldﬁ§1ﬂ°“ S
V. Gf Depisov; Engineer-Lieutenant 601one1'3. N ILopatin

FLIGHT-NAVIGATIONAL INSTRUMENTS: INSTRUMENT FLYING

This book deals with the psychophysiological and technological
aspects of ingtrument flying. The authors point out that the success
of a flight depends not only on the skill of the pilot but also on
the flight-navigation instruments and how they are combined and
arranged on ‘the instrument panel. _The book also glves the require-
ments for new flight-navigation instruments and systems to ease the
task of flying.

This book is infended for the fiight and engineering-technical
gs5aff of all departments of aviaﬁion as well as for persons assoclated
with the development and application of civilian and ﬁilitar& aircraft

instrumentation.

The book incorporates material from both the Soviet and the open

foreign literature.
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~ tation of the aircraft is usually determined by means of three axes

Introduction -

Civil and military aviation utilizeS‘airéraft»ofiﬁén&ffipéér

having diverse design and different power plants, turbgpfbp,énd'tuﬁbo-
Jet being the most widegpread. ‘ |

| At the present time desighers and inventors in many.countries
arg working on the deéelopment of planes capable of verilcal takeoffs

and landings and also on rocket planes and space craft intended for

orbital flights with return to the Earth. Return to the Earth from

' outer space wlth atmospheric entry and landing will rely on aerody-

namic forces. Consequently, wlth respect to design and equipment,

such flight craft will have much in common with the conventional air-
plane. Flight programs during the basic flight stages will be similar
also.

In order for a flight to reach its objective safely, the plane
ﬁust be controlled. The directed motion of a plane through space

(determined from fixed coordinates, course, velocity and acceleration)

are called the conditions of -flight and are characterlzed by the
magﬁitude of their parameters. Control (piloting) of the aircraft
consists in changing the flight-regime parameters. Therefore, dufing
flight the pllot must know the attitude of his plane with respect to
the horizoﬁ, its altitude, and its position with respect to fixed
points of reference. In addition he must have information concern-

ihg the motion of the aircraft with respect to the surrounding air.

We will consider all these parameters.

The airplane 1s a symmetrical object with the'plane of symmetry

passing lengthwise through the center of gravity. The spatial orien-




e w«mmmwm '

‘passing through its center of gravity (Fig. 1) The 1ongitudina1

‘axis lies in the plane of symmetry along the axis ‘of the fuselage.ﬂ‘:WQ

The lateral axis is perpendicular to the longitudinal axis and extends

along the wing. Tﬁe normal axis 1s perpendicular to ﬁhe plane fofmed
by the. longitudinal and lateral axes. (

' Iet us consider what angles
(angular coordinates) determine a
deviation of the plane from an
initial straight-and-level flighf.

When the plane 1s rotated

about 1its lateral axls, the longi-

Fig. 1. System of coord-
lnates associated with an
aircraft.

tudinal axis forms an angle with
the the plane of the horizon known

The angle formed by the ldteral axis

as the pitch attitude (Pig. 2).

and the horizon is called the bank attitude (Fig. 3).

In this case .

rotation occurs about the 1ongitudinal axis. Rotation of the plane

in the horizontal plane

called yaw. The angle of yaw 1s measured from some fizxed line such

about the normal (vertical) axis is

If the

_ the true alr speed. The angle between

as the direction of flight or a north-south line. (Fig. 4).
initial attitude of the plane is not horizontal, the angle of yaw is
read from the projection of the longltudinal axis onto a horlzontal
plane. .

During flight the center of gravity of the plane traverses as
definite trajectory. A tangent to this trajectory at any point indi-
cates the direetion of true rate of motion (ve;ocity vector). This
speed is measured with reapect‘to thersurfounding;aif~ané 18 called

‘the projection of. the ve-

rlpqity vector onto the plane of symmetry;andrthe longitudinal axis

*

o
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of the plane 1s'called the angle of attack (Fig. 2). fThe 1ifting
power of the wing 1s‘dependent on the slze of th .. angle. At a so;
called supercritical angle of attack the lifting force becomes less
than the weight'of the plane and the plane will stall.

The velocity vector forms, with the horizontal rlane, the
flight-path angle.

Flg. 2. Angle characterizing the attitude
of an aircraft in the vertical plane.
. N vertical axis

:.4..!.

bank
attitude

Flg. 4. Yaw.

If the veloclty vector does not coincide with the plane of sym-
metry, a sllip angle forms and the plane, in addition to its forward
motion, has lateral motion — side-slip.

At speeds greater than 500 km/hr ‘it 1s necessary to take 1nto

-3~
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acédunt the compressibility of the air which depends on flight‘speed

< eons iy BT

and propagation rate of sound in alr. The ratic of flight speed to

the speed of sound at a given altitude is called the Mach number (M).

The posltion of the aircraft wlth repsect to the ground is deter-
mined from parameters which in air navigation are called navigational ¥ |
elements. Let us recall the most important of them.

The helght of the plane above sea level is called the true alti-
tude, above the level of the takeoff or landing fleld — the relative
altitude, and above the surface of the ground over which the plane is
flying — the absolute altitude (Fig. 5).

-t - LD ra. £ -

true relative absolute
altitude altitude altr-bude

-y Fig. 5. Aircraft
ETTSTS TS altitude.

The heading of the aircraft is the angle measured in a clockwise

direction from north to its longitudinal axis (more accurately, to
its airspeed vector). The heading will be eilther true or magnetic
depending on whether it is taken from true or magnetic north (Fig. 6).

" ‘The direction over tHe ground from point A to point B is measured
in terms of the angle between the meridlan passing through point A
and the orthodrome (another great circle) passing through points A
and B (Fig. 7). This angle is called the azimuth or bearing.

The directlon from the alrcraft to a landmark is called the
: ' : . .

_ bearing of the landmark while the direction from the landmark to the
~alrcraft is-called the bearing of the aireraft -(Fig. 8)..The angle.. .

14
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between the longitudinal axis of the aireraft and the direction to
the landmark 1s called the landmérk heading, and is edual to the
algebraic sum of the aircraft heading and the landﬁarkrbearing.

0

) Fig. 7. @Great circles on o
the Earth. Do
Fig. 6. Heading. : P
i
The velocity of the aircraft with respect to the ground 1s :
called ground speed and 1s equal to the geometric sum of the airspeed
N and windspeed vectors (Fig. 9). The ground speed is in the direction

of the tangent to the track of the aircraft, i.e., to the projection %
of the flight path onto the ground. The dircection of the track 1s
determined from the actual track angle, which is measured clockwise
from north. The difference between the actual track angle and the
heading is equal to the drift angle, 1.e., the angle between the
longitudinal axis of the plane and the track.

The point on the ground over which the aircraft 1s located at a
given moment 1is called the ground position of the aircraft.

In order to maintaln constant conaitions o: flight the pillot

must alter the parameters in anfappropriate manner. The
.attitude of the plane may be changed by means of control surfaces :f
whose positlion with respect to a flowing airstream may be altered. |
The dynam1§~air pressure on the control surfaces produces moments

_5_
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which cause‘theﬁplangxto‘turn about its center of graQity; Vﬁbstiaiff
craft have elevators, a rudder and allerons (Fig, 10). _The‘eiévét%rs
and allerons are deflected by longltudinal and lateral movemehts, ‘
resﬁectively, of tﬁe stick (or by turning the wheel), while the

rudder 1s controlled by foot pedals.

Fig. 9. "Navigational velotity triangle.

Airspeed 1s altered by means of the throttle which changes the
thine thrust. The speed may also be reduced by means of aerodynamic'
braking, e.8., by using speqiai‘air brakes or by altering the angle

of attack.
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ontrol stiok

Fig. 10. Aerodynamlc control surfaces.

Deflectlon of the elevators alters the angle of pitch, the angle
of attack, and the height of the plane. Deflection of the allerons
alters thé angle of bank, while deflection of the rudder alters
the angle of yaw (heading). The changes in the angles of bank and yaw
are interrelated, i.e., when the plane banks it also turns, and when
it furns it also banks.

. Aircraft stability and maneuverability are of great importance
in flying. Stability refers to the ability of the plane to return to
the original condl%tions of flight without altering the controls after
disruption of equilibrium by brief random disturbances (e.g., a gust
of wind). Aircraft stability makes flying easier since the pillot
does not need to constantly eliminate random disturbances of the
given conditions of flight.

The maneuverabllity of an aircraft depends on 1ts ability to
respond to displacements of the control surfaces. If when slight but
clearly felt forces are appliedvto the control stick the plane alters
its conditions of flight sufficiently fast, it 1s sald to have good
maneuverabllity. ‘

Stability and maneuverabllity of:modern alrcraft are aésured by

the use of various meahs of aerodynamic compensation as well as

) ;.7.;




e SR

automatic devices to eliminate undesiféﬁle vibration$ZOfAth§ pi£he.

To alter the conditions of flight at high speeds it 1is necessary to
apply to tﬂe control levers forces which are beyond the Strength of
the pilot. Therefore intermediate amplifying devices (usua11y~hyf
draulic or elec%rical) called boosters are introduced into the, control '»
system. The booster provides the power required to move the control
surface and the pllot has only to apply a normal force to control the
booster. This however deprives the pilot of the sense of control of
the aircraft. In order to restore this sense automatic devices are
employed (such as springs) in order to artificially create a load on
the control stick in relationship to the amount of deflection and to
the flight speed (and altitude).

In addition to the basic controls (stick, rudder, and throttle)
the pilot must manipulate many additional ones (levers, buttons,
switches, and wheels) which actuate various elements of the wing
mechanization (flaps, spoilers), means of aerodynamlic compensation ¥
(trim tabs),'engine controls systems, etc.

On many aircraft the elevators are replaced with a confrdllable
stablilizer. Délta—wing aircraft in general do not have a horizontal
stabilizer but instead incorporate elevons {control surfaces‘which
function both as allerons and elevators) to control the angles of
pith and bank.

-High—speed and high-altitude flights will utilize compressed air
and reactive controls, using the reaction from exhaust gases.

The pllot is able to Judge the apatialroriéntation,bf the air-
craft (with respect to the horizontal plane) from the relative posi-
tion'gf thet visible horizon and the varlous parts of,théiplane.,"By .

orlenting himseif with respect to the terraln, the pllot can determine

-G~
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his flight speed, altltude and direction, Even,whEn'the hbfi26n is
not visible it 15 poésible to estimate the attitude'andrheight>of'the
aircraft from the characteristic location of varioﬁs landmarks and
their basic features. , |

When flying at hight, in fog, or in clouds (i.e., when the hori-
zoﬁ is not visible), as well aé at high speeds and high altitudes
vigual orientation iszmarkedly reduced or eliminated altogether.

Under these conditions the pllot must rely on flight-navigational
Instruments. It 1s only durlng takeoff and landing that visual orlen-
tation retains its predominant signiflcance.

The basic flight-navigational Instruments are: attitude indicator
which shows the angles of pltch and bank; the magnetic compéss and
directional gyro to indicate heading; airspeed indicator; altimeter;
rate-of-climb indicator; turn-and-bank indicator; and Machmeter. In
addition to the basic navigation Instruments there are also a clock
and a thermometer to measure the temperature of the surrounding air.
To monitor the operation of the power plant, the pilot makes use of
tachometers, thermometers, manometers, fuel gages, and_flowmeters.

He is also provided with other indicators (visual, audio, or mechanical)
which inform him about the operation or malfunction of individual com-
ponents (e.g., the position of the landing geaf and flaps), or of
entering into hazardous flight conditions (e.g., approach of the
critical angle of attack), etc. '

The pilot also makes use of navigatlonal devices which indicate
the geographical coordinates of his plane ¢r his position with
respect to a fixed course. Millitary ailrcraft have, in addition, fir¢
control-gsystems. Finally, flight and navigatlon informatlon reaches
the pilot ffom radlio and radar stationsrby means of appropriaﬁe

~instruments.

-0~
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The number of different devices in the cabin has continﬁaI1y'
increased with the improvement of equipment and as a fesult of
attempts to increase the accuracy and rellability of the 1ﬂ}orﬁation
supplled to the piiot. The cabin has become so loaded wilth various
devices, indicatogs,.buttons and controi levers that they no longer
ease but instead complicate the work of the pilét.

In recent years a great deal of work has been carried out abroad
on the fundamental improvement of methods of indicating the .conditions
of flight on the basis of theoretical and experimental data of engi-
neering psychophysiology dealing With the questlons of the most effi-
clent comblnation of psychologlcal and physiological capabilities of
the man (pllot) and the technical capabilities of the machine
(aircraft). -

Like all qontrol proéessés, the piloting of an aircraft is sub-
Ject to the laws of cybéfnetics, the special science of control and
communications systems 1n'11ving organlsms and machlnes.

Any cybernetic system which consists of individual elements
(links) 1s a complete unit. relatively 1solated from 1ts surroundings.
At the same time this system is connected with the external world
which has somehow an influence on it and the system' in turn experi-
ences this influence. ' That part of the sfstem which perceives the
Influence of the expernal world 1s éalled the input while that part
which presents the influence to another system 1s called the output.
The elements whlch compose the given system may be considered as in-
dgpendent systems wlth thelr own inputs and outputs.

‘ Each cybernetic system has its controlling and controlled parts
(servo-organs). Both of these‘parts are combined into a single closed

self-controlled (automatic) system (Fig. 11). The system is closed by
-10-
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means of feedback, between the output of the controlied part and the

Sy e

input of the controlling part. By means of the feedback, any deﬁia; .
tion in the behavior of the system from that specified is communicated
4 to the input of the system. When the controlling part reduces this

deviation (mismatch) the feedback 1s said to be negative. Positive
feedback, on the other hand, heightens the mismatch which Interrupts
the stabllity of the system and even leads to 1ts complete collapse.

Consequently, cybernetic systems usually incorporate negative feedback.

oontrolling conrbrolled
Caectien [ o 'luwum [

. feodbask - .
Fig. 11. Schematic of cybernetic gystem.
) external medis :
aman
operator ‘machine

device

Fig. 12. "Man-machine" system.

[indicator
system
lamplifiers
oonditisns
f flight computer
do?l:odtou N

Fig. 13. "Pilot-aircraft" system.
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? o All of the 1links of a cybernetic system are interconnected by

; 7 Information flow. Information refers to the communication of events
taking plaee both in the medlum surrounding the system and wlthin the
system itself. The actual information carrier 1s a signal which rep-
resents a change of some physical quantity such as electrical poten-
tlal, alr pressure, degree of illuminatiqn, mechanical force, etc.

In the "man (operator)-machine" cybernetic system the controlling
portion is the man (Fig. 12). A special case of this type is the |
"pilot-aircraft" system (Fig. 13). In such a system the operation of
the machine 1s conventionally expressed by readings of the controlling
device. 1In order fof the machine to properly accomplish its functions,

the characteristics of its operation, as well as all of the changes

in its operation must be reflected very accurately and rapidly by
this device. |

The indications of the device which are perceived by the man are
basic for the stimulation of a response in him. In order for this ¥
reaction to be effective the information received from the device
must be simple and easily understoodi

Human reepqnse is the means by which any system of mechanical
machine control is put lnto operation. The control of a maéhine must
be directly associated wlith the basic operation of the machine in
sueh a way that the control will be reflecfed in the operation of

the machine and the operation of the machine will in turn be accu-
rately reflected in varlations of the instrument readings. These

Indicatlons inform the man as to whether additional changes must be

introduced into the control. In practice many functions of the basic
mechanism are combined in a single.unit to form a complex system of a

devlces.

12—
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The man, in addition to information from the devices ahdfinfér— ’

pretation of 1t, must have additional information about the*éurrounding

medium, for examrle, and must combine these data with the information g

% 4 . from the devices. ‘

: If the demands df the situation exceed the capabilities of the
man‘for small intervals éf timé,then the result may be an improper
comblination of the 1nf6rmation recelved and an improper response. In
this case the response often conslsts of a complex group of actions
which 1t 1s necessary to comblne in order to obtain the desired
alteration in operation of the mechanlism as a whole. Here it is
necessary to bring Into play the organs of control,each of which

-carries out 1ts own share of the work. The final result of this 1s
the alteration of the total operation of the entire mechanism which
in turn is reflected in the basic devices. The Instrument readings

-~ must then be reinterpreted. '

Thus 1in the process of control the man continuously receives and
combines information from numerous sources. Sometimes because of the
peculiarity of the human organism thé information which reaches the

man during the.process'of control 1s discrete, 1.e., not contlnuous

but 1n separate portions.

The task of piloting an aircraft involves deliberately main-
tainihg or altering its position in space while maintaining stabllity
and control. By manipulating the controls of the aircraft, the pilot
maintains or alters its coordinate angles (bank, pitch, yaw), that

is he stabilizes (or alters) thg position of the plane with respect
. to its center of gravity. By means of the control surfaces the
pilot either maintains or alters the altitude, direction of flight,
and speed of the plané, thus controlling the posiﬁion'of the '

o R T 1
[
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center of graylty of the plane with respect to a fixed flight tra-

PP

Jeetory.
Thus figying an aircraft is primarily a tracking Qr'control

-

process, i.e., the‘magnitude of a glven parameter is maintained or.
else deliberately’altered; Thus for instance, during takeoff the '3
bilot maintains a selected direction,eliminatiné with the control

surface deviations which arise. When landing he lowers the plane to

the ground, proportlioning the deflection of the control surfaces to

th; rate of descent. During level flight, constant altitude, speed,.

and heading are maintained, and in formafion flying the distance,

interval, and relative height are maintalned. 1In all these'cages a

visual signal — more precisely, the deviation of the actual value from
the prescribed value (mismatch) noted by the eye — is used as a
signal to operate the controls. ‘
As a result of action on the control devices, parameters other
than those enumerated are also altered: *
— veloclty pressure, i.e., the dynamic pressure of alr, the
minimum value of which is limited by 1lift and the maximum
Yalue by the stability characteristics of the structural
elements of the alrcraft; .

| — Mach number, at definite values of which the stabllity and
maneuverability of the alrcraft deteriorate severely;

— pressure drop in a pressurized cabin;j

—_ accelefation, the higheat value of which is limited by the
physiological characteristics of man and the stabllity
characteristics of the plane; ~

— s8lip of the plane.

The question arises: Is 1t necessary to include a pilot 1n an
aircraft control system sihce automatic devices and systems (for
‘instance pilotless flight ééﬁipment) have been built which completely

-.replace the human pilot in the flight control system? Apparently he

T

.
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is needed since the automatic systems in use at the?preseht;time for -
the control of aireraft flight in certain cases yield in quality to
systems in which control 1is affected by a person. '

For example, an experlenced pilot who 1is well trained and famil-
lar with the technique of flylng a certain type aircraft, i.e., the
neuropsychophyslological actlvity of his body being adapted to the
dynamic propertles of the alrcraft, controls the plane so as to avoid
significant deviatlon of the stabilized coordinates from predetermined
values.

The activity of the pilot in this case is analogous (with respect
to the quality of the control) to the action of a nonlinear link of a
system. of automatic control which alters its parameters in relation
to the complex of information reaching it from without. Common auto-
matic pilot'systems do not contain in their closed circult 1links
possessing similar properties.

A control system with a pilot is more reliable and universal
than a completely automatic one since the human organism is the most
reliable l1link and is able to adjust to various flight conditions in-
cluding those not anticipated in the design of an automatic system.

Many of the operations involved in controlling an aircraft are
accomplished with equal success by both the man and the automatilc
device. Certain activitles are too difficult for the pilot and must
be done automatically. Thus, of baslc importance in the development
of a control system incorporating a man is the optimum combination of
human zapabilities having natural limitations, with the ever increas-
ing capabillity of automatic devices.

The capablility of a human is limited; he may make errors espec-

1ally when fatigued. This must be kept in mind when designing a

-15-




défice‘which the pilot must control at extreme speéds"aﬁd a;tiﬁﬁﬁég.

Any attempt to construct a mechanism without taking into‘aécoﬁnt‘the

5 capabilities of the man will not only reduce its usefulnéss Abut méy
even lead to grave consequences. Certaln of the capabilities of a
human are obvious. For example, it is always possible to predict <
whether or not he will be able to operate a certain lever, to raise a
load of a specific weight, etc.

The transmission of a light stimulus fromthe eye to the brain and
the assocliated reflex action resulting from the Iinterpretation of the
transmitted signal 1s a relatively lengthy process.which might in-
fluence the success of the control of an aircraft especially when
landing. attacking a target, encountering an 6bstacle, etec. The
period of action of a light stimulus on the eye and the transmission
of' the appropriate nerve impulse to the brain takes from 0.03 to 0.3
seconds. When the nerve impulse has been transmitted to the brain,
the man 1s cognizant only of the fact that:there is something in his ]
field of visiori. It takes him up to 0.5 seconds or more to define
concretely his perception.

After ideﬁtifying the Information it is necessary to evaluate
and explain it and then decide what actlion to take. The time required
for reaching a decision amounts to from one to several seconds. After
reaching a decision a response takes place which continues for no
.more than several tenths of a second. |

When controlling an aircraft the perception and response times

of the pilot are just the beginning of a whole series of aqtions by

the pilot and beﬁavior of the plane. Here 1t 1s necessary to take

into account: . .

— the delay in transferring response to the control devices;

e o s 10 0w
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— the time required for the plane to.devlate from a fixed
‘trajectory or from a given position with respect: to its
center of gravity-after the control devices have been ’
put into actionj

— the delay in indication of measuring devices which respond
to the deviation of corresponding measured parameters.

For example, 1t takes on an average 0.5 seconds for an aircraft
to assume a given bank attitude after the ailerons have been deflected

and it takes several seconds for the alrcraft to attaln a different

_ speed after the englne power has been changed, etc.

Accomplishing any.aircraft control task requires attention to the
capabllities of the pilot and composite flight conditions (demanded
by the situation). As long as the capabilities of the pilot exceed
the demands of the situatlion he is completely capable of controlling
the plane, but 1f the fllght conditions become more complex or the
capabilities of the pilot become reduced it might happen that
he .cannot control the aircraft wunder +the conditions so
created.

The capabilities of the pilot usually decrease at high altitudes,
under the Influence of acceieration, as the result of fatigue (on
long flights) due to great physical and mental strain, restraint of
movements by clothing and speclal equipment, etec.

.In order to successfully control an aircraft it is very important
that the pilot be able to éee what is going on around the plane and
to accurately understand and evaluate the situation. All of the con-
trol actions of the pilot must be rapid and accurate.

By observing the ground, landmarks, and the horizon, the pillot
obtains certain infofmation concerning the position of the aircraft
with fespect to the earth, the speed and direction of flight. This

information reaches the central nervous system, is properly

-17-




s s AR

BN o iy momate, o, 1 e v ima 0

cOmpréhended and the pilot comes to a conclusion about ménipglating

the controls so ag to correct the position of the plane. and ﬁh¢ §éram-

eters of its motion In accordance with a,givén flight.plan.

When going from visual to instrument.flying the time fop
making declsions is curtailed since an extra liyk 1s added to the
centrol circult. In this case the pllot does not view the flight
directly but only after obtalning various information from a large
nnpber of control points (instruments, indicators, sights), after the
information has been generalized and reduced.

The time from the start of the survey ¢f the information to the
start of control action is the total of the tlime for perceiving and
generalizing the information éhd the reaction time of the pilot.
Rapidity of reaction is usually obtalined by individual selection and
pllot training. The timg of‘accumulation and generalizatién of data
from information sourceé depends on the number of different control
points, thelr relative position, and the form of the information
retained. -

The number of control points may be reduced by combining the
readings of individual devices ‘withln é-single housing. It must be
kept In view however that a simple mechanical combining may not reduce
the percelving time and may even significantly increase 1t if definite
limits are not taken into consideration.

Efficient placement of the instruments on the panel és well 3s
the nature of the information provided by'the Instruments 1s of great
sigpificance in reducing the time of gathering information and making
decisions.

Depending on the nature of the information being provided, -
aviation instruments are dilvided into control-measuring de?icéé,

~18-
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instruments which indicate the deviation of variable quantities .from
thelr prescribed values » and command and integré.l d’e\fices. Ih addi-

tion the aircraft is fitted with indicating devices.

-19-
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I. AIRCRAFT INSTRUMENTS

Measuring Instruments

The six basic flight-navigation instruments (attitude indicator,
compass, . altimeter, rate-of-climb indicator, speed indicator, and
turn indicator), most of the instruments of the radio system, astro-
nomical devices, and devices controlling the power unif are the
simplest measurers of the various flight parameters.

Mbasuring devices simply indicate the magnitude of some param-

"eter and the remalning processes (evaluation, genefalization and
analysis of the indications) must be performed by the pilot.. As a
result measuring devices do not assure complete reliability and
accuracy of flight in cases where it 1s necessary to obtain informa-
tlon relative to a large number of devices and to generalize their
iﬁdications (especially when time is limited as during landing, or
when attacking an airborne or land target). anetheless, measuring
devices are widely used on modern aircraft when flying without a
visible horizon or iandmarks.

The form and dimensions of the scales of these devices and the ) “
§ -
i order of reading the measured parameters have a substantial effect

on.the -control proééss of .an aircraft.

. PN . P - e e e e s . e - R - - s e e e C - ;7:,..7?
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Instruments with circular stationary scales énd'revciviﬁg'indié'b
cators are the most wldely used. The indicators are usually arranged
to turn in a clockwise dlrection as the value of tﬂe barémeter being
measured increases, and vice versa.

Recently in conﬁect;on with thé Increased number of aircraft
1nsfruments and the limited aréa of the instrument panel, instruments
Wi?h vertical and hori;onal scales are coming Into use abroad. Thié
kind of instrumént'takes‘up little space on the instrument panel and

thelr scales are convenlent for reading certain parameters. For

example, 1t 18 very easy to read altitude from a Vertical'scale, it

being especlally graphlec for perceivihg descent of the aircraft or a

galn in altitude. Horizonal scales are especially convenlent for
reading distance to target, flight speed, etc.
With devices havelng stationary circular horlizonal and vertical

scales, the dimensions of the scales are limited by design consldera-

.tions and thils significantly reduces the accuracy of reading param-

eters with a very wide range of valugs (e.g., altitude, flight speed,
etc.). To improve reading accuracy it 1s pogsible to deslgn devices
wlth several needles, barrel indicators, or moving tape scales.

Altimeters and speed. indicators with two or three needles are
often used. 1In this case readings on the same scale have different
values. o

According to the foreign press, multi-needle devices which in-
crease the accuracy of readlng have one disadvantage, namely, the
percentage of errors In reading ls significantly greater than with
single-needle devices especially in cases where the parameter being
measured changes raplidly. Barrel indicators wilth extended scales

have the same disadvantage. The latter fact is explained by the fact

-21-




that the pilot usiﬁé'a clock-type instrumén£ isfable ton§t§fﬁihé .
both the magnitude of the measured parameter and the natﬁréAdf'i%é
change, the first and even the second derivative of this fafying
parameter. This of course gives.additional information concerning
the given parameter which cannot be obtained from a barrel indicator
which glves factual discrete (diSCOntinuous) 1nformation about the
magnitude of the parameter only.

In addition the clock-type indicator i1s easily seen peripherally

Instruments with a moving tape scgle have a stationary index fr
reading the changing quantity and the scale is- a long continuous
tape. One such Instrument which was developed in the USA is pictured
in Fig. 1k, '

Fig. 14, Tape-scale altimeter

Fig. 15. Clock-type and barrel
instrument combinatilon.
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Some modern instruments incorporate both a‘ciodk;typéLihdiéafbr
and a barrel type. The altimeter-speed 1ndicatof shown in Fig. 15
is an example of such a device.

The scale of a measuring device may be elther linear or nonlin-
ear with equal scale diviglons. Linear scales are more widely used.
However, some instruments have nonlinear scales: tapering (logarith-
mic), expanding, scales with "depressed" zero, etc. The nature of
the scale 1s dependent on the range of the ﬁarameter belng measured,
the operating (basic) range of the measurement, the required accuracy
of measurement of the parameter in one or another range. For example,
for an alrspeed indicator it 1is most important to have a scale with
smaller scale divisions in the range of landing speeds and with
larger scale divisions over the remainder of the scale. The same
applies to the altimeter where 1t it also desirable to have smaller
division values in the range of low landing altitudes. In Individual
dévices as for instance in radio altimeters scale division values are
gltered by switching scale multiples.

The indicating characteristics of aircraft measuring instruments
directly influence the rapidity, accuracy and completeness of the
pllott's perception of the information and consequently his evaluation
of the situation and hls decision.

There exist measuring devices which provide symbolic (arbitrary)
indications, as well as descriptive (pictorial, graphic).indications.

Measuring devices with symbplic Indication include all instru-
ments in which an arrow moves, symbolicglly indicating the variations
derived from an object or from some measured parametef of the object
(aircraft). The indications of these devices are far from ideal and

it takes practice and training to ?eadfthem.

-23-
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The ideal imstrument with descriptive indication would be one:

ety Mm@% )

which simulates the plcture seen from a flying aiférafﬁ;”?" ,
Instrﬁments wlth relativelx3descriptive 1ndiéations inciude the

attitude indicator and the so-called systematilc instruments (e.g.,
compass, headlng 1ndicafor, automatic direction finder, etc.). These
Instruments are capable of representing.two kinds of simulations:

the view of the plane from the ground and the view of the ground from
the blane. So far it has not been settled as to which 1s better.
Pilots and navigators feel that flight instruments should simulate

the view of the plane from the ground while navigation Instruments

should show the view from the plane to the ground..
The representation of flight conditions by certaln attitude in- I

dicators, in some cases does nof coincide with what is observed by

the pilot when he wants to establish the position of his plane with

respect to the horizon. . "
When during visual flight'the plane starts to gain altitude the

horizon appears to the pilot to drop below thg nose. of the alrcraft

while during a dive 1t appears that tpe horizon 1is r;ging. The atti-

tude indicator, however, shows the motion of a miniéture alrplane

wﬁth respect to a statlonary horlzon or the'motion of ﬁhe line of the

horizon on the other side of an limage of an airplane.

~\\Fhen developing the form of indlcation one must bear in mind

that the baslc purpose of the device which informs the pllot of the
position of his.plane with respect to the plane of the horlzon when

the ground is not visdible is to help the pllot determine the spatial '1
attitude of the aircraft and it 1s not necessary to pregsent him with .

a psgudQ-vigual presentation.

Attempts to produce conditions of visual orlentation on an

24~
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attitude indicator have psychological limitations due to‘the‘fact,thaf
since he 1lg located at the vertex of an angiea 6he pilot’is-nbtrabie
to measure the anglg. Thus at a steép pitch.attitﬁde, for example
when cllmbing at an angle of 60°, the ﬁilot who 1s oriented with
reépect to an attitude indicator feels uncertain.

It would be better to creéte an Instrument to show pitch attitude

as seen from the side. However, adherents of descriptive indicators

. feel that the instrument indication must imitate the plcture observed

by the pllot through his canopy in order for him to easily make the

transition from flying by instrument to visual orientation {e.g.,

~when breaking through clouds) otherwise, in their opinion, there

arises the danger of confusin the pilot when leaving a cloud unexpect-
edly. This fear however 1s groundless. If the pilot accurately
vigualizes tha tttitude of the plane no confusion will' arise since
visual perception will not contradict the mental image.

A pitch attitude indicator (in combination with a rate-of-climb
indicator) which has a needle that rotates a full 360° (Fig. 16) per-
mits the pilot to determine the attitude of his aircraft with respect

to the horizon even when performing a loop.

B

20 olinb |

L-_o n/sec

10 | adve

. 550
Fig. 16." Pitch attitude indicator in
combination with rate-of-climb indicator.

At high attack angles (l.e., at Iow speeds) the aircraft may
lose altitude but the instrument will indicate a positive angle of

pltch. 1In order to control this a rate-of-climb indicator 1s placed
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beéide*the pitcﬁ attitude indicator. The rate~of401imb ihdicéthfﬁAjl
also be used to correct the gyroscope ?; the pitch attiﬁudé 1hdic§£§r
just as the directional gyro is reset from a magnetic‘compass.‘ The
pitch attitude 1ndicator wlll then show true angle of inclinéfion of
the flight trajecgory and these readingsnwill be .completely independ-
ent of the attack angle. Since in most cases ffight 1s carried out
wlithin a range of pitch angles of 1500, the gcale may be made loga-
rithmic to increase the accuracy of the 1ndication-at small angles
(e:g., during a landing approach). A
Some attitﬁde indicators useva so-éalled screen to indlcate the
bank and pitch attitudes. The line of the -horizon rather fha; the
usual silhouette of an airplaneg is deplcted on the Instrument. The
Edrth 1s indicated by a blac; segment and the sky by a white segment.
When the plane alters its;position with reSpect to the lateral axls
the ratio between the whitg and black segments varles correspondingly
(Fig. 17). .——

Fig. 17. Screen attitude indicator:
left) climb; right) descent with left
bank.
Information concerning the attitude of the plane with respect

_to the tru horizon may be obtalned separately from the bank and

plteh attitudes (Fig. 18). In_this case a device located in front
of the pllot serves to indicate bank attitude and two devlices at the
gides of the cabin indicate pitch attitude. These devices”free the

26~
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pilot from having to constantly refer to the 1nstrumeﬁt“bane1.

Fig. 18. Separate pitch and bank §
. indicators (by English firm of !
Smith).

These instruments use a cylinder covered with a black and white
spiral stripe as a means of indication. When thé cylinder 1s sta-
tionary, stationary black and white rhombuses are visible. When the
cylinder rotates, the spiral stripes seem to travel along a slot and
quickly attract the pilot's attention. The direction of movement of
the étripes depends on the directlon of rotation of the cylinder. If
the stripes on the bank attitude indicator move toward the right then
the pilot does a right bank until they stop. Forward motion of the
stripes on the.pitchuattitude.indicator is stopped by moving the

control stick forward.

VD I e e T b o

This devlice has been tested during takeoffs and landings and

—— - even when the pilot shifted his gaze 45° from the line of flight he
_accurately maintained a landing trajectory by referring to these =
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instruments.

Both forms of simulation of flight conditions are peséible in
fixed hea&ing devices also. . \

If during a right turn the alrcraft alters its heading then 1lts
previous heading and consequently the direction of flight will be
found after a turn to the left. From this point of view it would be
expedient to have as an Indicator of course a statlionary silhouette

of a plane and a statlonary headlng scale to simulate the gtatilonary
landmarks.. )

However the controlled object for the pilot is the aircraft
responding to his action on the control stick. The pilot is well
trained (attached time 1ink) to the fact that 1f he presses the right
rudder forward and the stick to the right then the plane will turn
to the right. The pilot expects to see on the device 'a motion of
the heading indicator 1ln the direction of _the rudder. Therefore it
is preferable to accept a stationary heading scale wlth a moving
indicator to simulate the plane. .

Therefore, if the heading indicator must indicate which ‘direction
the plane turﬁs to, then it must simulate the view of the plane from
the grouﬁd and if it must indicate the cardinal points of fhe compass
it should show the view from the plane to the ground. .

7 It is claimed that primary attention should be glven to the
question of combining both forms of simulation on ja single panel, on
one combined ingtrument and on the same controlled parameter (the
latter is .especially important when going from one ailreraft to
another). At first glance it seems obvious that only. one type of

simulatiory should be used on the same Instrument panelwand more

importantly on the same instrument since mix;ng,them wlll confuse

the pilot in controlled events. -However, when solving certain
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specific problems combination of both types of simulation of fliéht
conditions is not only posslble but also necessary. '

The methods of Instrument simulatlon of flight conditions cbn-
sidered above provi&e a practical solutlion as to theroperatibn of '
controls when there is a'deviation of the moving index which repre-
senfs the plane or a landmark (horizon). It 1s possible to return
the aircraft to a 31Veh flight path (program) by moving the control
stick in the direction of deflection of the lnstrument needle or in
the opposite direction. In the second instance the needie will return

to the original posltion provided by the flight program in the direc-

tion of the motion of the plane to the given trajectory.

Forelgn radar, optical and infrared sights have both symbolic

-and image indications. For example, in the clock-type radar sighting

instrument information concerning distance to the target and the
angular displacement o: the target with respect to the fighter may be
superimposed on the information from the attitude indicator. This
makes 1t possible to attack an invisible target Just as a visible one.

It is very important to .make 1t possible for fhe pliot not to be
distracted by monitoring the instruments on the panel and thereby
free him from the possgibility of eye fatigue. Indications from the
basic instrument, the attitude indicator, could be observed as if
through the windshield by means of reflectors and lenses. The lines
and arrows on the instrument scales could be transferred without
distortion so as to appear to be located outside the aircraft.

‘The type of information giyen to thevpilot depends on functions
performed by the pilot in controlling the alrcraft. Information
which does not faclilitate performing these functlons 1s considered
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ﬁseless or even dangérous to the system which includes a biiot‘

Functions performed by the pilot in modern systems of aircréftv

control are divided into two categories: functions within the systems

and functions outside of the system.

As an intern?l element of the system the pilot performs functions
of tracking and control. If the functions of the pillot were limited
to these problems alone then he would require information only as to
w@at control surfaces should be started, when this should be done,
and to what degree.

As an external element of the syséem the pilot perforpsathe fune-
$ion of a control and of an executive organ striving to complete a
scheduled flight taking intg consideration unanticipated emergencies
which cannot be taken in@o account by the elements of the system
even when the system isf%o séme extent automated. Here thé pilot is
irreplaceable; he aloné can perform these functions.

Usually:two types of information are taken into account: end

point" information and "position" information.

1) "End-point" information (EPI). This information permits the

pilot to select action for reaching some final target which may be
elther a geographical location (rendezvous point, turning point, etec.)
or some determined flight condition (e.g., line of flight). EPI
indicates the final position of the alrcraft and the necessary action
(error indication) for reaching that target. | ?

In order to obtain EPI it 1is necessafy for the system to be
given:

— the desired end point .or condition;

— the desired program trajectory for attaining the enq‘point;

— the performance of the system at any moment of time with
- - wlth-respect to the.points indicated above, l.e., error.

t
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By means of EPI, the following are achieved:

— an increase 1n the number of zctions which the pilot can
simultaneously accomplish<(combination of parameters in
one indication);

—~ a large number of response actions;

— reduction of the training time;

~ limitatlon of the possibility of choice.

"End-point" information is usually provided by director instru-
ments.

However, such Information does not permlt orientation under actual
flight conditions and the selection of some other direction.

2) "Position" information (PI):. This information gives an idea
as to the relative position of the aircraft and the end point and also
of the actual flight conditions, thus making it possible not only to
obtain information about the deviations, but also makes 1t possibie
to find out about events taking ﬁlace whilch are necessary for con-
séious control of the alrcraft. -

Positional information is usually provided by the measuring and
deviation instruments described earlier. ‘

Both types of information (EPI and PI) may be presented by a
single combined instrument for efficiency in airecraft control.

' In order to simplify the perception (comprehension) of all infor-
mation two techniques are utilized in the I1nstrumentatilon:

— the technlque of relieving which frees the pilot from

having to make complex loglc operations concerning the
interpretation and calculations by using preliminary
reduction of information by means of a computer;

— the techhique of acceleration through which the pilot

obtains information immediately after manlpulating
the control stick.
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Instruments Indicating Deviation from Fixed Parameter Values

In addition to the basic measuring instruments, aircraft are

D e L = ?.‘m 7 ;

equipped with Instruments gsed tc determine variations of parameters

e

from fixed values. Instruments of this kind consist of a sensor for
the parameter to be measured, a reference, a comparator, and an -

indicator (Fig. 19).

refersnce
Paremeter oF
) oamparstor

B

Fig. 19. Block diagram of a device for
measuring deviation of a parameter from
g fixed value.

A deviation instrument might indicate the magnitude of deviation
of the current value of a parameter from a fixed value or both the
current and fixed value of a given parameter (if there i1s no compar- N
ator). In the first case in order to complete a flight program the
pilot must kéep the moving needle in coincidence with a statidnary
scale and in the second case he must keep two scales, indicgting cur-
rent and fixed values of the parameter, in coincidence. In both cases .
the scales of the indicators are graduated in units of the measured
péfameter. )

The given'value of a parameter at any stage of flight may be
completely determined and constant or it may vary according to a pre-
determined program provided either manuwally by the pllot or else

: automatically.
é An example of a device which iIndicates the,magnitudé of devia- e
: tion of the current value of a parameter from a predetermined value
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is thergyromagnetic compass.

In thls instrument the measuring device 1is turned'tQ=Various

.angles by means of a speclal pinlon mechanism. In order to meintain

sbme fixed headihg (when flying a course or during landing) the pil&t,
by‘rotating the mechanism of the indlcator, sets a special index

(usually on the upper portion of the scale) to the required course and

then turns the aircrafé so that the true headling which is represented

by the silhouetﬁe-df an alrplane coincides with the predetermined
heading.

Instruments which indicate current and given values of a param-

eter are, for the most part, an ordinary gage (e.g., altimeter, Mach-

meter, speed indicator, rate-of-climb indicator, heading indicator)
with a device which indlcates on the same scale the predetermined
value of the parameter established as desired by the pilot or auto-
matically in accordance with the flight plan.

Abroad most such devices are used to gulde fighter planes to an
aerial taréet by means of a ground cqmmand.

The same devices could be used for flying a course, when landing

and taking off, i.e., when performing the programmed stages of a
flight.

Comblned Instruments

The number of instruments needed to control an airecraft has

grown rapidly. In order to mount them on .an instrument panel, several

measuring systems are combined within a singlerstandard housing.
In addition, combining instruments reduces the time needed to
read the indications.

=33~
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During normal flight conditions the instrument needles are

usudlly set up in an easily-remembered configuration (croes, letter -

R Ry

T, inverse T, horizontal line, vertical line, etc,); When the param-
eters- deviate from the norm, the usual and easily-remembered arrange-

‘ment of the needles 18 upset and immedietely attracts the attention

L4
-

of the pllot.
As a rule, two, three, and sometlimes even four clock-type instru-
ments are comblned. It has been established that it is expedient to
combine in a single housing devices designated for the monitoring of
parameters which refer to a single controlled O?Ject (e.g., one of

the engines) and which are used together when carrying out a flight

or separate stages of the flight, as well as for monltoring similar
paraneters. ' -

" Two gystems of~comb;hatibn are used to monitor the engine opera-
tion. ©One system combiﬁes the instruments for monitoring the various
parameters of,a single enéiﬁe In the saﬁe housing. These parameters
usually include those“which must be monitored within certain permis-
sible limits (e.g., oil pressure, fuel pressure, oil temperature).
These parameters need not be read accurapely when the system 1s opera-
ting normally. Therefore these combined instruments are usually
designed for raplid and easy determination ef deviations of the param-
eter from the norm. ‘

The second system combines within the same housing instruments

for monltoring ldentical parameters of all the engines. These param-

eters usually require an accurate adjustment and equilization of the

% individual engines. Instruments of this type include, for exemple,

{

double (but not doubleOneedled) tachometers, thrust meters, etc. The

task of the pllot when using these instruments is to "align" one
- needle over-the -other, equalizing the parameters of the individual ~
engines. - | o ;
, -
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Flight instruments are usually combined according to thé-prin—'
ciple of simultaneoﬁs applicationT For example, onerhouéing may con-
tain igdicators for true airspeed and angle of attack; a barometric
altimeter and a radio altimeter; a rate-of-climb indicator and an in-
dlcator to show the rate of turn about the vertical axis; a pitch and
yaw Indlcator with a slip indicator; indicators of course, heading
angle and radio station bearing, etc.

Combination of true airspeed and angle of attack indicators makes

it possible to determine a more accurate value for critical flight
speed. Actually, reading critical speed according to the true air-
speed indicator holds true only for a specific aifcraft welght with-
out any overloading whilch would lead to a rise 1n critical speed.
Critical speed (without consideration of the compressibility of air)
depends on the angle of attack.
*  If there is an angle'of attack indicator which informs the pilot
of the reserve of 1ift force in any fiight condition 1t is possible
to perform landings with greater safety, making sharper turns. At
all flight altitudes this attack angle indicator (with correction for
the effects of compressibility) indicates the reserve of 1ift force
during turning.

The combined true airspeed and angle of attack indlcator must
havelthe scales for both parameters located side by side so that
when approaching critical speed i.e., when true alrspeed is decreasing
the pilot may more frequently make use of the angle of attack 1ndi-
cator (Fig. 20). The angle of attack scale is numbered in decreasing
fashion with respect to the speed scale since its basilc purpose is
to indicate the reserve of 1ift force (the values of angle of attack

not yet used), and the smallest values of reserve are more
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conveniently placed at the lowest point of the scalé. 4Th§:C£itic#171 j
value of angle of attack is located opposite the avérageiQalué of :
critical speed corresponding to level flight at sea level for a_given
aircraft welght.

Fig. 20. Combined true-alrspeed and
angle-of-attack indicator.

When bank attitude and angle of sideslip indicators are combined
the angular rate of turn indicator is best-replaced with a turn-radius
indicator. The angular rate 1s of interest énlyvté—aerodynam;cs
gspeclalists while for the pllot turn radius 1s of primary interest.
The radius of turn 1s a function of true alrspeed and overload and
therefore may be obtained from the data provided by instruments to
measure these parameters. In the case of a turn with gain or loss in
ai%itude, a device 18 needed which willl take Into aecount the ineli-~
natlion of the plane of the turn to the horizontal.

A combined instpument to indicate heading, bank attitude, angle
of sideslip, and radius of turn is shown in Fig. 21. The last three
1ndicat9rs are arranged together with a card compass. Jhe sideslip
gnglé'iﬁdi;aédr is located in the'uéper pért.of:the scale so the
pilot.canmestablishmatmonce”if,he.1;Wacgéﬁpliﬁhi§SA§h§ turn with or

’
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without sideslip. The bank indicator which is similar to that used
in an gttitude indicator (but with a moving airplahe'siihduéﬁte'aﬁd'
a stationary hofizon.line), 1s located in the center of the scale.

Below thils is. mounted the turn-rate indicator which has a logarithmic

scale.

Fig. 21. Combined indicator of heading,

sideslip, bank attitude, and radius of
turn.

In addition to the mechanical combination of varlous instruments
wilthin a single housing, in some cases Instruments are organically
united for Joint operation.

An example of such organic combination 1s a barometric-alt;meter
which is discretely corrected by a ra&io altimeter (USA).

It is known that a barometric altimeter, actually measuring ﬁhe
alr pressure, gives a steady iIndication of altitude independent of the
relief of the flight locale. But in order to accurately measure the
filight altitude with such an Instrument 1t 1is necessary to know the
actual ground-level temperature and atmospheric pressure of the
fiight locale as weli as its relief (above the air base) which is not
always possible to do in flight. The radio-altimeter in contrast to
the pressure altimeter does notirequire additional information from
outside in order to determine absolute altitude but the readings are

unsteady dur to a change in the rellef of the locale.
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It 1s considered’ that the combinstion of these two instruments
with the applicatidn of special connectling devices (fiitefé)\ﬁékes it
ﬁossible to obtain "hybrid" devices with stable and aqcﬁrate inﬁica-
tions of flight altitude at those points on the course where this is h
especially importgpt (e.g., when approaching a bombing target).

»

Directing (Command) Devices

As the misslons to be accomplished by alrplanes increase, control-

measuring devices and devices to measure the deviation of parameters
from fixed values cease to satisfy new énd increasing requirements.

This is especlally noticeable during flights along a fixed trajectory

as for example along the radio ‘beam of an instrument landing system.

As is wgll known, fhié systeﬁ utllizes directlional antennas to gen-

erate narrow radio beams:(equisignal zones ).which indicate the direc-

tion of approach and glide slope to the runway. The aircraft 1s *

equipped with,a receiver for gignals from the course and glide-slope

markers; this receivef has a cross-point indlcator which indicates

deviation of the alrcraft from the equisignal zone. ?A
To approach the course and glide-élppe beam the pilot must read,

analyze, and generalize the information from the measuring instruments

and make a decision concerning the control‘of the aircraft. These

operations cannot always be accurately and rapidly accomplished by

the pilot when the time 1s limited and when there 1s, of necessity,
a high rate of change in the flight situablon; this often leads to

% unexpected and frequently serious consequences.

Y
Z

' Iet us consider the action of the pilot when utilizing the in- .

dications of various instruments to bring the aircraft to the
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trajectory given by.the equisignal zone of the course marker.

Ir the aircraff has left the eduiSignal zone then in ordér fo
reenter 1t the pllot must execute.a double turn; first in the direc-
tion of the zone and then back agaln s8¢0 as to smoothly enter the
required flight trajectory.

Optimum entry into the trajectory (i.e., without crossing over
it or else protracting the entry) depends on an accurate selection
at each peint of the actual trajectory of the turn rate when making
the double turn.

To complete this maneuver accurately, the pilot must gather,
compare and reduce information from at least three‘instruments:
bank indicator (one of the scales of the attitude indicator) an
indicator of the deviation of the actual course of the aircraft from

the one prescribed (according to a compass scale especially set up

Dby means of a rack) and an indicator of the deviation of the center

of gravity of the aircraft from the given trajectory (Fig. 22).
attitude gide=path =
indicator compass indiostor

oo .

-

»ﬁ%?’Fig. 22. Flight along the course
- marker beam.

Fig. 23. Flight along the glide-
slope marker beam. .
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" As the given trajectory is approached, the indications of the
instruments change: the greater the bank executed by the‘aircraft

the more rapidly will the course be altered and the closer the plane

will approach the given trajectory. Proper proportioning of the bank

and accurate determination of the moment of altering the bank depend
mainly on the training of the pilot and are determined by his indi-
vidual abilities.

When bringing the aircraft Into the equisignal zone of the glide-
slope marker normal forces required for a double turn in the vertical
plane are created by the elevator. In order to accomplish an accurate
maneuver of the alrcraft in the vertical plane the pilot must make use
of three and sometimes four instruments: glide-slope indicatbr, the
plteh attitude indicator, rate-of-climb indicator and altimeter
(Fig. 23).

Comparison of the varyingiindications of these iastruments when
approaching the glide slope, the reduction 6f the entlire flow of
Information from these instruments, the development and adoption of
a decision by the pilot requires a great deal of time, consequently
inaccurate appfoach and following of the glide slope occurs very
frequentlf. Fiight along the glide slope is further compliéated by
the fact that the pllot must operate the throttle to maintain a
defdnite forward speed (requifed speeds at varlous polints of the
slope trajectory are different).

In order to simplify control of the alrcraft when approachling a
prescribed trajectory and when following this trajectory, so-called
directing or command flight-navigation instruments are being used
abroad (Fig. 24). , , . ) '
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| Fig. 2%. Funcfiﬁhai diagram of a
command device. A _

These instrﬁments provide the pllot with Information in an
already reduced and generalized form indicating how to direct the
alrcraft: up or down, right or left.

It is no longer necessary to compare the indicatlons of the
instruments mentioned earlier. All he must do 1s carry out the
command (direction) of the new instrumernt by operation of the allerons
(to. approach the'trajectory in the horizontal plane) and the elevator
(to approach the trajectory in the vertical plane).

Generallzation of the information received from various sensors
and development of a signal as contro; commands are accomplished in
director devices with special- computers (calculators). The pilot
need not perform complex mathematical or logic operations. It is as
if he stopped controlling the alrcraft and began to control only the
pointer of the director device, holding it on zero. Deviation of the
command indicator is proportional to the total value of the signals

of bank, deviation from the prescribed course heading, and deviation

from the equisignal zone of the course marker. The pilot, banking
the aircraft, holds the command indicator on zero, while the bank
attitude 1s changed so that the aircraft performs a double turn with
an accurate approach to the equisignal zone. Thils 1s achleved by the

f P selection of the ratios of the combined signals. The position of the-

SR
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indicator of the command instrument on zero ihdicatesrtﬁét<the‘ﬁcﬁual
bank executed by the pillot coincides,with'the required bank (so as to
enter the required trajectory accurately and on tiﬁe)‘wﬁich is'deter;
mined by the commaﬁd computer according to the magniltude of the devi-
ation of the aichaft from the trajectofy and according to the differ-
ence between the actual and prescribed headings ‘of the aircraft.

Entry into the equisignal zone of the glide-slope marker may
also be accomplished by means of a special command-device in which
aré accumulated signals which are proportional to the pltch attitude,
vertical speed,:and deviation from the élide slope. The command indi-
cator ls malntained on zero by operating the elevator. In £his way
the pitch attitude 1s made to toincide with that required as deter-
mined by the computer'accordlng to the magnitude of the vertical speed
of the aircraft and deviaéion'of the aircraft from the glide slope.

It has been noted iﬁ the press that directive devices which
s8implify the approach of én alrcraft to a given trajectory and hold
it on a trajéctory are not completely satisfactory for the pilot
because they do not indicate the positlion of the alrcraft with respect
to the horizon and the given trajector&t Holding the command indica-
tors on zero the pllot may also not know if the aircraff is located
on the frajectory gince the null reading ér the 1ndicators attests
only to the fact that the aircraft is accurately approaching the
trajectory (or is located on 1t). Therefore in addition to the djrec-
ting device, Indications from the usual measuring instruemnts must
be used.

. Usually the command instrument 1is made with two mutually per-

pendiéular polnters. Maintalning the vertical pointer on zero

-h2-
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ensuresvholding the glven trajectory in the horizOntal pléne whiie
the horizontal indiéator is used fo holding in the vertical pléne.
The command index may be a single indicator in which case its average
position would indlcate correct accomplishment of the command by fhe'
pllot with respect to approach of the trajectory in both thé vertlical
and the hbrizontal planes.

The command indication may be accomplished in the form of a
system arbitrarily called a "question-answer" system. Fer instance,
as a command instrument to determine correct approach to the trajec-
tory in the horizontal plane one may use a single stationary lateral
bank scale with two Independently moving indicatofs to show the pre-
scribed bank (determined by the computer) and the actual bank of the
alrcraft. This makes 1t possible to combine command and measurement
functions within the same instrument.

The task of the pildt in accomplishing the command is to put the
two indicators -in coincidence with one another.

Director devices may be employed for plloting aircraft along
'trajectories determined by systems of distant and near guidance, for
flight at a fixed altitude, (for example when echeloning aircraft
vertically in the same flight route), when photographing the ground,
etc. These systems use as commands signals which correspond to
deviations from the direction to an objective or from a predetermined

altitude.

Integrated Instruments

Integrated instruments are instruments which combine the indica-
tions of usual measuring instruments for the purpose of,obtaining a

single generalized picture which directly informs the pillot of the
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conditions of flight. Usually entire integral instrument systems arve
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developed. Signals from individual sensors are fed to a qomputér'

where they are reduced and compafed In appropriate ways wiﬁh pre-
scribed parameter values. Output signals from the computer ére.trans-
mitted to indicators from which the pilot may determine at once what -
positlon the éircraft is in and what actlon he must take to carry

out the prescribed fillght plan.

An example of an integrated instrument is the navigation instru-

ment which provides the pillot information concerning the magnetic
heading, the bearing of the radio station as well as the prescribed
direction of flight and the magnitude of deviation of the alrcraft
from this direction (Fig. 25).

' Another integrated instrument
'bearing provides correlation for the control

- ‘ of engines.
bm;;ur g

glide=slope Engine operatlion is character- .

ized by a definite combilnation of

Fig.'25. Integral parameters (power or thrust, thermal
navigatien instru- ’
ment (USA). and mechanical strain, efficiency,

acceleration characteristics) which

may be assocliated by a single functional dependence, the regime func-

ﬁiqg, It may be simulated by a computer. It 1s easier for the pilot

2 to evaluate the operation of an engine from a single Instrument which~

g gives an over-all evaluation of its operation than from several indi- §
? vidual parameters read from a number of instruments. Moreover, an i
g integrated instrument which controls the operatlion of the engine can )

é ~ be calibrdted in definite ratings, for example: no—loéd condition, .

é crulsing rating, nomimal rating, take-off.rating, maximum reheat

~Yi-
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The integrated instrument which controls the fuel éyéfem?of‘an,
airecraft is a gage of the available flight range.r Thisrinstrumént

frees the pilot from calculations of the available flight range
acgording to data ffom ;eparate‘instruments (fuel reserve and per
hour consumption, true flightvspeed, windspeed and direction, flight
-altitude and air dens;ty, reduction .of gross weight with fuel con-
sumption or drépping of load). Information from the sensors of these
qevices as well as information from predicting devices (prediction
of the reduction of gross weight and variation of height of flight
with windspeed and direction), 1s fed to a sﬁecial computer in the

integrated instrument and is reduced in accordance with an algorithm
established in the computer (with specifications, sequence of action
on one or another quantity, etc.). As a result the instrument at

. any moment indicates the available flight range.

Indicating Devices

There are instruments ieing used on aircraft which do not ade-~
quately indicate dangerous deviation of controlled parameters from
standard value. Therefore various indicating devices have been placed
on the instrument panel which are actuéted when one or another flight
parameter deviates from some allowed level. The indicator is a
simulator which arouses an appropriate reflex in the pilot aiding
him to perceive any new event in time. According to the nature of
their action on the pilot, indicators may be attracting (when a light
comes on near an Instrument or apparatus), warning (when the lighted

N lamp warns that a parameter is approaching a critical value) guiding -
(when the signal accentuates the pllot's attention to a specific
&roup of instruments or o a certain lever), informing (when the
=45- '
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gignal gives 1nformation concerning events taking place) and command
(for instance in the form of a legend like "Reduce Thr ottle" er
"Lower Landing Gear™)

- Most 1ndicaters are noise or light (lamp or glowing legend)
Indicators. ‘Ind%cators which demand repid action by the pilot, 1i.e.,
which warn him of an emergency condition are ueually in the form of a
tableau with a lighted inscriptlon. The inscription does not shine
constantly but flashes so as to rapldly attract the pilot‘sattention
and inform him of the approach of an emergency condition. TUnder
normal conditions these inscriptions are not visible. o

Indicators used during landing are combined in a - flight-landing
Indieator. It may include eiénals concerning the condition of the
landing gear and thellandiné flaps ("Down," "Ugp").

Red, green, yellowfhnd ﬁhiteAlights are used as indicators. A
red llight ususlly indieapes an emergency condition and a green light
the normal condition of a controlled system or controlled parameter.

Mechaﬁical indicators are sometimes used whose actlon 1s per-
celved either visually (signal flags which flash onto the instrument
face) or mechanically (e.g., trembling of the control stick when
approaching a condition of critical flight speed).

Arrangement of Instruments and Components

upon the Instrument Panel

"

Instruments and indicators must be drranged upon the Instrument
panel in such a way that 1t will be possible to rapldly ﬁerceive and'
coﬁprehend the iInformation presented by the Instruments and indicators
and so that when the pllot performs the most 1abor consuming stages
of instrument flight (landing, homing on a target) he will expend a

~46-

SR S St £ s 4] s T S 0 TN LA RS T N S e SO S B 1 B AT SOSF 30 BRSBTS TS Ty TN T 050 0 TR TN B ST s b 7T S R AT P




minimum of energy (small and infrequent turning of therbegg,:etc{)@ -
In addition, the arrangement of instruments used during 1anding'mﬁs£
be such that the plilot may rapidly,cohvert from instrument to visual
flight orientation. '

The most lmportant instruments must be placed as far as possible
in the central field of vislon of the pllot and Iinstruments which
serve for occasional 1n-flight checking and for reference may be
arranged wilthin the field of peripheral vision.

In order to arrange the instruments and indlcators properly when
constructing experimental alrcraft, pllots, engineers and flight sur-
geons (physiologists and psychologists) are carrying out a great deal
of work in evaluating the work activity of the pilot at each phase
of flight. Many specialists formerly held that the arrangement of
instruments (at least those most needed by the pilot).could be stand-
_ardized for gll aircraft types. This wpuld make 1t much easier to
train a pillot for instrument flying and to assure him of mastering
the new physical aspects. )

Su¢h standardization was not introduced however. This is ex-
plained by the fact that in connectlon with the expansion of the
problems which confront each new type of alrcraft the number of
instrumenfs and combinations of them grows continmuously and it does
not do to arrange these numerous instruments in étandard‘racks.

Escape from this difficult situation was found. An arrangement

" of instruments which is not stgndard but 1s typilcal was developed
and introduced. |

Instruments are grouped according to their 1mportﬁnce. A
speclal section of the instrument panel is set aside for each group
and for each new type of aircraft thévérréngéﬁent of instruments

_'1(.7_
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mﬁj be altered to some extent within the limits of theSe;sectidhs,A.
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i.e., obsolete instruments may be replaced with new ones.

The most easily observed portions of the instrument,péhel,'the
left and central sections, are reserved for the basic flightAnaViga—
tion instruments. Instruments especially required for instrument
landings must be arranged on the left side of the Instrument parel.
This arrangement is the most successful for conversibn from instru-~
ment to visual landing.

The right side of the instrument panel is usually set aside for

devices which control the operation of the engines, the cruising con-
ditions and the fuel system.

Instruments which control the pllot's life-support system as
well as other auxiliary systems are located in the lower portlon of
the Instrument panel. i

Examples of instrument panel groupings will be considered in »
subsequent descriptions of developed and pfoposed systems of instru- .

mentation.
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TI. INSTRUMENT FLYING

Pecullarities of Flight Beyond the Visibility of the

Ground and Horlizon

The main difference in the functioning of a pilot when flying
under good and bad weather conditions is in the way he obtains in-
formation concerning the position and motion of the aircraft in space.

.Under good weather conditions the. spatial location and motion of
the ailrcraft is determined directly by means of visual reference
points (horizon, objects below). Filight-navigation instruments are
used in this case only to increase accuracy in holding and controlling
the conditions of flight and when doing maneuvers.

When the horizon is not visible and when weather is bad it is
possible to fly only by using an entire system of instruments, 1.e.,
indirectly by sensing the indications of various instruments which,
when evaluated, provide the pilot with complete and accurate infor-
matlion concerning the position and motion of the aircraft.

In accordance with the irndications of the instruments, the pilot
establishes, maintains, and alters the conditions of flight. _

Such a syétem of indirect orientation 1s not only difficult for
the pilot but'also requires more time than direct orientation.
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As is knowﬁ, a'ﬁerson orlents himSelf'in space ag the reéult of
the interaction of the varlous organs of sénse with sight'playing
the lead role. By using his sight a person determines the position
of his body with respect to other visible objects. This type of
orientation takeg}place almost instantaneously. .

For clarity let us conslder a slmple examﬁie. In‘order to
discern such a development of the aircraft as descent the pilot has
simply to look ou@side. According to the relative positlon of the"
nése of the plane and the line of the horlzon and the nature of the
shifting of ground objects he is .able éo determine if the plane is
descending. In practice this kind of direct perception fuﬁcéions
very rapidly. .

When indirectly evaluating the same development the pilot must
determine the position df a silhouette of a plane with respect to an
arbitrary horizon line on the attitude indicator, establish the loss
of altitude from an altimeter, determine the rate of descent from the
rate-of—cliﬁb indicgtor, etec. And only by comparing the indications
of these Instruments does the pllot obtain an idea about the spatlal
orientation and motion of the aircraft..

As is known, the pilot during flighp works at a demanding pace.
This i1s assoclated with the fact that he must constantly react to
rapldly changing conditlions. His ﬁork pace will depend on how many
operations he must perform in a given period of time or when accem-
plishing a given element of flight and how he must see objects and
instruemnts and operate the pedals.

. Much additional perceptign and activity takes place in instrument
flying. It is necessary to constantly watch a large number of

‘instruments, to frequently make use of radio alds, special equipment

-50-

S AERTYRRT VTR e Bt e T ¥ RO VRO » SER P RGETS SHffe Yt BATH L Sy Bl A e AR R O e R AT

LY




gL

e R R B S

etc. This means that the work paceAwiil be more iﬁtenéeiWhénjpeff"‘ 
forming a given element of flight by instrument than it would be
visually.

If in flight the instrument indications are watched continuously
1t 1s relatively easy to detect and evaluate their constantly changing
indications. Various deviations in the flight which must be elimi-
nated by the intervention of the pilbt can then be detected in time.

In order to successfully fly by instrument the pillot must learn
to apportion and shift his attention properly.
| The need to shift one's attentlon during instrument flight
results from the fact that 1t 1s not physically possible for the
pilot to accurately evaluate the indications of a number of instru-
ments at the same time.

More ‘demanding conditions develop when the pilot, flying visually,
myst suddenly switch over to instrument flight. This frequently
happens when there is a sudden worsening of flight conditions when
the possibility of perceiving the true horizon or other reference
points outside of the aircraft is eliminated. For example, if the
plane enters a c¢loud the pilot must complete the patﬁern, using
only the instrument indications for ofientation. The same situation
arises when firing on a lighted target at night, since after leaving
the attack the true horizon 1is not visible and flight may be carried
out only by instrument. These examples graphically show why it 1s
Inadmissible to be distracted frqm the instrument indications especilally
when descending to land.

When 1t 1s necessary to convert to instrument flight each pilot
behaves differently. One will do‘it all at once, i.e., when he still

knows the position of the.plane and the flight situation. Observing
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'by instrument the subsequent change in flight parametens and atti-; j

tude of the aircraft, he creates for himself a condition much 11ke
that of continuous flight by 1nstrument.

Another pilet,when no longer able to continue visual flight,
attempts for a time to discover some reference (horizon, runway
lights, etc.). Meanwhile the position of the aircraft im space is
changing continuously.. Not knoﬁing how the position of the plane
has changed, the pllot has difficulty in converting to instrument
flight. In this case he can only dgtermine his position indirectly
by reading the indications of almost all of the flight instruments.

When flying beyond view of the horizon or landmarks, the pilot
experiences false sensations (111usions) about the position of his
gircraft.

Illusions contribute to a situation which distracts the. pilot's
attention from the instruments when an acceleratlon 1s acting on him.

Most frequently the pillot observes illﬁsions of banking, gliding, .
pltching and even the sensation of reverse bank when- slipping and the
sensation of revérse turning.

The frequéncy of illusions is proportional to the.degree of
complexity of managing spatial and navigational orientation; I1iu-~
silons most frequently occur at night in turbulent air (during storm
actigity and severe bumping) and also when flying in clouds which
have varying illumination or density and which draw the pilot's
attention away from his instruments. Less frequently 1lluslions occur
when flying through regions with heavy fog, during unexpected entry
into cloudiness, significant slipping, abrupt entry into a curved o
flight and exlt from it, sudden increase pfrspeé@,rggdvdécelgrat;pg;

The false impression of the position of the aireraft will be

-.52;.;
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esbeqially«severe for a pilot with 1itt1e.training'in”inétfumeﬁt;
flying. As a result the pllot ceases to beliéﬁe in the insﬁrumeht'
indications, flies the plane according to his falSé sensations and as
2 result permits .incorrect action of the control surfaces; this inevi-
tably leads to gross.dev;ations.in.the flight which do not assure
the‘safety of the flight.

. The number of falée sensations which the pllot gets decreases
with his experiéncé at instrument flying and the flight-navigation
Instruments will replace for him visual orientation with respect to
the true horizon and visible ground objects.

Flight in clouds wlth modernly equlpped aircraft and with suf-

ficient ground aids to navigation presents no difficulties. Air

crews which know how to fly by instrument are completely free to
carry out flight tasks both in clear weather and when it is cloudy
or when there is rain, snow, fog, etc.

Flying in clouds differs from good-weather flying and even from
instrumént flying in a closed cabin in the fact that neither the
horizon nor the ground are visible and the plane is subject to the
action of atmospheric phenomena associated with a sojourn in a clow
layer.

The experienced pilot when entering.clouds reSponds calmly and
confidently continues to flyfalong the given course. When entering
clouds for the first time a pilot begins to be disturbed and loses
faith in his abllity to direct the plane by instrument. If a pilot
is tfained in instrument fiying but has névér flown in clouds and
his cabin 1s covered‘with a hood then he will direct the plane as
well inside a cloud as he will out of it. But as soon as the cabin

is uncovered and he sees that he is in a cloud, the quality of his
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'Aflying may be impaired

This may be explained by the fact that Inaclosed eabin the

pilot's attentlion 1s concentrated on the instrumentsibut when fIying

in clouds his attention is drawn to the visible parts .of the plane,
the varying density and brilliance of the clouds, to snow, rain, and
1ce formation. Thus the developed degree of diétribution and transfer
of attention 1s disturbed and the quality of flying skill decreases.

. Flying in clouds 1is accompanied by bumping-especially when
entering the cloud from below and when flying just under it at a 1oﬁ
altitude. Bumping makes maintaining flight conditions more difficult
while the need to maintain them accurately increases. o

At night it is much more.difficult than In the daytime to
determine the distance to.the ground, the height for leveling out
and for flare out which ieads.to eertain difficultiés in landing.

Illumination of the cabin during night flight has an adverse
effect on the adaptability of the organs of sight to the observation
of objects outside. The conditions of night flight as compared with
day-time conditions arouse certain psychological tensions in the
pllot which may be reflected in the quelity of instrument flight.

Takeoff

Takeoff refers to the stage of flight from the moment the plane
starts its takeoff until it reaches a height of 25 meters after »
leaving the ground. For the pilot takeoff is one of the most demand-
ing'and complex tasks of flying. | '

When taking off the pilot must accurately determine and maintain
the“dcoeleration of the plane, attain the proper takeoff speed,
malintaln the heading and attitude of the plane with respect to the
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axls of the runwéy extended, establlsh and maintain the rate of sepa-
ration from the runway and the climb rate. In doing this the pilot -
must keep in mind the aircraft's takeoff distance, the lengthAof the
runway, the nature of l1ts surface, the welght of the aircraft, wind.
veloclity and direction, alir temperature and pressure, and & number of
other points which determine the takeoff characteristics of the plane.
If bad weather conditlons are added to this then it becomes apparently
Jmpossible to systematlcally train a pilot in takeoffs or to use in-
strumentation in this stage of flight.

Iet us consider some Instrument systems developed abroad for
controlling takeoffs, .

The airborne equipmeht of the first system includes an accelerom-
eter to measure the takeoff acceleration of the aircraft, and a dy-
namic alrpressure meter. In this system a special instrument in the
cabin indicates the magnitﬁde of acceleration and provides a warnlng

signal (Fig. 26).

The pilot must set into the
instrument the weight of the alr-

craft and a prescribed acceleration

as determined by slide-rule or

Takeoff Acceleration

nomograph on the basls of Infor-

Fig. 26. Takeoff control
mation concerning the type of ingtrument.
aircraft, surrounding temperature,
pressure, runway slope, and engine rating. This system does not
requlire the pilot to make any manipulations at the start of takeoff.
On some alrcraft however it may be necessary to compensate for small
variations in pitch attitude brought about by various locatlons of

the center of gravity since when the accelerometerrleaves the original
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horizontal position acceleration on the takeoff ruﬁjﬁiil>ﬁe5me§§§y§dfee'
inaccurate1y<as the result of the effeet ef accelerafionroh‘the?fe;ee
of gravity; Calculations have shown that altering the'piteﬁ ettitude
of heavy jet aircraft by 1° may lead to an error oanlmost.lo%rin
linear acceleration measurement. Such an error means the difference
between normal and inadmissible takeoff_conditions._ It may be com-
pensated for by using a correctlon signal for pitching from the
vertical gyroscope.

During the ground run the indicator 1nforme>£he ;;iot of the
plane's acceleration: normal, high, low. The cross-hatched portion
of the scale indicates dangerously low acceleration.

The acceleration of a Jet alrcraft wlth constant thrust decreases
somewhat with increased speed in the ground run because of increased
drag. In order to compensate for thils normal reduction in accelera-~
tion a combined signal from the accelerometer and the dynamic pres-
sure detector is used. The sum of these siénals remains constant
throughout a proper takeoff and is 1ﬁdependent of wind thus elimina-
ting the need to introduce wind datd into the system by hand.

The airbofne equipment of the second system to control takeoffs
continuously measures the distance covered by.the aircraft elong the
runway and determines its ground speed. At a specific distance the
actual ground speed is compared with the prescribed value which the
plane should have reached at this point.

The prescribed values of ground speed (determined by slide—rule)
and the control distance are entered by the pilot on the panel
(comparator) which is located in the cabin (Fig. 27). Also Iocated

there 1s a digital indicator of elapsed distance and a eignal'iight.

~56~

S RRaes ¢ e e e e e E T et L O S




[——— T R TR SRR I

pitse- | OIET7] sreatoer 7
Lo , . '
< ) switoh
@ . .
distence ground speed .
(meters) {km/hr) ’w'm il
' on D orf ' gnlub of
. power ‘ nheel
&= ; \
Fig. 27.' Take-off control Fig. 28. Elapsed distance
system panel. indicator for take-off

control system.

A miniature pulse generator mounted on the main landing gear 1s

used to measure the distance (Fig. 28). This generator consists of

an induction transducer mounted on the landing gear strut and an iron
plate (armature) on the hub of the wheel. Each rotation of the wheel
produces a pulse in the transducer circuit and the number of these

pulseé 1s proportional to the distance covered. Differentiétion‘with

respect to time yilelds a signal which 1s proportional .to ground speed.

When the aircraft reaches a certain control point on the runway this
signal is compared (in the coﬁparator) with a voltage which corre-
sponds to some velocity. A flashing green light indicates an accept-
able takeoff speed and a flashing red light indicates that the speed
is too low. '

The system descrlibed permits the pi;ot to check 1ts operational
ability 1in two ways before takeoff. The first method requires press-
ing the "Taxi" button to verify the operation of the distance trans-'
ducer and certain other circuits during taxiing. The second method
of checking the system requires pushing the "Test" button several
times. Each time this button is pressed a signal is fed to .the

_comparator which corresponds to_one revolution of the main landing =
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gear. Having‘ ‘i}réss,ed “the button a ecertain number of timesj it isr
possible t§ vefify 1f the counter indication correSPonds.to thé” ’
elapsed distance. o '

Before starting the takeoff run the pilot must press the "Takeoff"
button. This operatlion could be made automatic.

A third Syste% for controlling takeoff measures the ground speed,
computes acceleration and compares it with a norm value.

An acceleration indicator in the cabin (Fig. 29) provides the
piiot with continuous Information about the relative magnitude of the
actual acceleraiion of the aircraft during takeqff. This system
requires no preliminary calculation from graphs or with a siide rule.‘
All that is required is setting up the runway length and windspeed
on the indicator. Variationé in atmospheric pressure are compensated
for automatiéally by an aheroid unit connected to the alircraft's
pltot system.

In thé §1mplest variétion of the system the maximum takeoff
weight of thé aircraft is calibrated. In a more accurate variation
the takeoff’weight must be introduced into the system as an initilal
parameter. Compensation for the reductipn of acceleration with in-
crease in speed is provided for in the system. The 1ndicator operates
on the command principle of "YES-NO" without a mumerical scale.

The heading of the aircraft dufing takeoff 1s determined from
standard airborne instruments — the gyromagnetic compass or the
directional gyroscope.

The linear deviation of the aircraft from the axis of the runway
as yet cannot be measured by any simple means. However, it mgy‘be
assuned that if the aircraft 1é accurately pointed along the axls of
the runway at the outset and the takeoff heading is maintalned, then
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i1t will be practically on the axls of the runway at 11ft-off.

Level Flight

" An airéraft levels off (usually frém a climb or descent regime)
at an altitude 50-100 m below (during climb) or above (during descent)
the assigned altitude. The control stick 1s used to keep the attitude
indicator and the rate-~of-climb indlcator on zero and the compass
needle on a fixed headiﬁg. It must be borne in mind that the silhou-
ette 1n the attltude indicator does not usually rest on zero during
level flight if the rate-of-climb indlcator reads éero, i.e., 1t does

not coincide with the bar which simulates the horizon due to the fact

that the aircraft possesses a certaln pitch attitude. Therefore to
make 1t easiler the pllot centers the reference "airplane" with the : .
horizon bar. '
. The prescribed flight 'speed as shown by the speed indlcator is‘
aajusted by varying the thrust of the engine(s).
Ievel flight 1s maintalned when the Indications of these instru-
ments mentioned remain constant. .
Any external disturbanée (gusts of wind, variation in drag, etc.)
as well as voluntary movement of the control stick by the pllot may
alter the conditions of level flight. This willl first be reflected
in the attitude indicator and the rate-of-climb indicator and then by
the altimeter and the compass.
If the alrplane sllhouette 1in the attlitude indicator rises above
the horilzon bar the pllot bringé them together again by moving the
. stick forward and then pulls it back slightly torfix the silhouette
in the place corresponding to level flight. Meanwhile the rate-of-
¢limb indicator muét'remain on éero. .Whén thé 1ong1tud1néi,affitﬁdérr
% . _deviation is. in the .opposite direction.the pilot must-operate-the. - .- -
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control stick in a reverse manner.

If the aircraft deviates in a lateral direction and the estab-
lished course begins to change.as indicated by the attitude indicatér,
turn indlcator and compass, then by coordinated movements of the con-
trols (stick and rudder) the tendency to turn is removed and the atti-
tude indicator (with respect to lateral deviation) and the turn indi-
cators return to zero and the compass is returned to the previous

heading.

When eliminating deviations frgm level flight; control operation
must be appropriate.to the magnitude and rate of deviation of the
attitude indicator readings. The faster and greater the indications
change the more energetic and farther must the controls be moved.

When there 1s no bumping, attention to the instruments for the
purpose of maintaining level flight may be in the following order:
attitude indicator — rate-of-climb indicator; attitude indicator ~—
speed indicator; attitude indicator -compabs — altimeter; attitude
indicatér — turn-and-bank indicator.

Periodically the pilot must turn to the engine controls.

When theré is bumping and rate-of-climb indicator operation is
unstable, the pllot, who 1s trylng to maintain a given heading and
altitude, must frequently refer to the attitude indicator. If level
flight 1s being carried out at low altitude additional attention must
be given to the barometric altimeter and the radlo altimeter for

altitude control.

Climb

An aincraft may be brought into. a climb either from a 1evel
flight condition or from a descent |
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When converting from level flight the pilot eétabliShes~a;h5ﬁinéi
power setting and Increases the flight speed suitable for a climb.
Then by pulling the stick back he establishes the pitch attitude at
which the aircraft'é true airspeed remains practlcally constant and
controls 1t using thé attitude indicator. The rate-of-climb indicator
musf show a constant value. The pilot then adjusts engine thrust
(according to the tachsmeter), 1hcreasing or decreasing the rpm to
maintain a filxed speed.

When converting from a descent to a climb the pllot sets engine
rpm to correspond with a glven flight speed and smoothly pulls the
stick back to bring the aircraft into level flight being gulded by the

'attitude indicator, speed indicator, compass, and rate-of-climb Indi-
‘cator. The transition to a climb is then carried out as described
above.

Correcting for deviations in c¢limb from a predetermined or
selected rate is carried out 1n the same sequence as correcting in
level flight with the exceptions that the "ailrplane" in the attitude
indicator does not coincide with the.horizon bar but remains in a
position which corresponds to the given climb condition and the rate-
of-climb indicator maintains a positive value.

To maintain a climb attention may be directed to the instrﬁments
in the following order: attitude indicator — rate-of-climb Indicator
— speed indicator; attitude indicator — rate-of-climb indicator —
compass; attitude indicator — rate of climb indicator; attitude
indicator — turn-and-bank indicator — altimeter.

The pilot must perilodically turn to the engine controls.
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Flight Along a Route

In flight along a route with accurate stabilization of thefair-

craft with respect to the Earth, with accurate approach to a pre-

determined trajectory and with retention of that trajectory, orlen-
tation must be maiétained. i

Navigation 1s knowledge of the location of the aircraft with an
accuracy required for continulng flight. Flight navigation requires
a s&stematic determination of the location of the alrcraft and com-
parison of the éctual direction of the aircraft Fith the predetermined
one. o

When the ground and landmgrks are visilble the locatlon of the
aircraft 1s most eﬁsily detefﬁined visually. As a rule visual orien-
tation is comblned with thé use of various technical means of air
navigation. When'the.grbﬁnd 1s not visible navigation is carried out
completely by airborne and'éround navigational alds.

When preparing for a blind flight the route is usually marked off
into a minumum number of legs. This simplifies the flight and
increases the accuracy of following a given path. 1In addition, the
route 1s seleéted so that the flight will be provided with radioc and
light navigation aids. |

Instrument flying on a route is4assured by various technlcal
means of air navigation (navigational systems) which may or may not
be automatic. Automatlc systems are mounted on the aircraft and
require no ground equipment for thelr operation. In nonautomatic

systéms the alrborne equipment receives signals from ground’(usually

radid) equipment.
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Navigational systems are divided into three groups according to
the measurements required to determine the location of the aifcréftﬁ

— positional systems which directly determine the
coordinates of the location of the alrcraft;

—_ dead-feckoning systems whlch measure the speed
according to which the position of the aircraft
can be determined by single integration;

— Inertial systems which measure the acceleration
and the positlon of the alrcraft is measured by
double integration.

The systems of the first group may be automatic (e.g., celestial
navigation) and nonautomatic. Systems of the other two groups are
all automatic. Automatic navigational systems are especially needed
in military aviation since secrecy of operation and the ability to

navigate in regions deprived of ground equipment are assured. .

Pogsitlional Air Navigation Systems

In positional systems‘the measurement of each parameter (angular
or linear coordinates) makes it possibie to obtaln on the surface of
the Earth (reckon on a regional map) the line of position (LOP) on
which the aircraft is located at the moment of measurement.

The polnt of intersectlion of two LOP's for the same moment of
time will belthe location of the alrcraft. The measured parameters
most frequently used are bearing (©) and distance to a landmark (R).
Therefore positional systems may be angle-measuring, angle-and-
distance-measuring, distance-and-distance-difference-measuring, or

hyperbolic (Fig. 30) systems.
In angle-measuring systems the LOP will be a straight line

(orthodrome) passing through a given landmark. The error in measuring
depends on the distance to the landmark (about 1.5 kilometeﬁ for
each 100 kilometers distance). The location of the alrcraft according
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to the bearing of two landmarks 1s also &étermined"wiﬁhjéngefféﬁ;ﬁh;ch;*lrfi
deﬁénds on the angle formed by the LOP's (it will be,minimﬁﬁgaf én¢" o
angle of 900). ?he angle—measuring gystem is- therafore used for
short-range navigatlon.

The angle-measuring system makes 1t possible to use one ILOP for
the purpose of air navigation. If the landmark is the end point of
the course then its bearing‘will coincide with the prescribed flight
heading and may be used to gulde the plane fs that object (for
instance a radio marker beacon). In this case the accuracy of the
bearing measurement is not important. Even when deviating from the
gliven heading the alrcraft will eventuallj reach the beacon.

An automatic direction finder (ADF) aboard the plane and a ground
radio beacon or a ground radio beacon and a radlo receiver on the
alrcraft are both examples of an angle-measuring system.

Automatic Direction Finder (ADF). The automatic direction finder, .

often simply called a radlo compass, consiéts of sn airborne radio
receiver with a directional (loop) antenna. The strength of the
régeived signal is minimum when the plane of the loop is perpendicular
to the directién té the station.

The ADF has the advantage that 1t does not require any'special
ground transmitters. The ADF may be used with any radlo transmitter
operating wilthin the frequency range of the ADF recelver. Special
airfield radio beacons are used to direct the plane to the field by
ADF. 'The ADF indicator shows the relative bearing of the radio
station measured from the Iongitudinal axis of the aircraft,exmended,
to the directiom to the station. To fly toward the station the pilot
simply maintains a null reading on the bearing indicator.
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Fig. 29. Acceleration indicator for
takeoff control system.
N N

3 b o
Fig. 30. Position determination: a)
angle measuring; b) angle-distance
measuring; c) distance measuring; d)

distance difference measuring (hyper-
bolic).

q

Fig. 31. Heading-
bearing indicator.
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Filg. 32, Flight along a planned course: 1,
2, 3, 4) positions of aircraft on the true
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Radio Beacon. The~radio‘beacon 1s a special gfdund-ldéaiea*radio '

transmitter with directional radiation providing uSUally fwo or four
beams . 7
UHF Omnirange‘(VOR) radio beacons make it poséible to determine
the directlon to ?he station from any point wlth angular measurements
accurate within 3—40. VOR operation is limited*to a distance of
about 300 kilometers since vhf signals are limited to 1line of sight
use. .
‘ The signal from the radio beacon is picked up in the aircraft by.

a receiver and then presented aurally or with a null indlcator.

" In distance measuring systems the LOP i1s a circle with the land-

mark at its center. The accuracy of measuring the distance to the
landmark 1s independeht of tﬁe distance. One LOP alone does not give
complete navigational infgrm&tion. In order to determine d fix a
second parameter 1s needed, namely the bearing or distance c¢f another
landmark. .

The two LOPs (circles) intersect in two points; therefore in
order to determine which one the plane 1is located at, additional
information is required. The accuracf of the fix depends on the angle
of iIntersection of the circles. ‘ |

The most wildespread distance measuring system is the celestial

navigation system which uses LOPs which are circles of equal eleva-

tion. The geographlc position of a star is the cegter of a circle of
equal elevation. This angle 1s called theé elevation of the.star and
is measured with an alrcraft sextént. Having measured‘the elevation
of fwo stars and determined thg coofdinates of their gengaphic lo-
cétibns from a special table, it 1s possible to chart the correspond-

ing circles of equal elevation and determine a fix from their point
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of intersection.

The accuracy of celestial navigation methods is increaSedrsiéf
nificantly by the use of sextants which are stabilized with respectr
to the plane of the horizon, automatic photographic servomechanisms,
and digital computers to speéd necessary calculations.

In angle-distance measuring systems the bearing and distance of

a single landmark are measured at the same time. The accuracy of this
system depends primarilﬁ on the accuracy of bearing measurements and
is therefore best sulted for short-range navigation.

The American short-range navigational system Tacan is an angle-
distance measuring system. Tacan uses an SHF ground beacon in com-
bination with radio-distance equipment. Bearing accuracy is 1°,
Distance 1s determined from airborne interrogation by measuring the
time interval between the transmission of the pulse from the ailrcraft
and the reception of the reply pulse from the ground station. Dis-
ténce measurement is accurate to about 150 meters.

The hyperbolic radio navigational system includes at least three

ground statlons which are plotted on speclal charts together with
hyperbolic curves of equal distance from two of the stations. This
system is used both for short- and long-range naVigation and deter-
mines alrcraft location with great accuracy. Its main disadvantages
are the need of special charts showing time-difference hyperbolas and
of complex 1ndicating equipment, and the difficulty of obtaining
information concerning a specifig line of flight.

Moreover, each determination of a line of position requires a
certain amount of time. If a fix 1s determined from two LOPs then
obviousiy in order to determine their point of Intersection the line
determined first must be displaced parallel to itself éiahg the actual
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groﬁnd path by an amount -equal to the distance cdvéredfbjjthé‘aircraft

during the-time interval between the determinations of the  two LOPs.

Since the actual ground path and ground speed are not usually known

e e A PR RTINS

with sufficient accuracy, the fix wlll only be approximate. The

error obtained will be directly dependent on the length of time .
between measurements and on the flight speed. . !
For modern high-speed aircraft only navigational systems in which

the LOPs can be obtalned simultaneously or in which sufficient infor-

mation may be obtained without determining the location of the aircraft

are of use.
Dead Reckoning

If an aircraft flies in a known direction at a know speed from
the starting point of a route at which the coordinates are known then

'its subsequent location may be determined by multiplying the speed by

ot Agp i AT At e L o et e et

the flight ﬁime. More precisely, the distance covered is equal to the
integral of velocity with respect to time. ~The error in determining .
the locatlon of the plane 1is proportional to the distance and reaches
a maximum-near the termination of the route. -
Of late, means for determining gfound speed and.drift angle have

been inadequate; thus dead-reckoning (navigational) systems have
played a secondary role in case of failure or more accurate means,
and have been periodically corrected by using those meéns.

. The present use of accurate computing devices énd radar doppler
measurements of ground speed and drift angle has significantly in-

creased the accuracy of the dead-reckoning system. It 1s belleved

% that doppler radar may be used even when there 1s a need for secrecy
| in military, operations since it radiates energy in a narrow beam. at a

1arge.angle to the surface of the Ea?th and consequently may only be
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detected in a small area for a short period of time. A,ﬁgrt_of*thé:
energy reflected from the.groﬁnd belowﬁ is returned to the'aircréft.
By changes in the frequency of the transmitted and reflected signals
1t 1s possible to determine the speed of the plane with respect to
theAreflecting terrain, l.e., the ground speed, with an accuracy of
0.5-1%. If two beams are used the drift angle may be determined with
accuracy of O.5°. .

Headling in a navigatilonal system 18 determlined from a compass
which is elther magnetilc, gyroscopic, or astronomical. Heading

systems are based on elther a distance-reading gyromagnetic compass

~or a distance-reading flux-gate compass in which the axils of the

gyroscope 1s maintained in a fixed direction by means of a flux gate
which measures the Earth's magnetic field. At high latitudes these
compasses are switched to directional compass operation, i.e., without
magnetic correction. Magnetic compasses are used malnly as éupport
Instruments éince they are not very accurate and cannot be used in
polar regions.

Despite all improvements, compass accuracy does not exceed 0.75o
or about 1.3%. This error limits the accuracy of all systems of dead

reckoning.

Inertial Navigation Systems

The idea of lnertial navigatlon is very simple and has been
known for a long time. The position of the aircraft is determined
in the same way as in dead reckoning but the measured parameter is
acceleration,which is integrated twice with respect to time.

The acceleration of an alrcraft may be measured with great

accuracy. However the practical realization of an inertial navigation
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system inyolves Severél technical difficulties. 'An g¢del¢tbﬁéﬁ¢fwlagr

cated within the gravitational fleld of the Earth is not able to dis-
tinguish airplané acceleration from gravitational acCelerationg hehcé
the accelerometer mﬁst be accurately maiptained in a horilzontal plane
80 as not to detecy the force of gravity or in a .vertical position

to make compensation for the force of gravity as.easy as possible.

In elther case it 18 necessary to accurately determine the vertical.
For this reason the so-called Schuler pendulum is used in inertial

systems rather than the common pendulum (which deviates from true .

vertical under the influence of a horizontal acceleration). The
Schuler pendulum is a pendulum which has a length equal to the radius
of the Earth and its mass logaﬁed at the Earth's center. Such a
pendulum is not subjedt to tﬁe Influence of acceleration and always
remalns vertical. TIts péiiod'is equal to 84.4 minutes. : '

In the aircraft thé Schuler pendulum is produced in the form of
a platform with accelerometers which, by means of a servomechanism,
swings at aﬁ‘angle which corresponds to the distance covered by the
aircraft. As a result of the inaccuracy in measuring the vertical,
1t begins to osclllate with respect to-the horizontal plane with a
period of 84.4 minutes. Thus the error acquires an oscillatory
character and will be cumulative with: time.

The platform with. the accelerometers 1s stabilized by gyroscopes
which are orilented with respect to stationary stars. The'accuracy
of these gyroscopes determines the accuracy of operation of the

entire inertilal navigation system. It 1s pointed out In the literature

% that oniy in recent years have gyroscopes been produced which, can o

gatisfy the requirements of an inertial navigatlion system. AL

present there are gyroscopes avallable with drift rates (deviation

Ty
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of the main axls from an initial direction) of the'ofdér df O.Qi 7
degrees per hour. Drift'of the gyroscopes yields'aﬁ error which_is'
cumulative with time. Consequently, purely inertial systems are
frequently combined with astronomical aids (astrogyro-orienter) and
doppler'radan which periodically regulates the operation of the

inertial system.

Indication of Navigation Parameters

The pilot or navigator is not required to understand how infor-
mation is reduced in the computer. His job 1s to rapidly understand
and méke use of the information provided in order td control the
aircraft. Above all he must know what to do at any moment in order
to arrive on target and then know what the position of the plane 1s
with respect to the terminal point of the course.

. The extent to which an& navigation system answers to these needs
depends on the iInformation which 1t prdvides and on the way it is
presented to the pilot. Digital readout 1s now being used on most
navigation instruments with the exception of direction indicators,
which are clock-type or have a moving scale.

Output data from the navigation system most frequently indlude:
bearing and distance of a landmark (intermediate or terminal point
of a course); distahce covered over a given line of flight and the
linear lateral deviation from it; and the location of the aircraft
on a map of the terrain being flown over. Heading and true track
angle are also indicated.

If the pilot is set the task of flying to a predetermined point
(target) in the shortest distance, then it would be of valué to him

to obtain information concerning 1its bearing and distance.
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Bearing 1s indicated by an arrow which is concentfiqélly~mouhted;
with,respeét to a rotating heading scale (tréck angle)} Heéding;is
read from the scale divisions opposite the heading marker which is

located at the top of the instrument (at the 12 o'clock position) and
bearing 1s read from the needle and the divisions on the scale (Fig.
31). Tb arrive at a glven landmark the alrcraft is turned until the
bearing needle coincideg with the heading marker without the pilot

" having to estimate the true bearing. The distance is registered on a
digital counter. -

Using such an instrument 1t 1s possible to approach a PAR (pre-
cision approach radar) station from any desired angle by manually set-
ting the proper bearing on the instrument.

If the alrcraft has deviated and it is necessary to bring it
onto a given course, then the distance along.this line and the lateral
deviation may serve as the navigation parameters. These parameters
however do not indicate to the plilot what dﬁrection to fly and thus .
are usually supplemented with a heading command slignal. The computer
forms this signal from 2 components: .1) the difference between the
predetermined énd the actual track; 2) the lateral deviation from the
glven track. Oriented by the final command signal, the pil&t may
direct his plane along a smooth curve to the prescribed track (Fig.

327\H At point 1 the alrcraft is flying off course to the right. Both

error slgnals require a turn to the left. At polnt 2 the plane 1is

flying parallel to the planned course, and the track-angle error
signal is zero whlle the left-turn command signal 1s determined by the %%
% signal of lateral deviation. Beyond point 2 the track-angle sigrial é‘%
calls for a right turn, l.e., counberacts the lateral deviation sig- !
nal. - At point 3 these signals cancel and the command éignal’becomeg
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A right-turn signal then begins to predominate and:the*éiférafﬁ

smoothly enters the planned course.

Figure 33 shows a typical indicator for this type of navigational

St R R Y SRR

H system.

Fig. 33. Integrated navigation
Instrument.

Heading and bearing to the ground marker 1is read the same as
from the instrument shown in Fig. 31. The bearing to the ground
marker (the angle between the heading mark and the bearing indicator)
serveé as a measure of course-line deviation.

‘ Lateral deviation is indicated by a segment from the center of
the bearing indicator which moves perpendicular to it. When the
alrcraft 1s on the planned course this line segment coincides with
the rest of the bearing 1ndicator, which in turn points to the heading
mark. If the aireraft is not on the planned course then it must be
turned to bring thé lateral deviation line into coincidence with the
heading line (between the heading mark and the "airplane" in the
center of the instrument). Figure 33 shows the instrument,indicating
the position of the alrcraft as at point 4.1n Fig. 32. If the lateral
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deviation segment is thought of as the planned course then it can be

seen from the instrument (looking at the aircraft position indicator)
. where the alrcraft is located (to the right of the planned course and
approaching it at an angle of 30°).
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Automatic indication of the aifcrafth'poéit;qn,oniaﬁmap;isfuséd; -

 mainly for special purposes. This method haé'the'digéa#énfage'tﬁétr"
the ﬁap must be small so that it can be unfolded inside"the;caﬁinr
Consequently it wiil be a map of a very small area or of inadequate '
small scale. »A.m§p can, however, be used.to indicate a tactical situa-
tion showlng the positions of several planes at.once and 1s the only !
means of visual indlcation that can be used wlth hyperbolic navigation

systems. For this purpose rolled maps which are wound along onrollers

. as the plane progresses are usedt Maps are convenient for use in

search and rescue operations,especlally i1f the course is plotted.
_Descent

When descending from.level flight at a predetermined altitude

and at a predetermined sﬁéed‘it is necessary to adjust the ‘engine rpm

and with a smooth action push the stick forward so that the. “"airplane" ©
In the attitude indicgtof comes below the horizon line by the amount
of the requifed piteh attitude appropriate to the forward speed and
the rate-of-climb Indicator reads the required value. To reduce the
. rate of descent by pulling the .stick Béqk it is necessary to establish

the rated value of vertical speed and simyltaneously Increase engine
speed to that required.

In thls case the angle of.pitch'is reduced.

Deviation from given descent conditions is prevented in the

same way as deviation from level flight conditions, but the "airplane”

in the attitude indicator remains in a position which corresponds to
: the.descent conditions rather phan coinciding with the hdrizon line, '
§ and the,rate-of—climb indicator shows the required vertical speed. b
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The order of reading instruments during.desceht-is és féilowsﬁ
attitude indicator — rate-of-climb indicétor — speed indicafor; |
attitude indicator —~ rate-of-climb indicator —-compaés; attitude
indicator — rate-of-climb indicator; attitude indicator — turn-ang-
bank indicator — altimeter.

The pilot must turn his attention perlodically to the engine
controls. V

Allotment of attenfion to instruments during descent depends on
the altltude of the aircraft. -When descending from high altitudes
attention is centered on the attitude indilcator, speed indicator, and
rate-of-climb indicator, and as the ground is approéched attention is
directed to the attitude indicétor and the altimeter (while maintain-
ing a fixed rate of descent and fixed heading).

Flying an aircraft equipped with loading mechanisms in the con-
trol system has one speclal feature. In some of these systems lower-
iﬁg the landing gear switches on the takeoff-land loading mechanism
which results in a reduction of stick pressure and_control becomes
easler, which makes 1t more difficult to maintain the conditions of

descent.

Landing

The main tasks in landing are bringing the aircraft into an

approach heading, safe descent, and touch-down on the runway. The

most Jmportant and dAifficult of these is descent prilor to touch-down.

Landing is accomplished either by means of instruments which
utilize signals from a ground radio facllity or which operate auto-
matically, or by means of command signals from the ground (;n which

case the pilot uses automatic airborne equipmenﬁ).
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In order to land successfully and to land in bad weather every

s TR SV

pllot must be well acquainted with the special features of 1nstrument e
flying. '

The essence. of landing from clouds with the use of standard
airborne equipment, ground stationed localizer transmitters, and
marker beacons is as follows: the pilop, being in clouds, guides his
aireraft to the outer marker (located about 4 kilometers out along
the axis of the runway extended) by following indications of heading

from one of the beacons (outer marker) -or using a bearing indicator

to that station. He then completes a maneuver to bring him_on a
course opposite to the 1anding course, the pllot being informed of the
direction of the landing course from the ground by means of radio
direction finder indications. A heading opposite to the direction of
landing is maintained for a distance (determined by timing) which will
ensure downward penetration of the clouds and emergence below the
clouds at a height of 200 meters and at a 30 second flight distance
from the localizer transmitter. In accordance with fhe passage of -
the estimated time, the plane 1s turnad tc the landing heading and
begins to péneﬁrate the clouds in the direction of the outer marker.

When the outer marker is reached (this is indicated by a siren or
triggered by the marker receiver) the pilot switches the automatic
direction finder to the inner marker which is located 1 kilometer from
the end of the runway and continues to descend along the approach
heading.

The marker receiver is again triggered as the plane. reaches the
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immer marker (the aircraft at this point is at ‘a height of 50-T70

,maters). After passing the inner marker the pilot converts from 5
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instrument to visual'flight and sets_down visually. At the moment of
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touchdown the bank of the aircraft must be zero and the longitudinal

axis must colncide with the axis of the runway.

X When there is a cross-wind the pllot must turh the longltudinal

axls of the aircraff to compensate for the drift angle. In this
case, In order to avoid objectionable lateral loads on the landing
geaf 1t 1s necessary, before tduching down to turn the alrcraft
(dgliberately having bénked or turned) so that the longitudinal axis
will be parallel with the axis of the runway.

Landing requires a great deal of effort on the part of the pllot

and he must continually direct his attention to a number of instru-

ments or a number of groups of instruments at the same time. Even

during descent prior to touching down he must watch the compass,
attitude indicator, speed indicator, altimeter, and other instruments.

Investigators of the higher nervous system of the human being
have established that when carrying out a number of activities, one
of them remains dominant. The person's attention 1s thus concentrated
oﬁ this one thing and digresses from the other activities. In flying
practice this phenomenon may .be obsefved when, for example; flaring
6ut to land. For some pilots under conditions of this nature percep-
tion of indications on the compass becomes dominant while at the same
time variations in the indications of the altimeter, speed indicator
and other instruments go unnoticed.

Being aware of these speclal features every pllot must with
conscilous, détermined effort direct his attentlon to carrying out all
required activities even at moments when ﬁhey seem secondary.

In bad weather when the cloud celling is less than 400 meters
and horizontal visibility 4 kilometers or less one of the following

maneuvers ls required in order to approach the runway after flying
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over the outer marker: - standard turn, circle above the marker; or

standard rate turn.
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Standard Turn. In order to land using a standard furn'it.is
necessary to guide‘the alrcraft to the outer marker at a height of ( :
200 to 300 meters'above the clouds by means of the radio compass. At
the moment of entering the marker, the time is noted with a stop-
watcﬁ, the plane is turned to a heading opposite to the direction of
landing and thls heading 1s maintained for the period required to
peﬁetrate down into the cloud. A standard turn is made‘in the re- .
quired time an& the aircraft 1s bfought.into a final approach heading.

A standard turn is performed at a bank angle of 15 or 506
as follows: within a predetermined time the aircraft is turned 80°
to the right, then puﬁ into a left bank and held there until the
relative bearing of the redio'station is zero and the magneticAheading
is the same as the appreech‘heading.

When the. standard turn has been completed the landing gear are
lowered, the'flaps drepped 20° and the speed brakes operated. The
radio altimeter is then switched to low altitude operation, the air-
craft is balanced at a speed establisheq for cloud penetration, and »

descent begun.

Circle Above the Marker Individual’aircraft as well as forma-
tions, if they arrive at the outer ﬁarker at an angle of iﬁs? or
greater to the approach heading fly a circle over the outer markey.

Having determined from the automatic-direction finder (ADﬁ) the
mqment of passage over the outer marker, the pilot puts the aircraft
iﬁte a turn at a 300 bank. As soon as the aireraft again begins to .
intersect the landing direetioe at the outer marker, i.e., when the

- station bearing has turned 270° to the left (90°Mto the right) the

AR g AT AN O T R T R e T e s it S £t S AR S S o i g 51 £ U 5 i T3 B R RIS s 0098 P ngensre it TR




AV e i+

o N B

angle of bank must be reduced to 15° and the tu:n'contihgedﬁj'i@gthis
case the ADF indicator 1s held to the station bearing equal to‘27d°
(or 90°) by decreasing or increasing the bank angle until theraircraft
is on a heading opposite to the approach heading. Roll-out from the
turn must begin about-5 to 10° before reaching this heading.

With a heading opposite to the landing heading, the pilot con-
tinues flight for a specmfied period of time after which he does a
180° turn 1in the same direction as that over the outer marker with a
bank angle of 300, coming on to the approach heading in the dlrection
of the outer beacon.

The direction of heading ovef the outer beacon 1s determined
from the side of approcach to the outer beacon with respect to the
direction of the approach heading. When approaching the outer beacon
from the right it is necessary to turn to the right and vice versa.

Standard Rate Turn. The standard rate turn is the basic method

of accurately coming onto an approach heading. It is distinggished
by its simplicity and the minimum time required for its completion.
A standard rate turn is aécomplished when an aircraft (formation)
approaches the outer marker on a heading which differs less than
i#5° from thét opposite to the approach heading.

The essence of turning to land with a standard rate turn is
found in the fact that after flying over the outer beacon the aircraft
is turned by a prescribed angle, and during a predetermined period
of time with a specific forward.speed leaves the plane of the runway
(final approach heading) to a distance equal to twice the radius of
turn of the alrcraft at an angle of bank of 15 or 300.

The size of the standard rate turn depends- on the flight alti-
tude, the bank afptitude, horizontal flight speed, and rate of descent.
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During a preset period of time the'plané,tufhs,’bank&ﬁg;iSEOrhab?étff

S

by an amount equal to the angle of turn plﬁs 1800, and‘the"AﬁFaand'
compass indicate that the aircraft is on a final approach heading. -
Bombers, transport, civil and certain other ailrcraft compleﬁe
the finai stage before landing (descent along the final approach) by
means of heading and glide-slope beacons and airborne instruments to
measure the deviation from the heading and glide-slope zones. The

use of heading and glide-slope beacons permits relatively accurate

final approach.

The Instrument that measures déviation from the heading-glide-
slope zone (ILS indicator) determines only the direction in which the
center of gravity of the aircraft has deviated from the gl;de path
and to some extent the angular magnitude of the deviation. Conse-
quently, as compared to flight according to a directing instrument,
IIS flight in the glide-slope zone requires greater effort and can be
performed only by an experlenced and suffiqiently trained pillot.

The needles of the ILS indicator move to the center of the scale
only when the alrcraft is on the glide path. ~The rate of displacement
of the needles 1s proportional to spéed with which the alrcraft
approaches the glide path. The pilot must Judge for himself when to
turn so as to intercept the glide path.  When there 1s an indeter-
minate cross-wind thls may be very difficult to decide and the air-
crafﬁ may either overshoot the gllde path or else intercept 1t very
slowly.

It is considered that much better results in intercepting and
maintalning the glide slope are obtained by the use of a director
(command) instrument which receives ;nforggtion!from the ILSiindicator,
the ﬁrack-deviation indicator, and tpe bank indicator.

! »m¥4¥¥“'ﬂTﬁe”ﬁéﬁhéd“ﬁf“iaﬁding“hy‘edmmand‘frdm;the"ground-by>meansvo£<~»w~
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airborne‘eqﬁipment'consistS'of the~follQﬁiﬁgé‘ cqpménds;Whighfaigrthgﬁ"

pllot,who is controlling the flight by means of automatic éirborne
equipment, are received by radio from the airport and help him guide.

-

the aireraft to the réquired final landing approach.

WA PR 1 T R S P S a e o v -

To generate these cgntrol commands from the ground, radar sta-
tioﬁs are ususally set up at thé airport; these make it possible to
de@ermine the error beéween the actual and the required position of
the aircraft on the landing approach.

In order to simplify flylng in this case, either manual control

according to a director instrument receiving information from the

ground or automatic control, whereby ground command could control
the autopilot directly, might be used. The required commands could §

be developed'by a computer on the ground and automatically transmitted

to the aircraft.
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III. INSTRUMENT FLYING UNDER SPECIAL CONDITIONS

Consideration has been given above to some of the peculiarities
of Instrument flying during various stages of fiight. The de%ermining
stage of a combat flight 1s the accomplishment of the objective sget:
bombing, attack of.an‘air taféét, ete.

Detailled conéideratién of thg military application of aviation
1s beyond the s§0pe of this book. Therefore we will considgr only
certaln cases which are of interest from the point fo view of the
application of fiight—navigation instruments and the speclal features

of flight during combat maneuvers.

Low-Altitude Bombing

Unlike horizontal and dive bombing, ih low-altitude bombing the
bomb is thrown off as the aircraft climbs. This method permits the
alrecraft time to escape the blast zone, thus assuring the safety of
the plane and its crew.

There are three methods of bombing from low altitudes;¥* bombing
from a sharp climb with the bomb cast at an angle of 45-60° (Fig. 34a),

"over-the-shoulder" bombing (Fig. 34b) and bombing from a vertical

. iAviatioﬁ;WEek, Vol. 66, Nos. 3 and 22, 1957; Flug Revue, No. 3,
1958; Interavia Review, No. 3, 1959.
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climb (Fig. 3k4c).

Fig. 3%. Low-altitude bombing: a) lob;
b) "over-the-shoulder"; ¢) vertical.

The first method does not require the aircraft to fly over the
target, making surprise attack possible.

A landmark serves as a starting point for calculating the time

up to the beginning of the bombing maneuver: a half-loop with a turn

about the longitudinal axis. The bomb 1s released at a predetermined
angle to the horizon. The exact angle depends on the distance from
the target, speed of the alrcraft, and the ballistic characteristics
of the bomb.

When bombing from a pullup the pilot determines from speclal
tables the time required to reach the required pitch attitude after
the beginning of the maneuver, taking into accouht the combat load.

Then, proceeding from this time he determines the moment when after
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passing the starting point it Is necessary to begin the;halfsloop,

"Over-the-shoulder" bembing 1s used when the visibility is ‘bad
or when thé nature of the locality requires the crew of the plane to
pass right over the target in order‘to identify 1it. '

This method uses the target ltself as the starting point. Just
as in the previous method the éircraft does a half-loop but the bomb
i1s released when the pltch attltude is éreater than 90o so as to
describe a trajectory which Intersects the trajectory of the aircraft
at the point of departure from the Palf—loop.

The magnitude of the plteh angle at tﬁe moment of release of the
bomb depends on the speed of the plane and the ballistic character-

. 1stics of the bomb.

Bombing from a vertical climb (pitch angle of 90°) 1s used for
attackling targets whose exact locatlions are not known and which must
be first identified.

Individual instruments (bank, pitch, heading, and indicators)
or combined instruments can be used for low-altitude bombing.

A typical US combined instrument (Fig. 35) incorporates both
flight and bombing parameters and indicates heading, pitch and bank
attitude, command signals for performing the bombing maneuver; as
well as actual-and predetermined values of vertical g—forces. The .
indicator system and gyroscopic detectors ‘(heading gyro and vertical

gyro of the instrument) rotate freely about all three axes.

Another indicator has been developed in the US (Fig. 36) which
séfVes as a flight-dlrecting instrument and is suitable for use in
military and civil aircraft as a combined flight-navigation lnstru-
ment. It 1s equipped wlth a pair of intersecting bars for indicating

signals from a radib navigation system and with a small pointer on

_the left side to indicate the position of the alrcraft with respect

RN - - -4 - v - - . - . - -
to the glide path. A turn-and-bank indicator 1s mounted below the

... main spherical indicator.
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Fig. 35. Combined instru- Fig. 36. Director instru-
~ment for low-altitude - ment for low-altitude
bombing. bombing.

The 1ﬁdicator contains a spherical scale 102 mm in diameter,
within which there are two small-scale servomechanisms which correct
the'position of the sphere for azimuth and pitch attitude. A flat
disk which separates the sphere into two parts 1is supported at two
points for free rotation about the plane of bank. ‘

This provides the spherical indicator with three degrees of ro-
tational freedom and it, in effect, floats inside the instrument
housing.

In order to create the illusion of visual flight, the upper half
of the sphere 1s given the blue color of.sky while the lower half is

givén a dark color and is provided with light-colored lines of per-

_spective to give the impression of depth (perspective).

The heading scale 1s marked off along the equatorial line with
divisions of 52,and in the region of large positive and negative
pitch angles,division lines are laid out at 300.

The bank scale is marked out on the rim of the indicator. The

range of measurement 13.300 on either side of zero, each division
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being equal to 10

The special feature of the instrument shows up at pitch attitudesr
exceeding 170 . Under these flight conditions the bank angle scale

g o T RS

divisions automatisally disappear from the rim of the instrument so
that the pilot mgst control the ailerons according to changes in
heading and not bank angle. As soon as the pitéh attitude returns to
1700 the bank angle divisions again appear on the scale.

It 1s pointed out that such a three-dimensional system_of indi-
caéing the flight pafameters 1s more 1n keeping with the psychophys-
lological capaﬁilities of the pilot. ‘ '

For night operation this instrument 1s eqﬁipped with é sﬁecial
lighting system. The semitransparent spherical scale and the plastic
rim with the bank scale are illuminated by a red 1ight.

Iet us consider a loﬁ altitude bombing sequence (first and
second methods) with thé.use of the combined indicator after the
aircraft has entered the target area (Fig. 37):

1) the pilot brings the aircraft onto an attack heading
(in the direction of the target);

2) at the check point the pilot presses a button on the
control stick which readies the bombing systems and
starts an intervalometer;

3) with the elapse of a predetermined interval of time
the intervalometer provides an attack maneuver command
at which time a signal is heard 1n the pilot's headset,
an Indicator lights,and a command index on the vertiecal -
accelerometer (on the scale of the combined indicator)

is displaced downward under the influence of the timing .
mechanism;

4) pulling back on the stick, the pilot maintains a pitch
attitude at which the ball of the vertical accelerocmeter,
which indicates the actual g-forces, remains opposite
the command index (triangle); at the same time the pilot,

so a8 not to deviate from the heading, maintains zero
bank;

-86-

sh o B HTIVRE SRR TR L I

¥ R BN LA U i b T B A




terspar e NS TR S R e ey

5) when the required pitch attitude is attained the bomb
is released automatically, and the signal light on the
accelerometer goes out, indicating that the bomb has
been cast offy

6) the pilot completes a Nesterov half-loop and heads for
home.,

Attacking an Alrborne Target

Using fire-control systems, attack of targets in the alr may be
accomplished either alohg a curved path or on collision and intercept
courses.

Basic diagrams of foreign fire-control systems for one- and
two-seat fighters are shown in Fig. 38.

_ Before the fighter begins attack of a target 1n the air it is
necessary to bring i1t into the area of the target (distant guidance)
is sucﬁ a way that the relative positions of the fighter and target
w;ll allow successful accomplishment of the subsequent stage of flight
— attack (close-range guidance). Command from the ground 1s usually
used to bring the fighter within range of target detection by the
alrborne radar.

Formerly, commands from the ground were radloed to the pilot.
Flying by this means of communicatlon was unsatisfactory. During a
turn to accomplish a ground command manual flight entalled dynamic
errors in heading (20-30°) and great delay (10-30 sec). In addition,
with a too-slow command transmission (each 20-30 sec), in the inter-
vals between cdmmands bank attitude changes constantly from maximum
to 0°. as a consequence, the plane does not follow a smoqth curve but
moves along a trajectory which has straight portions. As a result,
the turn 1is protracted and the 1ntercept point shifts. It is assumed
that guidance would be improved 1f the. heading commands from the ground
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were recelved more frequently (e.g., every 10 to 15 sec) and an
L additional bank command were added.

1

error Mmmgarhn:dui 45° '
k;bu&onnr-hmnalﬂu ‘\v o1imb

50 olinb
sombined instrumrt as a heading chends i A

Fig. 37. TLow-altitude bombing systems.
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Fié. 38. thctional di
for fighter ailrcraft:

ram of fire control systems
one-seat; b) two-seat.
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The accuracy of carrying out commands from ﬁhe,groundimightfﬁe
increased by using a system to automatically transmit them difectly
toxan alrborne indlcator. These commands are procesged by a speéial
ground-stationed computer, the input of which 1s provided with infor-
mation concerning the.coo?dinates and parameters of motion of the
targét and of the fighter from ground radar surveylng the alr situation.
Output information con;erning the required heading; bank attitude,
and alr speed of the fighter, as well as the difference between
altitude of the target and the fighter, 1s transmitted to the fighter
over a radio communication channel 1ﬁ a coded form. Here the signal
is decoded and fed to visual Indicators. The indlicators as a rule are
ordinary instruments — heading indicator, altimeter, speed indicator —
containing a bullt-in system of reducing the received commands and a
corresponding pointer or adjustment index. Commands from the ground
are recelved at the indicator in discrete form rather than continuously
and the frequency of transmission of commands depends on the rate of
rotation of the ground radar antenna, the load of the radio link,
and the flight characteristic.of the target (with or without maneuvers).

Observing the instruments, the pilot can fly the fighter in such
a manner that at any moment of controlling, the current. values of
speed and heading colncide with the command values, and the difference
in altitude of phe target and fighter approaches zero.

Bank attitude commands cannot be Introduced directly onto the
attitude indicator but are shown on a speclal illuminated panel. In
some systems the distance to the target 1s also presented on a par-
allel panel.

When- interception of a target is belng controlled from a dis—

tance, director instruments may also be ugsed. In this case abnull—
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indicator with a scale intersected In the middle with index pointers

may be used as the indicator of the required flight trajectory of the
fighter. ’ '

When the fighter has reached the area of target detection a sys-
tem of near control with an airborne radar is put into operation (the .

fire-control system). Let us consider attack with rockets.
Theoretlcally, an attack can be made from any direction if

fighter and target are at the same altitude; the best angle for attack
is one close to 90°. In this case, the target image 1s more distinct
on the radar.

In the middle of the instrument paﬁel before the pillot is a

radar screen (Fig. 39). During search operation the radar én%enna
slowly moves from right to left and simultaneously a sector survey is
msde in the vertical direction-and synchronous with 1t a vertilcal
bright line sweeps thé indicator screen. Superimposed on this image
are lines similar to theféttitude_indicator Indices, which permit the
pilot to fly according to the screen while only occasionally looking
at the speed Indicator and other instruments. Wwhen climbing, the
pilot looks past the screen. At the same time the ground-control
statlon operator informs him when he should expect to get a target
indication. At a distance of about 40 km from the target an echo

from the target in the form of a spot appears on the indicator screen.
Distance and azimuth of the target are determined from the position of

the spot on the screen, the vertical deviation of the marker corre-

"sponding to the distance to the target and the horizontal displacement

(to the left or right) corresponding to azimuth. Having identified
the target, the plilot stops the antenna hqrizontal sweep mechanis;,
manually places the vertical line on the target marker and presses
the ‘"lock-on" button on the stick. The target marker begins to grow .
1arg§r and the radar begins to ‘automatically track the targetl |
When the radar 1s switchéd from éearch to tfack operation, a'

- sighting cirele and-a sighting -point appear on -the screen. . At first
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the sighting circle has a large diameter. A gap in its c:pi*Cumfe:qeriéé, '
whlch corresponds to a point on the circular scale 1ocated on tﬁe'
perimeter of the screen; Indicates the speed with which the fighter

1s approaching the target. |

The pllot maneuvers so that the target point coincides with the
center of the sighting circle. Thls indicates that the aircraft is
following an attack course. If, for example, the sighting point:is’
located to the right aﬁove the center of the screen then the pilot
must turn the fighter to the right and climb.

When the distance between the fighter and the target reduces to
20 seconds before open fire, the sighting circle beéins to decreasé
to the dimension of the sighting point. From this moment on the
pilot must direct the alrcraft accurately sincelthe moment of firing
is approaching. At %4 seconds to‘firing a signal appears on the screen
which requires pressing the firing button. The pilot must before-
hand determine the number of rockets to be released. In response to
the signal from a calculating device, the rockets are released auto-
matically and a cross appears on the screen to signal withdrawal from
the attack. If the pilot is not able to accurately direct the fighter
to an atftack position then a cross aléo appears on the screen but the
rockets are not released (the attack 1s scrubbed).

The rockets approach the target with a much greater speed than
the fighter and so the pilot may, after the salvo, continue in
straight flight at the previous altitude without fear of collision
with the bomber.

A frontal attack will certalnly entall abrupt c@anges in course
or sharp lncreases In altitude either automatically or manuélly by
the pilot. | | |
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The conventlonal repréééntation
of the relative position of the
target and the fighter on the screen
of a radar sight may be different.
In particular, for a more qualita-
tive manual flight of the aircraft

during near guidance of the fighter.

Fig. 39. Radar sighting to the target, director (command)
indicator on the pilot's :
instrument panel (USA). markers may be suppiied on the

screen (the control system would
require a special computer for this).
- The stages of near guldance, attack and departure from the
attack might be made completely automatic on a piloted alrcraft. 1In
this case the pilot would have simply to fly by instrument and the

aiming screen to accomplish the required attack program correctly.

Departure from a Complex Situation

When flying by instrument beyond the visibility of the horizon
or of landmarké, the pilot may be confronted with conditlons when he
will be unable to clearly determine the position of his airéraft in
space. In such cases the pllot, taking into account the cilrcumstances
(espggially the flight altitude), must decide whether to continue the
flight at a normal attitude or to alter 1it).

In order to bring the aircraft out of a complex situation it is
necessary to act in the followlng sequence. First determine the
attitude of the aircraft from the attitude indicator, the turn-and-
bank ;ndicator, the rate-of-climb indiecator, altimeter,'and speed

indicator. 'Then with coordinated moiion of the stick In the direction
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opposite to the deflection gf the turn indicator, bring. the plane
Into st;aight flight, having elimlnated turning and banking of the
gircraft. -After this, bring the aircraft into 1evé1 flight as was
explained abové. |

The distributioﬁ ang shift of attentlon to instruments depends

on the situation created (on the speed, altitude, pitch attitude,
and bank attitude).

Flight Using Support Instruments

Under instrument flight conditions one or another instrument or

group of instruments might, for some reason, become Inoperative. For

example, after completing some advanced maneuver the attitude indica- -
tor may be "dislodged"” or else refuse to operate at all. When the

air pressure detector lines are frozen or obstructed, the speed_
indicator and Machmeter fail to operate. When there are defects in
the static line the altimeter and rate-of-climb indicators (as well

as the speed and Machmeters) fail to‘operate. Under certaln conditions
the gyrocompass (due to power failure, power-matching system failure,
etc.) and the radio compass (electrification of the aircraft, etc.)

may fail to operate. '

The pilot must first of all be trained to rapidly and in time
determine what instrument or group of instruments are inoperative,
and after detecting fallure to know how to convert to other flight-
navigation instruments which support the inoperative ones.

Determination of the moment of failufé of the attitude indicator
1s one of the most difficult things to do in instrument flying,
especially when flying in clouds or turbulence when the turn-and-bank

indicator is'unstablé.
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" Failure of the attitude indicator or 1ts inaccurate indications
(with respect to banking) may be detected by comparing the attitide
indicator indications wlth those of the turn-and-bank indicato¥.
Thus; 1f the pilot‘maintains zero bank in level flight according to
an improperly operating attitude 1ndica£or,,the.a1rcraft wlll actually
be turning and bééin to leave the given heading.which willl be notlced
on the turn indicator and the compass. When turning, an inoperative
attitude indicator results in turn indicator readings and a rate of
héading change on the compasa whlch do not correspond with the bank
value. . | ‘ .

When the attitude indicator 1is not accurétely indicatiné pitceh,
readings on the rate-of-climb "indicator, airspeed 1ndlcator, and
altimeters will nét be invaéreement.

Thus in case of attitudé indicator failure, the alrcraft may be
flown according to the fﬁrn—and-bank in@icator, compass, rate-of-
¢limb indicator, airspeed indicator, and altimeter.

ILevel flight, climb and descent can be malntained using these
Instruments without the attitude indicator. In particular, the
lateral equilibrium of the aircraft can be maintained according to
the turn-and-bank indicator (zero needle reading, ball at scale
center). In this case the plane will have zero bank attitude.

Longlitudinal equilibrium of thé plane may be maintained using
the rate-of-climb indicator (its indications must correspond to con-
ditions of vertical speed) when the forward speed is constant as
controlled bj the airspeed indicator and variation of altitude is in
accbrdéncé wlth the predetermined condition (according to the altim-
eter). |

In order to maintain the longltudinal equilibrium in any
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condition of flight the motions of the wheel (elevator) ﬁﬁst;bé;briéf}
and double. This is'neqessary because when the angle of attack ié
altered the alrspeed indicator deviates somewhat from the flight speed
of the alrcraft. Attempts on the part of the pilot to restore the
given speed‘by deflecting the wheel during a single prbcedure leads

to an abrupt movement of the controls which gives rise to signifilcant
deviations from the glven speed and to longltudlnal oscilllation of

the aircraft. .

Headlng equilibrium 1s maintained using the compass (to keep a
fixed heading).

When there is failure of the airspeed indicatof and the Machmeter
as the result of malfunctlon in the pitot static system, the sensi-
tivity of the instruments to variations in flight conditions drops
and their indlcations frequently drop to zero. Therefore, in order
tp determine failure of these instruments it 1s necessary to alter
the conditions of flight and control 1f according to the attitude
indicator, rate-of-climb indicator, and altimeter.. ‘

When there 1s failure of the airspeed indicator, level fliéht,
climbing, descending and turning may be accomplished using pitch in-
dications on the attitude indicator and engine rpm corregponding to
the rgquired conditions of flight. The required conditions 1n this
case are controlled using the rate-of-climb indicator, altimeter,

compass and turn indiecator.

The most complex element of failure of the alrspeed indlcator is

"descent at low altitudes. The complexity arises from the fact that

ag the flight altitude 1s reduced 1t 1s necessarylto graduaily reduce
the vertical speed and consequent]y to change the angle of a- tack
also. 1In order to maintain a given forward speed during descent 1t

~05-~




is hecessary to increase the engine rpm'apprgpfiately‘for,thésé}v’
changes and - this requires careful attention to the 1nstrumen£ inaicé;
tions and ﬁakes the pilotts task more complex.~ In addition, the
pilot must know accurate values of pltch angle and the corresponding
engine rpm for all conditions, which of course is very difficult.

Faillure in the operation of the altimeter and the rate-of-climb
indicator as a result of disorder in the pitot static system (which
puts the airspeed indicator and Machmeter out of order) is usually
determined from the behavior of the needles of these Instruments. In
level flight the alrspeed indicator, altimeter and rate-of-climb
indicator ﬁeedles are stationary. During a climb the airspeed indi-
cator needle is displaced in the direction of reduced indiecation
{and during a long climb goes to zero) the altimeter needle remains
stationary and the rate-of-climb needle drops sharply to zero. During
descenf the airspeed indicator gradually increases its indicatilon
while the altimeter and the rate-of-climb indicator act the same as
during a climb. .

Whenfthese instruments fail the aircraft is flown using the
attitude indicator and tachometer. A great deal of attention must
also be glven to altitude control using the radio altimeter'and
altitude indicator in a pressurized cabin. It 1s also possible to
agk for the results of altitude measurement from ground radar stations

'Compass and sutomatic-direction-finder failure results in con-
stant heading indications when there 18 an actual change in heading
of the aircraft. These instruments may be supported by ground
direbtion—finder and radar stations.
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IV. NEW TYPES OF AIRCRAFT INSTRUMENTATION

The trend toward easing the piiot's tagsk when flying modern
alrcraft by instrument has caused many engineers and designers to
‘produce new, more complete instruments and instrument systems, and to
arrange the instrument panel and distribute the equipment in the cabin
of the aircraft differently. Samples of these instruments and sys-
tems are already being used in serial production aireraft, others
are still In the stage of experimental development, while still others
remain as Interesting proposals and plans.

Here wé will consider a few exaﬁples of new types of ailrcraft
instrumentation, information about which has been published in the

foreign literature.

Integrated Systems of Flight-Navigatlion Instruments

The English Aviation Institute has developed an instrument panel
with the basic flight-navigation instruments which obtain information
from two centralized pickups: the aerodynamic-parameters central

and the gyro central:

e R 1 e,

The aerodynamic parameters central has two flexible sensing
5 elements by means of whilch the statle and dynamic pressure of a

*
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counter flow of air are measured. The pressure signal‘is-fed’éo a

computer which works out equivalent alr speed.(prOport;onal.tb the
dynamic head, without taking into account variations in the air

“density and compreésibility), barometric altitude (proportional to P
static air pressure), vertical speed and Mach number as well as true .

alr speed.

The gyro central consists of a vertlcal gyroscope and directlonal

gyro and provides piteh and bank angle signals as well as magnetic‘
héading (with corrections from a sensor of the Earth's magnetic
field). : | ‘ . o

In additlon the navigation Indicator may receive signals from .
the radio navigatlon system: %the angle-distance system Tacan and ILS.

Located in the center of the instrument panel (Fig. 40) is the
command attitude indicatﬁf; to the right of this, the navigation indi-

- cator; to the left, the'éltimeter and rate-of-climb indicator; above,

a horilzontal .tape Indicator of speed and Mach number and in the upper *

right, a distance and marker-bearing digital counter (Tacan system).

00 - % - . eu
i U i L i TR L L
3 A ; 6 17" 8
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Fig. 40. English system of flight- ' ’
navigation instruments. .

“y

The attitude indicator is an instrument with a,scfeen'séaie V %1

- which -makes-1t possible to-measure pitch and bank angles even when . .
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the aircraft is in an almost vertical position (i§° frpm’Verticél)}'
A horizontal line bisects the screen scale into two parts: “white
(sky) and black (ground). As the pitch attitude changes the screen
in the instrument window 1s displaced upward or downward so that by
the predominance of black or white‘color it 1s easy to Jjudge whether
the pltch attitude 1s positive or negative and the magnitude of the
angle is determined from marks on the face glass. The screen moves
in a frame which (together with the screen) turns to the left or
right depending on the bank signals. The magnitude of the bank angle
is indicated by a scale on the lower rim of the instrument. Zenith
and nadir marks (the points vertically above and below the aircraft)
are also indicated on the screen,making 1t easier to d;termine bank
angles at a pitch attitude near 90°.

The pilot receives command signals on the attitude indicator by
means of a small circular indicator suspended by thin, almost invis-
ible threads. Displacement of this indilcator with respect to the
face glass indicates to the pilot how to fly the qircraft.

The altimeter is a single-ngedle instrument with a drum counter.
The needle of the instrument describes a full circle every 1000 feet
(305 meters). Scale divisions equal 50 feet (¥5 meters). The
counter indicates thousands of feet. The upper limit of the instru-
ment is 100,000 feet (30,500 meters).

The tape alrspeed indicator and Machmeter are placed horizontally
80 as to better aid the pilot in percelving changes in these param-
eterg. The airspeed scale 1s stationary whille the Mach number scale
automatically moves in accordance with changes in altitﬁde, thus
making 1t possible to take readings from both scales using the same

moving index. For greatér accuracy in the range oflianding spéeds,

__the scale 1s not linear.
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7 . The combined navigation indicator, 1ike the attitude indicator,
1s:proﬁided.with a screen scale dlvided crbsswise into three sections
corresponding to three different conditlons of flight established by
means of a switch, namely: flight according to an automatic direction
finder, according to an angle-distance measuring radio navigation
system, and flight according to a glide-slope instrument landing'
system. For all conditions the screen scale remalns within a rotating
compass’scale from which the magnetic heading is reckoned with respect
to a stationary heading mark at the_top. The use of a rotatling com-

pass scale corresponds to the principle of reading "from the aircratt

to the ground" which 1s used in this system for the attitude indlcator.

This kind of indication 1s more graphic than a statlonary heading
scale with a moving needle in whilch case for headings close to 180°
the needle points downward, 1.e., opposite, as it were, to the direc-
tion of the aircraft. The end of the required-heading needle (with
a square 1ndex) is set manually or autométically,taking into
account the drift angle, and remains visible In all ¢onditions.

In the condition of flight by compass, the portion of the screen
visible on the instrument remains empty excepting for a small circle
in the center which corresponds to the location of the alrcraft
(Fig. 10).

. When flying according to a Tacan system of angle-dlstance
measuring (near—navigation systenQ,‘the scale of the navigation indi-
cator appears as in Fig. 41a. The central circle, as before, repre-
sents the aircraft while the screen 1s located above or below,depend-
ing on where the radio beacon is located: 1in front or behind. The
distance to'the radio beaconvis approximated from concentric circles
drawn on the screen and in addition is indicated with an accuracy of

Sy
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+ km on a digital counter at the upper left of the 1nstrument, Aﬁframé
wlth the screen rotates with respect to the compass scale 1ntsuéh‘a
way that a 1line pasging through the index of the rédio beacon indi-
éates on this secale the bearing of the radio beacon or the alircraft.
(In Fig. 41a the beafing of the radio étation 1s 280° and the bearing
of the airecraft is 100°, 1In order to approach the beacon the plane
must turn to the left 40° since the heading 1s now 320°. The
screen would then turn to the right and the bearing line coincide wilth
the heading mark. In flight the screen will move_downward until the
radio beacon index coipoides with the central circle indilcating the
moment of passage over the station. After this the screen rotates

180° and indicates a heading away from the beacon.)

Fig. 41. Navigation indicator: . a) flight
toward an angle-distance system radlio beacon;
b) flight according to a glide-slope blind-
approach landing system. .
The appearance of the navigation indicator during blind approach
landing 1s shown in Fig. 4ip,
The index of the heading beacon beam appears as two parallel
lines directed toward the azimuth of the heading beam. Thls Index is
drawn on the screen and turns with it, deing to the right or left

in accordance with the linear lateral deviation of the aircraft from

~the heading beam. The azimuth of the runway and the lateral devia-

tion 1s read from a scale attached to the frame carrying the screen
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and seen through a transparent portion of the screen. A single hori-
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zontal line corresponds to the slope marker beam and is operatedﬁby
i a separate servomechanism. The position of the alrcraft with respect

to the glide slope 1s indicated by a central circle (Fig. 41b shows

the airecraft above and to the left of the glide .slope).
The azimuth of the runway is set up with the same knob as the

prescribed course (to set the heading it must be pressed in and to 5

set the azimuth it is pulled out).

Reception of the heading and slope marker signals is indicated

by the lightling of lamps in labeled wiﬁdows below the navigation
indicator.

At the present time in America serially produced supersonic
military aircraft arevalsp ééing equipped wlth new instrument panels
and integrated_flight—naﬁigaﬁion Instruments. Two basic réquirements
were stipulated in the dévglopment of these instrument panels: *

1) all.information provided the pilot by the flight-

navigation instruments must indicate directly what
action 1s required in controlliing the aircraft;

2) the motions of the pilot in controlling the airecraft

must correspond to variations of the flight regime
parameters indicated by the instruments.

To facilitate the pilot's perception of the commands transmitted
to the aircraft by radio from a ground control station the integrated
flight-navigation instruments are lécated on the instrument panel so
that when the required flight conditlons are attalned the indicessof
all the instruments are arranged along horizontal and vertical ref-

erence lines (Fig. 42).

The horizontal reference line corresponds to parameters which ”

; vary during longitudinal control of the aircraft, 1l.e., when the

§ control stick is moved forward and back and when controlling the engire

- =102~
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thrugst. These parameters include: pitch attitude, air speed, Mach

T

number, vertical speed, altitude, angle of attack and acceleratiéh;
The vertical reference line corresponds to parameters which vary
t when the control stick is moved to the left or right (bank angle,
heading, rate-of-turn) as well as parameters of navigation and tactical
condlitions.
In the center of the instrument panel is located a command com-

bined attitude indicator with a spherical scale (Fig. 43) divided into

light and dark portions by a horizontal line. Lines of perspective
are drawn to this horizontal l1ine to simulate the view from the air-
craft to the ground. The horizon line moves with feSpect to a sta-
tionary airplane silhouette accordihg to the principle of indication
"from the plane to the ground." The pitch attitude is read from a
vertical scale above (nose up) and below (nose down) the horizon line
- every 5°. To permit reading greater pitch angles when the horizon
line passes off the face of the instrument an additional horizon
strip i1s connected with the Cardan pitch frame and is always in view
of the pilot. Bank angle is read from the end of this strip along a
scale on the upper rim of the instrument. An ordinary turn-and-bank
indicator is located in the lower part of the instrument.
A command indication 1s made in this attitude indicator in the
following way. On the left is a vertical scale indicating deviation

from the required landing glide slope. A command mark moves along

this scale In accordance with signals from the slope marker. When
the proper glide angle is maintained this mark coincidesiwith the

. center of the scale (opposite the airplane silhouette and along the
horizontal reference line of the instrument panel). The reduired

pltech attitude 1s established by the piiot with a knob located in the
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lower right corner of the instrument and 1s indicated by a horizontal

strip.
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Fig. 42. Principle of horizontal and
vertical reference lines on an inte-
grated instrument panel.’
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Fig. 43. Command combined attitude
indicator: 1) wrong heading-marker
channel signal; 2) no-input signal;
3) wrong slope-channel signal; %)
deviation-from-required-slope index;

. 5) pitch command strip; 6) bank com-
mand strip; T7) pitch knob; 8) turn
indicator needle.

7 -

2 The vertical strip ig called the command bank strip since its W
deviation from the reference line indicates that the aircraft 1is LERE |

banking and consequently 1s deviating from the required~direction of
'flight. It is moved to the right or left by means of signals from a
radio”nav1gation“systemA(é;g;,‘the“heading”marker'of amlanding«system)v
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If the requilred direcfion of flight 1s maintained then the vertical
strip coincides with the vertical reference line.
To the left of the attitude 1ndicator is a combined tape instru-~

ment with vertilcal sdales showing angle of attack, acceleration, Mach

Fig. 44. Combined tape
Anstrument for measuring
angle of attack, accelera-
tion, Mach number and alr-
speed: 1) Mach number
control switch; 2) digital
acceleration indicator; 3)
maximum allowable Mach num-
ber indicator; 4) acceléra-
tion tape; 5) horizontal
reference line; 6) angle of
attack tape; T7) Mach number
tape; 8) speed tape; 9)
power-off signal; 10) Mach
number command indexj 11)
speed command index; 12)
required Mach number digital
indicator; 13) required
speed digital indicator; 14)
speed control switch.
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Fig. 45. Combined altimr ter—
rate-of-climb indicator: 1)
barometric pressure set and
digital indicator; 2) required
altitude digital indicator; 3)
stationary vertical speed
scale; 4) horizontal reference

‘1ine; 5) altitude command

index; 6) vertical speed
barrel indicator; T) vertical
speed arrow; 8) speed tape
indicator; 9) power-off
signal; 10) target altitude
indicator; 11) vertical scale
of generalized altlimeter;

12) actual flight altitude;
12 "altitude" in the cabinj
1 target altitude digital
indicator; 15) altimeter con-
trol switch.

ke 1 ane et et 5 0

A horizontal reference line to which all readings are referred,
passes through all of the scales. The left edge of the scale ig
used to indicate angle of attack by means of a triangular index with

the vertex turned downward. Absolute values of angle of attack

-105-




Sares e R

k4

e vtk 3am

(in degrees) aré not ‘shown. Coincidence of the vertex of thé tri-.
angle with the reference line indicates an angle of attack cOrfeépond—
ing to the best rate of descent for landing. Thus the pllot dées not
have to compute the required rate of descent with regard to the weight
of the aircraft. The base of the triangle Indicates the angle of
attack at the 1evélling-out stage. Above the tfiangle index there 1is
a cross-hatched area which indicates minimum safe alrspeed.

Vertical acceleratlon 1s read from a tape scaie and 1is also
gi%en in the window of a digital indicator below the scale. Mach
number 1is measﬁred from the middle tape‘scale according to which the
pilot, using an adjust knob, may mové the comhand Index to'tﬁé pre-
determined Mach number. The same Mach number value will then appeaf
in the digital 1ndicator Wiﬁ&ow.

In a similar mannerféirspeed_is measured from the scdale at
the far right. The féquired alrspeed 1is also set up with an ad-
Justment knob.according té a dilgital indicator and the command index.
The numbering of the speed and Mach-number scales increase from top
to bottom, 1i.e., the values of these parameters increases as the tape
moves upward. Thus in order to increaée the flight speed the pilot
must push forward the control stick or the throttle control, causing
the tape of the indicator to move upward.

To the right of the attitude lndicator is a combined altimeter—
rate-of-climb indicator (Fig. 45). The middle, stationary portiom of
the vertlical scale of the rgte-of-climb indicator has a zero which
cqincides with the general horizontal reference line. Vertical speeds
from +10 to -10 m/sec are measgfed by a moving needle. A .
vertlcal speed greater than 10 m/éec is registered in a special 7
window in which a moving tape with a scale up to 200 m/sec is visible.
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- silhouette
Fig. 46. 'Com?and'navigation .
indicator: 1) heading marks; airoraft
2) bearing arrow; 3) compass looation index
scale; 4) regimes of opera- B
tion of bearing indicator; 5) . \_ W,
direction of flight indicator;
6) azimuth set knobj T) head- : g
ing set knob; 8) distance to Fig. 47. Optical-mechanical !
marker; 9) mode of operation visual flight analog indicator.

of navigation indicator; 10) %
heading command index; 11) §
azimuth arrow and bar. !

lamp 1
_bankeangle drive N\ 4{ ‘trensparency with
_pitoh=angle drivo : .

de=angle
objeotive

: Fig. 48. Optical-mechanical visual
: visual flight analog — exploded view.

¥
H

The altimeter is located in the center of the instrument and has

a tape scale. With an increase in altitude this scaie moves downward
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8o that the altitude reading, taken at the horizontalfreferehce'line,
increases. 'The required altitude may be set with a éommend‘index
and on a berrel counter by means ‘of a set knob. On the right siderof
the Instrument 1is located an additional small stationary-SOgle altim-
eter with a range from zero to 24,000 meters on which is indicated
the actual and the required flight altitude, the altitude correspond-
ing to the pressure 1n the cabin, and also the altitude of the terget
(obtained from other sources). Alsc mounted on the face of the in-
strument 1s a scale and knob for setting barometric pressure.

Directly below the attitude indicator is the command navigation
indicator (Fig. 46). Heading is read from a rotating compass scale
by means of a heading mark located on the same vertlecal as-the sta-
tionary "ailrplane" in the center of the scale. The predetermined
heading is indicated by a command index which 1s set manually by a
control knob. Along the outer cilircumference of the scale a bearing
needle movee toward a marker, the distance between them being shown
In the window of a digital counter. The central portion of the in-
strument has an arrow which is set bx a knob located on the right-
hand side and ﬁhich indicates the direction (bearing, azimuth) of a
reference line such as the beam of a radio marker or the liﬁe of
flight of another aircraft. The central portion of this arrow (pre-
dete;mined direction strip) may be moved to the left or right of the
arroﬁ? The azlimuth of the predetermined line is indicated along the
compass scale and in the windowvof a diglital indicator. When flight
is in the set direction the arrow and strip lie along the vertical
reference llne together with the vertical command strip of the
attitpde indicator. . - - ‘
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Visual Flight Analogs

The de#elopment of aireraft instruments 1s prbceeding algo in
the direction of 1mitation or simulation of conditions of visual nav-
igation even though Visual navigation does not always meet the demands
of flylng. For 1nstancé, when flying at low altitudes the ground
pasgses under the aircfaft with such rapidity that the pllot 1s not
abie to distinguish and identify landmarks. The quality of flight- -
na&igatiqn information during visual flylng 1s often very low. Piltch
and bank attitudes are not accurately evaluated visually especially
when the aireraft 1s significantly displaced from level flight.
Altitude and heading are determined poorly. The location of the air-
craft can be establigshed only when the pilot is well acquainted with
thg filight locale or when there are characteristic landmarks.

Instruments which simulate the conditions of visual navigation
are usually called visual flight analogs. Electrical, optlecal,
optical-mechanical and electronic-optical (television) devices are
used in their construction. |

Visual flight analogs may be made in the form of a complex instru-
ment which provides indications of all of the flight-navigation
parameters, or in the form of individual instruments providing flight
and navigation parameters separately.

An example of an optical-mechanical visual flight analog is a
system developed by the American Convair Co. The indicator of this
system (Fig. 47) presents a view forward and somewhat downward from
the cabin with an "airplane" added to the picture as a visual refer-
ence to facillitate spatial orientation. TFrom the figure it 1is clear
that the plane is banked to the right at an angle of about 20° and
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has a positive pitchyangle of about 10°. Below the,airplane‘on the
surface of the Earth is a trilangle index signifying 1ts.16catipnl
The t1lt of the triangle indicates drift angle. The "airpiane" and
1ts Yocation markef are located on a single statlionary vertical line
passing through tpe center of the Indicator and corresponding to the
actual line of flight. )

The image of thellocale which appears on the indlcator 1s almost
undistorted close to the aircraft location mark and is foreshortened
iﬁ the directiqn of the horizon. The distance of various points of
the locale from the location of the aifcraft may be estima@eq using
concentric distance rings. Heading is determined from compass
roses(directiéns to the carq;nhl_points)which are periodically visible
on the locale image. Imgges of citles are simplified, all unimportant
details being eliminatedf : ‘

The flight speed méx be estimated from the rate of mdtion of the
locale under ‘the alrecraft location index. The flight altitude is
determinedAfrom'the scale of the locale near the aircraft location
and the curvature of the horizon 1line. The relief of the locale is
Indicated by color which conventionaily shows the minimum allowable
flight altltude. ,

The optiecal-mechdnical analog Qf visual flight operates as
follows (Fig. 48). A light source illuminates a positive transparency
showing a map of the locale. According to heading and ground speed
signals obtalned from navigation means, the transparency.may be
rotated and translated in accordance with the motion of the aircraft.
Beyénd the transparency wlth tpe'map is located a transparency with
distance rings and beyond them a prismatic lens Which foreshortens

the scale of the locale image in the direction of the horizon and also
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distorts-mn horizon line. The poslition of the horizpn line 1s coh—
trolled by two servosystems in accordance with signéls from pitqhQ'
and-bank sensor. The lmage then passes through an optlcal system
with fixed focus and variable magnification controlled by an altitude
8ignal and 1s then focused on the screen of the indicator.

The "airplane" silhouette and the aircraft location index are
projected onto the same screen through separate optical systems from
the corresponding tranéparencies.

An aerialphoto transparency may substitue for the map trans-
parency. For flight over water or an unknown locale a coordinate
grid is superimposed on these transparencies.

The visual flight analog indicator also serves for visual ori-
entatlion with respect to the actual locale, observed through a
periscope with a wide-angle objective and projected on the screen by
a system of mirrors. Transition from the actual picture to the arti-
ficial one depending on visibility is performed automatically.

Radar images of the locale, target marks, etc., may also be pro-
Jected on the screen.

The electromechanical visual flight analog (flight indicator) of
the Waldorf Co., USA, is 180 mm in diameter and 280 mm long. The
basic elements of its indicator are two semitransparent spheres
placed one inside the other. The outer sphere conslsts of two hemi-
spheres, above and below, which turn independent of each other. On
the upper hemlsphere are picturgd clouds in a number of horizontal
layers. The lower hemisphere has horizontal lines to indicate speed.

In order to indicate deviation from the predetermined course
the inside lower hemisphere has black lines which converge on a single

point. The combination of these lines provides a conventlonal image
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which corresponds to the picture seen by‘the pilot duriﬁg visual
flight. -

oo o s ATRIIPER “@% o8

Special motors turn both sphéres clockwise or counterclockwise

in agreement with change in bank. Variation in pitch attitude is

indicated by rotation of both spheres in one direction or another. 4
Turning of the lower inside hemisphere about the vertical axis

in accordance with compass signals indicates deviation of the alr-

craft from the prescribed course.

Flight speed is indicated by rotation of the lower half of the

outer sphere 1in accordance with alrspeed or ground speed signals. A
lowering of the horizontal lines on the hemlsphere,as if moving from
the horizon toward the pilot, imitates forward motion of the aircraft.

A wedge-shaped indicator placed directly in front of the spher-
ical surfaces serves for maintaining fixed conditlons of flight. It
may be moved up and down, left and right, and turned some angular
amount according to signals from a radio n;vigation system or from a .
fire contfol system in the plane.

The ﬁilot observes the image of the spherical surfaces through
an optical system with Fresnel lenses, i.e., he sees an image as if
in space (Fig. 49). The indicator shows the location of the aircraft
with respect to the location of the destination or target, the target
béing registered as an illuminated triangle for greater clarity. The
azimuth of the target 1s read from an external ring and the distance

to the target (or to the base) and the flight time from a barrel

counter.
i § Television is considered the most complete analog of visual

flight. A opposed to the electromechanical analog, it has a more

S o o

universal indicator which permits the addition of information such as
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radar information at different stages of -the.flight and*yieldsra-ﬁéfe‘
graphic image, a visual indlcation of flight altitude, ete.

In the flight ;ndicator of a television analog.of visual flight
the baslic Informatlon 1s projected from the surfaces of two thin
alﬁminum hemispheres,'ong marked off wlth a grid, the other smooth.
If parts of the hemispheres aré Imaged on a cathode ray tube by means
of'television cameras,zthe plcture produced will be slmllar to that
seen by the pildt flying over a fleld divided into square plots. On-
the indicator screen will be seen a_grid of lines converging at a

point on the horizon (Fig. 50). The nature of the image is similar

to the image obtailned on the electromechanical visual flight analog

indicator.

Fig. 49. 1Indicator of an electromechanical
visual flight analog: a) level flight along
a fixed trajectory; b) descent with left turn
and bank (the plane is located above and to
the right of the prescribed trajectory); c) i
climb with right turn (plane located above .
and to the right of the prescribed trajec-
tory); d) plane has right bank and is above
the prescribed trajectory.
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Fig. 50. Indlcation of ailrecraft pogition on
the indicator of a television visual-flight
analog: a) level flight in required heading;
b) right bank; c) level flight at an angle to
the prescribed heading; d) vertical dive; e)
high-altitude flight; f) low-altitude flight.
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distanoe to point of 1ift=off :
Fig. 51. View of indicator of an electronic-
optical visual flight analog during takeoff
(numbers at the left indlcate distance to

point of 1lift-off, numbers at upper right "
show airecraft speed).

~ Variation in heading and pitch is achieved‘by motion of the
sphere wlith respect to a statlanary cathode ray tube. The sphere is
supported by a double-axls bearing and 1s rotated by means of a

-

- seryosystem using signals from the appropriate sensors.
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Fig. 52. Instrument panel with indicators
on flat television tubes.

The indicator uses a spherical hinged optical system which
transmits information to the indicator device. The transmitting sys-
tem receives information concerning the position of the sphere and
modifies 1t in accordance with the altitude, speed and bank of the
aircraft. .

The transmltting system includes a beam scanning system and
photomultipliers. The raster of the cathode ray tube of the system
with beam scanning forms a uniform luminous square on the surface of
the sphere. The difference in the level of light reflected from the
white lines and black surface is converted by 3 photomultipliers into
video impulses, which are amplified by a video amplifier and formed
into an input signal.

The scan of the tube i1s synchronized with the scan of the indi-
cator by a sync generator. fhe beam deflection'system in the CRT
rotates  in coincidence with bank attitude signals.

g Sometimes, in addition to the usual grid of lines which represent
an image of the surface of the Earth projected on the screen of the
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indicator of a television visuai flight analog, the trajéctéfjﬁbf_fﬁe
gircraft in the form of its "road in the sky" is imitated. This kind
oprresentation makes it easier for the pllot to orient during instru-
ment flight. If the plane is exact;y on course then an imége appears
on %he screen which resémbles a road going off into the distance. If
the 1mage 1s seen from the side, above, or below 1t means that the

alrcraft has deviated from the predetermined heading and altitude.

A navigation indicator of the television analog shows a map of
the flight locale and also provides_information concerning distance
and flight time.

The television visual flight analog beling considered employs a
special computer-resolver which proecesses Information obtained from
primary flight and navigation sensors. It not only processes infor-
mation about the position of the aircraft and the conditlons of flight
but also computes the optimum altitude and speed required for flight
over maximum dlstance depending on the fuei-consumption, determines
the maximum flight distance 1in any direction taking into account
wind, flight time, estimated time of arrival at a specified pdint on
the route, ete.

One American firm makes an electro-optical visual,flight analog
with a flight-navigation indicator which ylelds a visual integrated
preﬂgntation of the conditions of flight. This system is intended
for installation on supersonic alrcraft which have a limlted fileld of
vislon from the cabin.

On a large indicator screen the pilot may see a colored image
of fhe locale obtained from visual, radar, and infrared means, infor-
mation conderning the use of armament, navigationhparaméters>gpd

data concerning takeoff and landing.-
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The basic element of the indleator-1s a modified optical view-
finder with two optical systems, one with a wide (80°) and the other 
a. narrow field of vision. It 1s used on alrcraft fér viéual observa~
tion of the Earth's surface and the viewing of space in the forward
hemisphere. .

The flat Fresnel lens of this viewer provides a 279 X 330 mm
v;sual Image at infinity which can be seen with little turning of the
head. With an increase in dimension of the image 1t would be possible
to produce a complete illusion of observation of the outside through
a glassed-in cabin. .

On account of the relatively small increase in the dimensions
and weight of the instrument and also the complexity of its system,
the information from radar and infrared systems which is fed to the
screen of the CRT (one of instrument's components) may be optically
combined or superimposed on the visual picture of the locale.

For example, by combining Images in infrared light and light in the
visible range, the pllot may see thepmal targets such as power sta-
tions and factorles. At the-same time the imagé of a navigation
chart could be placed on the Indicator for direct comparison with the
visual plcture of the flight locale. ‘

The pilot may select and view on the indicator information
corresponding to any phase of flight. Obtalning information from
various sources on the same indicator, the pilot will not have to
wtch a number of instruments at the same time.

By means of a similar Indicator it ié possible: to>control
takeoff by superimposing on an image of the runway a marker to indi-
cate thé distance to the point of 1lift-off or the discontinuance of
the run (Fig. 51); to superimpose information concerning the spatial
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pogition of the airciaftron a visual image of the groundnof'airsyace
before-the aircraft with simultaneous indication on thg edge;OT the
Indicator of the angle of attack and the alrspeed; to select during
flight along a rouﬁe a visual or radar image of the locale, an image ?
of an air navigat}on chart, or a combinatlion of .these images;rfor
target recognition, to comblne the data from in}rared receivers
(during bombing — sighting check marks from the bombsight-computer
signals) into a visual or radar image. During the larnding approach,
aﬁd when landing, the position of the heading and glide-slope beams
are presented éraphically and superiomased on a pilcture of t@e visual
conditlons with an Indicatlion of the angle of attack and airspeed on
the edge of the 1pdicator.

In other American flighf—navigation Indicators a modulated image

of visual landmarks 1is pfojected on the screen by means of‘reflection

from a transparent glasé screen. Thilis screen does not alter the form r

and color of .the locale observed through it and at the same time
reflects well, under almost any illumination conditions, the image
(projected onto it from the screen of a CRT) which is obtained from
the signals of a generator which simuiates visual orienﬁation.

A so-célled trichroic combiner is usgd as the screen. It con-
sists of a glass lens with a multilayer optical coating which reflects
pure green light and transmits the 6ther colors. The green light
from the leaves of grass, from dyes, and signal lights contalns sdg-
nificant amounts of blue and yellow. It has been shown that the
human eye has the ability to adJust rapldly to the absence of green
light_and restore 1ts range of~colors in visual Images dévoid of ¥
these rays. At the same time collimation of the image (removalrto
infinity) plays a significant role.
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The simulated picture of visible flight landmarkS'isrfeprddubed‘
on the screen of the CRT in green light; almost any picture and iﬁ—
strument reading can be projected. In addition, the image‘may be
seen at a large angle to the screen.

It 1s pointed out that apparéhtly there are no real limits to
the visual angle of the image; the main difficulties in constructing
an optical analog are found in the application of uniform high qual-
1ty trichroic coatlings on large areas and in the construction of a
unique projection optiecs.

Investigations now belng carried out abroad give every reason
to believe that future use of tetrachroic and pentaéhroic combiners
will make possible the projection of two- and three-color images.

It is belileved that the préjection method of prodﬁcing a simu-
lated picture of a visible landmark, in which a CRT and a projection
optics system are mounted béhind the pliot and a simple collimator
screen in front of him would be Simpler'than the method using a flat
television tube.

An instrument panel with two indicators in the form of flat
television tube screens from which the pilot obtains ali the necessary
flight and navigation information has been deﬁeloped in the USA
(Fig. 52).

One of the screens is located vertleally in front of the pillot.
It is covered with a thin, nearly transparent layer of phosphor and
in clear weather the pilot sees, as through a window, the area ahead
of the plane. Under conditions of poor visibility this "window"
becomes a flat television screen on. which 1s visible an image of the
same area but with the aild of a specigl video Scanning syééem.

Simultaneously, Information concerning speed, bank, and altitude
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of the aircraft is presented on the screen. The screen meaéuxes

20 x 8 em and has a 2,000 line definition.

B Gt oo

On the upper part of the panel there is a selector with which
the pilot selects the baslc regime of control during takeoff, landing, R4
course flylng, etc.
Horizontally in front of the pilot is located a second television
screen with a diameter of about 20 ecm on which an image of the locale
passes slowly. Glancing at it the pilot visualizes the area below
the aircraft from the flight altitude.

The picture of the locale beneath the aircraft is obtained by

means of a televislon camera which has before its objective a map of ¢
the locale which corresponds to the selected flight route. - This map

moves with respect to the objectlive in accordance with data ﬁroduced

by navigational means.

A polnt in the center of the screen indicates the position of f
the alrcraft at a glven moment, the perimetéf’of the screen is used
for indicating azimuth (from an outer circle), <distance to the control
point or destination (according to the navigation system), engine
rpm, fuel reser&e, maximum distance the alrcraft can fly at the
preseht rate of fuel consumption taking into account wind, efc.

At the beglnning of a flight the maximum range corresponds to
the.radlus of the portion of the map shown on the screen. Then a
circle appears on the screen and it gradually contracts to a point
In accordance with the consumptioq_of fuel, taking into account the
actual conditions of flight and the wind vector.

Modern aviation is equlpped with first-class flight-navigation ¥
equipment which assures control of flight at various heiéhtg, at
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high speeds, and in any weather, day or night.

One of the most impoxtant marks of a highly frainea'pilét 1s the
abllity to fly by 1pstruments in bad weather. Thié ability is
acquired by detailed study of flighﬁ-navigational devices, only‘
from a great effort én Qhe part ofAthe pllot and his instructor.
Instrument flying requires strict discipline, attention, stamina, and
fagt reflexes. .

The tendenéy to lighten the pllot's task, to.assure the safety
of flight and accuracy of accomplishing a given mission has set
sclentlists, designers and Inventors to developlng even more modern

~ forms of flight-navigation instrumentation.

The Twenty-Second Congress of the Communilist Party of the Soviet
Union has set a course of wide technlcal progress in all areas of
industry and transportation including aviation. Automatlon, cyber-
netlcs, electronic computer-resolvers and control mechanisms will
be developed at an accelerated pace.

Automation will become more and more rooted in alrecraft control
systems but the pilot, as before, wlll retain the role of commander,
making the final decisions.

Therefore, with further development of flight-navigation instru-
ments consideration must be given not only to technical but also to
psychological and physlological factors governing pllot participation

in alrcraft control.
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