AV L A AR LA LIADI KL T LTI e Y

' Barta Eentrat Library v
PILANT (Jaipur State)
Engg College Branch
Class No - gl“-\%?
Book No :- BM P
Accession No .- 35 (Lo

[ ar X ar By
&

I ot it i

g
A
g
'
/
A
A
h
A
A
!
?

&









The Performance of

CIVIL AIRCRAFT






The Performance of
CIVIL AIRCRAFT

BY
F. B. BAKER
M.A., AF.RAES.

{p

LONDON
SIR ISAAC PITMAN & SONS, LTD.



First published 1960

I E
SIR ISAAC PITMAN & SONS, Ltb.
PITMAN HOUSE, PARKER STREET, KINGSWAY, LONDON, W.C.2
THE PITMAN PRESS, BATH
PITMAN HOUSE, LITTLE COLLINS STREET, MELBOURNE
27 BECKETTS BUILDINGS, PRESIDENT STREET, JOHANNESBURG

ASSOCIATED COMPANIES

PITMAN PUBLISHING CORPORATION
2 WEST 45TH STREET, NEW YORK

SIR ISAAC PITMAN & SONS (CANADA), Ltb.
(INCORPORATING THE COMMERCIAL TEXT BOOK COMPANY,
PITMAN HOUSE, 381-383 CHURCH STREET, TORONTO

MADE IN GREAT BRITAIN AT THE PITMAN PRESS, BATH
Eo--(A.151)



PREFACE

THE performance of present-day medium altitude aircraft is
sufficient to offer the public an adequately fast and reliable
form of transport. Failures in reliability are largely due to the
absence of proper ground facilities, signalling and meteoro-
logical aids. This state of affairs is perhaps natural, since from
the beginning of aviation’s history, performance has received
the most consideration from all concerned. Out of this period
of thought and study, of experiment and research, have arisen
certain methods of attacking the problems and applying the
lessons of performance. It is with these lessons that this book
is mostly concerned : it is not concerned with the allied prob-
lems of meteorology, navigation, radar, etc.; nor with the
commercial exploitation of the aircraft’s potentialities.

It is an axiom of aircraft publications that anything which
is written to-day will be out of date by the time it is printed
to-morrow. At the present time, however, there exists a short
lull before the full advent of very fast, high altitude machines
(discussed in Chapter XVI1I); and it is perhaps worth while,
therefore, to summarize the more elementary facts which we
already know about aircraft already in existence. This is done
with the knowledge that a scientific approach to the subject
will not be universally accepted as necessary. Such a remark
applies particularly to what is usually described as Cruise
Control. Take-oft Procedure and Cruise Control are at present,
like organized religion, more honoured in the breach than the
observance. Any treatise which deals with such subjects is
likely to be received with varying amounts of disfavour; and
to invite comments such as the following—

From the Pilot: “That’s not the way we fly the aircraft,
anyway.”’

From the Designer: “Too elementary, and most misleading.”

From the Operator: ** All very interesting, but really !

Such a reception is discouraging; yet there is need for there
to be some common ground between the three gentlemen men-
tioned. For all of them, the great objectives must be—

SAFETY ECONOMY PUNCTUALITY
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vi PREFACE

and any publication whose aim is to describe (however imper-
fectly) how these aims can be achieved is worthy of a little
notice. Pilots may not relish mathematics; technicians may
dislike associating with “popular” explanations; operators
may be content to buy the best aeroplanes and continue
charging expensive fares; but in the future all three of them
will find themselves giving very careful consideration to the
practical performance characteristics of the aircraft used in
Commercial Aviation. To ensure Safety, I.C.A.O. (the Inter-
national Civil Aviation Organization) is already on the march.
The remorseless pressure of current events, and the insistent
demand for cheaper flying, will force the issue of Kconomy;
international competition, and the improvement in radio and
navigational aids, will take care of Punctuality.

In any case, the Pilot, the Designer, and Operator have their
own sources of technical information. The general public, or
rather that portion of the public who are interested in aircraft,
are not so fortunately placed; and it is to them that this book
is mainly addressed.

Part I, Preliminary, is a summary of some of the elementary
principles involved. Without this knowledge, the statements
made in Part II will prove unnecessarily difficult to follow.

Part II deals with Take-off, Climbing, Air Traffic, Range
Calculations, Allowances and Reserves, Flight Planning, and
a number of other related matters. It is assumed throughout
Part II that we are dealing with existing commercial aircraft,
powered with piston engines.

Part I11is concerned with aircraft having gas-turbine engines,
and is incomplete. In the present state of practical knowledge
this is bound to be the case. Nevertheless an attempt has been
made to summarize the main cruising characteristics of such
aircraft, and to predict some of the developments in high
altitude flying.

The Appendices provide information which is not readily
available elsewhere.

The book contains over 100 diagrams, many in the form of
graphs or charts. Performance calculations rely very largely
on the accurate reading of charts, and the intelligent use of
elementary mathematics. However regrettable this may be, it
is a fact which cannot be ignored. It is satisfactory to know,
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however, that the procedures adopted rest upon some logical
basis. Readers who aim at more than a superficial knowledge
of the subject will find valuable practice in doing for themselves
the sort of simple calculations with which the text is liberally
sprinkled, and are invited to communicate any interesting
examples of the use of the methods described.
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CHAPTER 1

Elementary Mechanics
1.1. Speed

SPEED is a measure of the rate at which a body moves. To
define the rate completely, we need to know the direction and
line of action: a speed so defined is known as a velocity.

(Movement in a straight line is sometimes referred to as
having a “linear’’ velocity, to distinguish it from rotational
or “angular” velocity.)

An aeroplane which is flying north, in still air, may encounter
an east wind: the resultant velocity is west of north, and can
be determined by the parallelogram law. This is not surprising,
since velocity has position, direction, and size, and the path
of the aeroplane can be represented by a straight line drawn
on the chart, in a certain direction and having a certain length.
Any other quantities which can similarly be represented by
straight lines, are known as vectors—common examples are
force, velocity, acceleration, momentum—and all of them can
be compounded by the parallelogram law.

Quantities such as mass, energy, work, power are not vectors.

1.2. Newton’s First Law

In the absence of any resultant force, a body will either remain
at rest or else move with constant linear velocity.

If you throw a stone along the surface of a smooth sheet of
ice, it moves with nearly constant velocity. If friction could
be eliminated altogether, the stone would continue with
unabated speed until it reached the end of the ice. A rocket
hurtling through the cosmic void, unaffected by the presence
of any gases or any gravitational force, would continue for
ever with undiminished velocity.

An aeroplane can fly at constant speed, although it is acted
on by a number of forces: this result is achieved by a complete
balance of the forces—thrust cancelling drag, and lift cancelling
weight—so that there is still no resultant force.

3



4 PERFORMANCE OF CIVIL AIRCRAFT

It is important to notice that Newton’s first law implies a
converse. If a body does mot move in a straight line with
constant velocity then there must be a resultant force causing
the deviation.

1.3. Acceleration

Acceleration is a measure of the rate of increase of velocity ;
deceleration, or retardation, is a measure of the rate of decrease
of velocity. (By convention, the first is -+ and the second is —.)
Acceleration is, like velocity, a vector; but it is not necessary
for the velocity and acceleration of a body to be both in the
same direction. For example, an aeroplane doing a banked
turn has a velocity along the tangent to its circular path, and
an acceleration towards the centre of the circle.

Accelerations, like velocities, are rarely constant. Even if a
man bales out from an aeroplane, his acceleration before the
parachute opens is not really constant, since the increase in
his speed increases the air resistance; but it is customary, as a
first approximation, to regard the acceleration of gravity as con-
stant. The acceleration of the piston of a reciprocating engine
isvery far from constant : it is,in fact, greatest when the velocity
of the piston is zero, and is zero when the velocity is greatest.

In the case of bodies whose accelerations are really constant,
the following simple equations can be proved to hold good:

If u = velocity at the beginning of the motion, or nitial
velocity,
v = velocity at the end of the motion, or final velocity,
t = time from the beginning to the end,
s = distance covered,

S = acceleration (given a — sign if it is a retardation),

then T=14+ft
§ = at 4 3f2 = Y4 + o)
v = u? + 2fs.

The bar - over the symbols implies that the quantities are
vectors; e.g. in the first equation, v, » and f must all be
measured in the same line or direction.
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1.4. Units
The units commonly used for measuring velocity are: feet
per second, metres per second, feet per minute (for climbing),
miles per hour, knots or nautical miles per hour, kilometres
per hour.
I knot = 6 080 ft per hr
I m.p.h. = 5 280 ft per hr
To convert knots to m.p.h., multiply by 1-15.
To convert m.p.h. to knots, divide by 1-15 or multiply by
0-87.
60 m.p.h. = 88 ft per sec
To convert ft per sec to m.p.h., multiply by £3.
1 metre = 39-37 inches
66 kilometres = 41 statute miles
To convert kilometres per hour to m.p.h., multiply by §.

1.5. Acceleration of Gravity

We shall see later that acceleration is caused by “‘force.” In
particular, gravitational force causes the so-called ‘““accelera-
tion of gravity.” Now this force varies inversely as the square
of the distance from the centre of the earth (for bodies outside
the surface); and hence this force is greater at the poles, where
the earth’s radius is less, than it is at the Equator.

The acceleration of gravity is denoted by g. Its numerical
value in foot-second units in the latitude of London is about
32-19. At the Equator it is about 32-091.

Since bodies at the Equator are travelling in a circle, due to
the earth’s rotation, this also has a bearing on the value of g.
The radius of the circle is the earth’s radius, about 3 960 miles;
and the complete circle is described once every (sidereal) day ;
so that the angular velocity of a body at the Equator is about
27[86 400 radians per second. This circular motion demands
the presence of a force towards the centre of the circle, i.e.
bodies at the Equator will lose in weight. This means that
the acceleration of gravity is reduced by about 345 of itself at
the Equator; and there are similar though smaller decreases at
other latitudes until the pole is reached.

It appears, therefore, that g is less at the Equator for two
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reasons : primarily because of the increased radius, and second-
arily because of the rotation of the earth.

1.6. Mass

The mass of a body is usually defined as the quantity of
matter in the body. This of course assumes that matter is in-
destructible, that none of it can be dissipated in radiation, and
that its value is unaffected by speed.

Direct measurement of mass is not easy. In most cases its
existence becomes obvious only through the evidence of weight.
Yet mass remains constant whereas weight varies. For example,
a pound of tea, containing a certain number of tea leaves, will
still be a pound of tea on the surface of the moon; but if we
weighed it with a spring balance, it would be nothing like a
pound weight on the moon. This does not mean that the bag
containing the tea has been leaking: it means that the accelera-
tion of lunar gravity is a lot smaller than on earth.

The units in which mass is measured are quite arbitrary.
Scientists use the gramme, and 454 grammes, approximately,
make up the pound. A standard pound mass, kept free from
corrosion and interference, is available in London; and the
magnitude of other masses could be determined by balancing
one against the other, and employing the principle of moments.

In aireraft work the unit of mass is the slug, which is equal
to 32:174 pounds. For example, an aircraft of mass 32 174 1b
will also have a mass of 1 000 slugs. If the same aeroplane were
to be put on the surface of the moon, we could still find its
mass in slugs, by either of these two methods—

(i) Balance it against the standard pound, or a number of
such pounds, using suitable levers, scale-pans, etc.; and divide
the answer in pounds by 32-174.

(ii) Weigh it with a spring balance, or its equivalent, i.e.
find the force with which it is attracted to the centre of the
moon; and then divide by the local value of ¢ at the particular
spot on the moon’s surface.

Mass is not a vector.

1.7. Momentum

The linear momentum of a body is the product of its
mass and its velocity. The product is measured in ‘“‘units of
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momentum,” which differ according to the units used for
mass and velocity.

There is also another type of momentum, known as angular
momentum or moment of momentum, in which we take moments
of linear momentum.

Momentum is a vector, owing to velocity being a vector.

1.8. Newton’s Third Law of Motion

To every action there is always an equal and contrary reaction ;
or, the mutual actions of any two bodies are always equal and
oppositely directed.

This law tells us that any action between the component
parts of a system of bodies, such as a number of particles,
whether due to attraction at a distance or to actual contact,
cannot affect the momentum of the system as a whole. For if
two of the bodies 4 and B act on each other, the reaction of
A on B is equal and opposite to the action of B on A4; the
action and reaction therefore generate equal and opposite
amounts of momentum in the two bodies. Hence the total
momentum reckoned in any fixed direction is unaltered. This
constitutes a very important principle known as the Conserva-
tion of Linear Momentum—

In any system of attracting or colliding or exploding bodies, the
linear momentum in any fixed direction remains unaltered unless
there is an external force acting in that direction.

Example 1. A ten-ton truck on a railway line, travelling at 5 m.p.h.,
strikes an eight-ton stationary truck; and the two trucks move on
together. What is the speed of the two trucks?

The original momentum is 10 X 5 = 50 units of momentum.
The momentum after the collision is 18V, where V is the unknown
speed.

18V = 50
V = 2] m.p.h.
e —

Example 2. A bullet weighing 1 oz is fired with a velocity of 576 ft/sec
into a block of wood of mass 4 1b, lying on a smooth table. Find the
velocity with which the block and bullet move after the bullet has
become embedded in the block.
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The mass of the bullet is ¥ X 3 slugs, so that its momentum is

'16_:(—{;5 X 576 units, or §. Hence, the velocity of the block is V where
45V _ 9
32 8

V = 8-86 ft/sec (approx.)
]

Example 3. A man of mass 200 1b dives in the upstream direction off
the stern of a boat of mass 2 000 lb, travelling at 5 ft/sec downstream.
If the initial velocity of the man, relative to the water, is 10 ft/sec, find
the new velocity of the boat after the man has dived.

The original momentum of the boat and man is 2 200 X 5 units.

The new momentum of the boat is 2 000V.

The new momentum of the man is 200 X 10, in the opposite direc-
tion.

Hence 2000V — 200 x 10 == 2200 X &
2200 X 5
Vo= oo
V == 6% ft/sec
1.9. Dimensions

The units of mass, length, and time are called fundamental
wunits, since the units of other quantities, such as speed, force,
etc., can be expressed in terms of them. If we denote the units
of length, mass and time by L, M, T, the dimensions of other
physical quantities are, for instance,

Velocity %

Acceleration e

Momentum L—,II,—I:‘

Density s
Angular velocity T

We shall add to this list later (see Appendix I). It is worth
noticing now, however, that we are here provided with a useful
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check as to whether a formula is possible or reasonable. Take,
for instance,
v? = u2 + 2fs, mentioned above.
2

L
The dimensions of v? and u? are —T—z; and the dimensions of 2fs
2

L
are i X Lor e 80 that all the terms in the equation have the

same dimensions.

1.10. Force

Force is any cause which produces or tends to produce a
change in the existing state of a body. We are guided to an
appreciation of the meaning of force by our own personal
experience of its effects.

Newton’s Second Law states that chunge of momentum per unit
tvme is proportional to the impressed force, and takes place in the
direction of the straight line in which the force acts. That is,

Force oc, rate of change of mo,

oc, m X rate of change of v, if m is constant
oc, m X f, where f is the acceleration.

The unit of force is that force which, acting on unit mass,
generates in it unit acceleration.

When the unit of mass is the slug (= 32-174 Ib mass), and
the units of space and time are the foot and second, the unit
force is called the pound, i.e. 11b gives a mass of 1 slug an
acceleration of 1 ft per sec per sec.

Thus, if the force be P Ib, the mass m slugs, and the accelera-
tion f ft/sec?, ’

P == mf

Example 1. Find the force, assumed constant, necessary to give an
aircraft of mass 32 000 lb, on the runway, a velocity of 100 ft/sec in a
distance of 1 000 ft, in addition to overcoming the drag. Assume a
constant acceleration.

Since v? == u? - 2fs, put v = 0, v = 100, 8 = 1 000,
hence f = b ft/sec? If the force be I’ 1b,
32000

P =
32-174

X 5§ == 4 973 1b (approx.)

Since no work is done against gravity, it is not surprising that this
answer is independent of the local value of g. Consider, however, the
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answers obtainable in the two systems of units which, to many people,
are more familiar.
(a) The Scientific System. Here
P =mf
where m is the mass in pounds and P is the force in poundals.
In our case P = 5 x 32 000 = 160 000 poundals

160 000
= p pounds weight,

which means that, if the force causing the aircraft to move was con-

tained in a long rope which passed over a smooth pulley at the end of the

runway, then the weight hanging freely from this end of the rope would
160 000

be pounds weight.

(b) The Engineers’ System. Here
P f
W Ty
where P and W are both measured in the same units. Using pounds
weight we get the same answer as in (a).

Using pounds,
32 000
W= § 1.11).
\} 2174 X ¢ (see §1.11)
hence P 32 000 X 4973 1b
len = = < .
¢ 32174 fothdidued

It should be noted that this force of 4 973 1b is in fact the surplus
thrust, over and above that necessary to cancel the drag. This example
can also be done by a consideration of kinetic energy: see later.

The equation P = mf can also be written
Force = rate of destruction (or creation) of momentum

Example 2. Water (of which 1ft® weighs 62} 1b) issues from a
circular pipe of 3 in. diameter with a velocity of 15 ft/sec. Find the
mass of water discharged per minute. If the water impinges directly
upon a plane, and its momentum is thereby wholly destroyed, what is
the pressure of the jet upon the plane?

The area of the cross-section of the pipe is Ix 1y ft?, and a column
15 ft long is discharged every second. 4

The volume per minute = E-:I x 15 X 60 ft3

and its mass . mx 16 X 60 x 125
84 X 2

= 2762 1b (nearly)
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= 85-8 slugs

The momentum destroyed per second is therefore
85-8 X 15
220 27 slug- i
90 slug-ft units,

i.e. the pressure = 21-51b

Example 3. A jet of 800 b of air is driven backwards by an aircraft

propeller, and the change of velocity imparted is 160 ft/sec. Find the
thrust developed.

Change of momentum of air backwards, per second,
800 x 160

= oo b = 4 0 X.
YRLT 1 00 Ib thrust (approx.)

Note that the same result would be obtained by 80 Ib of air
with a relative velocity of 1 600 ft/sec, which corresponds to
the case of the gas turbine engine’s jet.

Suppose a flat plate of area S ft2 is placed in an airstream of
velocity V ft/sec at right angles to the plate. The volume of
air striking the plate is

VS ft3/sec
If p be the mass in slugs of a cubic foot of air, the mass of air
is pVS slugs
8o that the momentum of the air striking the plate is
pSV?2 slugs-ft/sec

Some fraction of this momentum, say KpSV2, is destroyed, and
this is equal to the force on the air; which by Newton’s third
law is equal to the force on the plate.

This argument is at the basis of the Lift and Drag formulae
in Aerodynamics.

Moreover, if an airstream applies a lift L to an aerofoil, the
aerofoil must (by Newton’s third law) apply a force L to the
airstream in a downward direction, and therefore (by Newton’s
second law) impart a downward momentum to the airstream.
In other words, the airstream is deflected downwards so that
it has a vertical component to its velocity. The angle through
which the airstream is deflected relative to its direction before
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it meets the aerofoil is called the downwash angle, and is usually
denoted by the Greek letter e.

The dimensions of force are M X P— which are also the

T’
dimensions of rate of change of momentum.

1.11. Weight

Weight is the force with which the earth attracts unit mass
of matter. Since the mass is constant, the weight will vary for
different values of g. If the mass be m lb, then the weight is

" _ % ¢ pound
32174 Y PORE
since it is found that the acceleration of gravity (in a vacuum)
is independent of mass.
Both force and weight are vectors.

1.12. Work

When a force moves its point of application it is said to do
work, and the measure of the work is the product of the force
and the distance through which the point of application moves
in the direction of the force.

Work is measured in foot-pounds. It is not a vector. Its

ML2

dimensions are EVE

1.13. Power -

Power is the rate of doing work, i.e. the work done in unit
time. The British unit of power is the horse-power, which is
550 ft-1b/sec, or 33 000 ft-Ib/min. :

(The C.G.S. unit of power is the watt; 1 h.p. = 746 watts,

. . ML2
approx.) The dimensions of power are s

If a force of P Ib keeps its point of application moving in the
direction of the force with uniform speed v ft/sec, the work
done per second, or power, is Pv ft-lb, and the h.p. is Py/550.
For example, an aeroplane travelling with true speed V ft/sec
as the result of a thrust T lb, equal and opposite to a drag
D1b, will require a thrust horse-power of TV/550. If V is
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measured in m.p.h., the necessary thrust h.p. is TV/375, since
88 ft/sec = 60 m.p.h.

If an aircraft of weight W lb is given a vertical climbing
speed of V, ft/min, the power required will be
WV, WV
550 x 60 33 000°

1.14. Energy

The energy of a body is its capacity for doing work. Since
the energy of a body is measured by the work it can do, the
units of energy will be the same as those of work.

1.15. Kinetic Energy

The kinetic energy of a body is the energy it possesses in
virtue of its motion, and is measured by the amount of work
which it does in coming to rest. Consider a body of mass m
slugs moving with velocity v ft/sec, and suppose it is brought
to rest by a constant force P Ib which produces in it a retarda-
tion f ft/sec?; then > = mf. Let a ft be the distance covered
by the body before it comes to rest, then

0 = v?— 2fx
C fr = ot
‘Now the work done by the body in foot-pounds is
Px = mfe = fmo?
Kinetic energy of the body = $muv?

If m is measured in slugs, and v in ft/sec, kinetic energy will be
in ft-1b.

Example 1. Find the constant force necessary to give an aircraft of

mass 32 000 lb, on the runway, a velocity of 100 ft/sec in a distance of
1 000 ft.

Suppose the force be P lb.
32 000

The required kinetic energy = } X 32171 X 1002 ft-1b.
The work done to create this energy = P x 1 000 ft-1b.
32 000 1002

P=13}x = 4973 1b. (approx.)
4

32174 1000
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More generally, if T is the thrust on an aircraft from rest to
“unstick,” and s is the distance covered on the runway,

Ts = }mv?
where m is the aircraft’s mass in slugs, and v is the speed at
unstick. In this formula T is in practice not constant, so to
find s we find the area under the -%, v? curve.
1.16. Potential Energy

The potential energy of a body is the work it can do in moving
from its actual position to some standard position.

One example of this is the cold-water cistern in the roof of a
private house. When a tap below is turned on, the water flows
along the pipe and out of the tap, thereby losing potential
energy and gaining kinetic energy. The work that has been
done in pumping that amount of work up to the cistern, from
the level of the tap, will be equal to the kinetic energy of the
water that comes out of the tap. This of course assumes that
no energy is lost in heat or friction with the pipe: with these
reservations, it is true that the sum of the kinetic and potential
energies of a system of bodies is constant. This principle, known
as the conservation of energy, has a wide application in
mechanics. It does not apply to motions in which collisions or
explosions occur, since work is then lost in deformation of the
material, heat, etc.

If 2 is the vertical distance through which the body is lifted

and

is the weight of the body of mass m lb, then the
T-E-% £ 1b. For a body of mass
32-174 ot

m 1b, or 39174 slugs, the kinetic energy is P RE T SLTY We

mg
32174
work done in lifting will be

muv?
can now cancel the number 32-174 and write §~-g—— + mz

= const. if m is in pounds, or } mv? + mgz = const. if m is in
slugs, both answers being in foot-pounds; and g having its
local value.

Example 1. A mass of 51b at the end of a string 1 ft long, which is
fixed to a nail at the other end, is held so that the string is horizontal.
The mass is then released. Find its speed when the string is vertical.
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In the horizontal position, the kinetic energy of the mass is zero and
the potential energy, measured relative to the vertical position, is

5
5 X 1 ft-lb. In the vertical position, the kinetic energy is % -{; v? ft-1b, and

the potential energy is zero.

5
Hence 0456 x1=43-22+40
g

orv = \/é.:} = 8 ft/sec (approx.)

1.17. Other Forms of Energy

In the example above referring to the house water system,
we were concerned with only the mechanical energy of the
liquid. This assumes that there is no change in pressure,
temperature, etc.

Bernoulli’s theorem for incompressible fluids can be written as

mv:  mp
g_ + — -+ mz = constant
P

2

in which m is again in pounds, and p and p are the pressure
and density of the fluid, the latter in pounds per cubic foot. If
there is no appreciable loss or gain of potential energy, we
obtain

1pv? + p = constant

where p is now in slugs per cubic foot.

This total energy per unit mass, p + }pv?, is known as the
total head of the fluid; p is the pressure head and }pv? the
dynamic head.

In the case of gases, it was established by Joule that
mechanical energy can be converted into heat and vice versa;
and the internal energy of a given quantity of gas is dependent
only upon its temperature. To convert from one form of energy
to the other, we remember that a centigrade heat unit (C.H.U.)
equals 1 400 ft-1b (and a B.Th.U. equals 778 ft-1b). This number
1400 is usually called Joule’s equivalent J. Thus a kinetic

2 2
energy of 3. ft-Ib/lb can be written as %53 C.H.U./lb. In
g

a common thermodynamic process, known as the adiabatic, in

3—(A.151)
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which no heat is received or given up to the outside, the total
energy will then be
v2

k,T =
297 + k, constant

where k, is the specific heat of the gas at constant pressure, T
is the absolute temperature, and k,T is (by definition of k) a
measure of the heat energy per unit mass.

1.18. The Gas Law

The link between Bernoulli’s theorem and this last energy
equation can be found by remembering the law for a perfect
gas. This can be written as

\Y
Z:I“ = constant = R, say
where p is the pressure in pounds per square foot, V is the
specific volume in cubic feet per pound. It is shown in treatises
on thermodynamics that R = J(k, — k,) where k, and k, are
the specific heats of the gas, at constant pressure and constant
volume respectively. For the majority of air/fuel ratios with
which we are concerned, or for air, k, — k, = 0-0684, so that
\Y%
Zf-f = 956

If p is measured in pounds per square inch, and p = 1/V in
pounds per cubic foot,

pV 956
PL =" — 0665
T — 144 ’
144 p P
= — = 15 =
o that P=os6T " T

Using the relative densities, pressure, and temperature defined
in the next chapter, this boils down to

n_p T
D2 pe T,
or T = 0T

which we refer to later as the equation of state.
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1.19. Temperature-Velocity Relationship

For an adiabatic flow process

WL = T T
2gJ P17 29']' ph2
so that for complete diffusion, with v, = 0,
02
a7 = BT =T

Writing 0, == T, — T, the temperature equivalent of a velocity,
v? = 2¢Jk,0,
v \2
Taking k, = 0-240, 0, = (—---1-> for air;
147

2
k, = 0276, 0, = (1—%) for exhaust gases.



CHAPTER II

Elementary Aerodynamics

2.1. Pressure Height and Density Height

2.1.1. TEMPERATURE. The temperature of the air is measured
in degrees centigrade, 0°C corresponding to the freezing point
of water. We may also measure temperature in degrees absolute,
obtained by adding 273°C to the ordinary centigrade reading.
Since — 273°C is the zero on the absolute scale, so + 15°C
= 288° absolute. Zero degrees on the absolute scale is that
temperature at which, in theory, solid bodies would shrink into
nothingness.

The relative temperature 7 is the ratio of the actual tempera-
ture on the absolute scale, to the standard temperature on the
absolute scale, taken to be 15°C = 288° absolute.

Thus, for instance, for — 5°C, = = i} = 0-93, and for
+ 25°C, 7 = i35 = 1:035, so that = can be either less or
greater than unity.

2.1.2. PrRESSURE. There are a number of ways of measuring
atmospheric pressure. Four of the commonest are: (1) in
pounds per square inch, (2) in inches of mercury, (3) in milli-
metres of mercury, (4) in millibars.

The first two are commonly used to measure manifold
pressure, or m.a.p., and boost. The standard pressure at sea-
level, at standard temperature, is taken to be one of the
following seven equivalent figures—

760 mm mercury
29-9212 in. of mercury
33-8985 ft of water

10 332-276 kg/m?
14-69601 1b/in.?

2 116-225 Ib/ft?

1 013-2 millibars

To convert, for instance, 35 in. Hg. m.a.p. to a boost measure-
ment, we see that it is evidently
18
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35

29-9212
(since it is 2-5 Ib/in.2 above the standard 14-7).

The relative pressure = is defined to be the ratio of the actual
pressure to the standard pressure, both measured in the same
system of units. Thus for a pressure of 1000 millibars at
standard temperature,

X 14-69601 1b/in.2 == 17-2 (approx.) = 2-5 lb boost

1000
T 10133

== 0-9874

2.1.3. THE DENsITY. It Will be noticed that we have decided
that one way to measure pressure is in pounds per square inch ;
by inference we are measuring force in pounds. This means
that mass will have to be measured in slugs (see Chapter I).
Since density measures mass per unit volume, the corresponding
unit of density will be slugs per cubic foot or slugs per cubic
inch. Thus if we divide the mass in pounds of a cubic foot of
dry air (at standard temperature and pressure) by 32-174, we
obtain the standard density

po = 0-002378 slugs/ft?
= , 1, slugs/ft? (approx.)
The relative density o is defined to be the ratio of the actual
density to the standard density, both measured in the same
system of units. For example, if p = 0-001756,
p 0001756
po  0:002378
This ratio will usually be less than unity.
2.1.4. THE Gas Law. The quantities r, 7, o, are connected

by certain natural laws.
For an isothermal expansion

g = = 0-7384

m=0

For an adiabatic expansion

7 = gl
All three are related by the equation of state
T = 0T

The equation of state enables us to find ¢ if # and = are
known, on any required system of units, e.g.
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- — 9-63p,

273 + ¢

_0-1368p,

T 213+t
288p,

T L013(273 + 1)

t is temperature in degrees C.

where p, is pressure in inches of mercury

where p, is pressure in pounds per square inch

where p, is pressure in millibars

2.1.5. I.C.AN. ATmosPHERE. The above natural laws must
be clearly distinguished from the man-made laws which apply
to what is known as the standard atmosphere. This conception,
sponsored by I.C.A.N. (now replaced by I.C.A.O.), postulates
an atmosphere which behaves itself in an orderly fashion.
Starting with a sea-level temperature of 15°C, the temperature
is taken to fall at the steady rate of 1-98°C per 1 000 ft, up to
a height of 36 089 ft (11 000 m), after which the temperature is
taken to remain constant at — 56-46°C. This ideal picture is
not very far from the average state of affairs in temperate
latitudes, though parts of the stratosphere filled with ozone are
likely to be a good deal hotter than — 56-46°C. (For conditions
in Arctic and tropical climates, see Appendix 1II.)

The I.C.A.N. lapse rate of temperature just described can be
written in the form of an equation.

T =Ty— %gg%, where h is measured in feet and T, is the
standard temperature at sea-level,
or T absolute = 288 — 1-98H, if H == l'_(,)&_Of)’
so that the relative temperature r = 1 — ! ;::—I == 1 — aH, say,

where @ = 198 _ 0-006875
088 o

The necessity for an artificial picture of this kind can be
appreciated when we realize that flights are carried out under
all sorts of conditions of temperature, pressure, and density,
and the results cannot be usefully compared unless the results
obtained for aircraft speed, engine power, carburettor tempera-
ture, etc., are reduced to some standard set of atmospheric
conditions.
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2.1.6. RELATIONS BETWEEN =, ¢, AND HEIGHT. In order to
relate the relative pressure 7= and density o to height, we
introduce the normal hydrostatic relation

dp = — gpdh
which may be written in the form
dm = — bodH, where b is a constant equal to 0-036135. One

way to check this number is to plot the curve of =
against H (using the figures in Appendix II), and so estimate

1
— b= . 31—1; Alternatively
j—%) = —gp is equivalent to Z(ll—,}il = — 1000gp;
1 dn L dp P
and — - = — bis equivalent to ~-r = — bp, o
1000g x 0-002378
Whence b = BT T taking the values at S.L.
already given.
But T = 0T = 0’(1 — aH)
dn  —bdH
7 1l—aH
b
or log"=a108(1“‘“H)

(both terms vanishing when H = 0).
. T = (l—aH)""'
which is usually written as
m=1"= (1—aH)"
_0-036135
~0-006875
o=1""1=(1—aH)"!

where n — 1 = 4-256.

where n 5-256.

This could be written the other way round as
o= 2350 __ 01003

These equations satisfy the change of state relation

m == 0T



22 PERFORMANCE OF CIVIL AIRCRAFT

Since, moreover, the two values of H are equal, under standard

conditions,
1 1
i == qn—1

n
or o= gh— 1 = 0.1'235

which is a man-made convention comparable with the law of

adiabatic expansion
m=qg"

2.1.7. APPROXIMATIONS FOR ¢. The relation o = (1 —aH)" !
is a little complicated to work out in a hurry, and the following
approximation

66 — H
0 = - - —=——=
66 + H
is usually sufficiently accurate. A corresponding approximate
formula for /¢ is
132 — H
Voo
132 +H
For example, at 10 000 ft, the answers ¢ = 0-738, 4/0 = 0-859
given by these formulae agree, to three places of decimals, with

that obtained from
( 19- 8)4-250
paid 1 —_—
¢ 288

by the use of four-figure logarithm tables; and the labour
involved in the latter calculation is considerably greater.
Numerous other approximations for o, 4/0, etc., have been
devised (see Appendix II).
2.1.8. Pressure HeigHT. The I.C.AN. formula for 7 can
be reversed so as to read

1 1
H=-(1—a
~(1— )
which gives the actual height if 7 is “standard.” If = is not
standard, the value
1 1
H, = a (1—mm)
gives the pressure height, i.e. the actual height at which the
relative pressure has its actual value.
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This can be illustrated by an example. At an actual height
of 10 000 ft, the standard value of = is 0-6877. If, however, the
actual value of = is 0-6790, which corresponds to an actual
height of 10 500 ft, then the latter is the pressure height cor-
responding to an actual height of 10 000 ft and an actual
pressure of 20-18 in. of mercury.

The altimeter is an instrument which, provided the zero is
properly adjusted, measures pressure height, since its function-
ing depends upon the actual barometric pressure. As long as
we realize that it is not necessarily the same as actual height,
pressure height is a useful fact to know, since it affects the
behaviour of the engine.

2.1.9. DENsITY HEIGHT. The I.C.A.N. formula for ¢ can be

reversed to read

1 1
H=-(1—g¢"1
—(1— 0"

which gives the actual height if o is standard. If ¢ is not stan-
dard, the value

1 L
Hd‘——a(l—a""l)

gives the density height, i.e. the actual height at which the
density has its actual value. If for instance at some particular
actual height the temperature is more than standard, we should
expect the density at this point to be less than standard, and
to this lesser density there corresponds a greater height on the
I.C.A.N. scale: this greater height is the density height at the
point in question.

The density height is important because the drag and lift of
the aircraft are directly proportional to density. Instead of
finding density directly, it is usual to find the pressure height
and the outside air temperature ; if the latter is not standard
we make a correction and so find the density height and then
use the standard density for this height.

2.1.10. CorrectIiON CHARTS. The correction to be made can
easily be read off the charts supplied with the majority of
control manuals. Their method of construction can be under-
stood from the following argument—

Suppose that the relative pressure = is fixed, and that there
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is a variation in ¢ and 7, still governed by = = or. This is quite
possible if the I.C.A.N. lapse rate no longer holds.
The pressure height is still given by

1 1
== - — n
H a (1—an),
but there is an alteration AH in density height given by

1
AH =f(— g Ao)

a n—1
Also 0 = oAr + Ao
1 1 LA
Hence AH = - — _gni—1 7
an—1 T
1 1 A
L Y
an—1 T
If, for instance, H = 10 (A = 10 000 ft), where the standard
268-2
te ture is — 48°, 7= . -,
mperature is T S58
288 1 19:8\ 288AT
AH =58 % ;?23(;( - ’2§§> 2682
or AH = 0:1187 x 288 X Ar

Hence for AH = 1, 288A7 = 8:428, and so AT = 8:428°C,
i.e. the density height is 1 000 ft more for every 8-428°C above
standard.

The figure 8-428°C varies slightly with height, but we shall not
be far wrong if we take 8°C per 1 000 ft. With this rough rule,
two examples are as follows—

(1) At 20 000 ft, standard temperature = — 24-6°C. Suppose
actual temperature = — 10-0°C. Then density height

14-6
= % 1000 + 20000 = 21 830 ft

(2) At sea level, standard temperature = 15°C. Suppose
actual temperature = 0°C. Then density height

= 0—% X 1000 = — 1870 ft

These answers will be found to agree very well with those
read off Fig. 1 (a), which is used in this way.
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Proceed along thelapse line (Fig. 1 ()) until wereach the oblique
line corresponding to the given pressure height. Read vertically
downwards to find the standard temperature at this height. If
the actual temperature is not standard, proceed along the
oblique pressure height line until reaching the point on the line
vertically above the actual temperature. Then read off hori-
zontally the density height.

2.1.11. QUANTITIES VARYING WITH 4/0. At a fixed pressure
height, o oc ;, i.e. 4/o o :/l—:r This fact is at the bottom of
another example of correcting for temperature changes.

Differentiating logarithmically,

Avo X Ar
Ve 7
i.e. percentage change in
T

8o that a 1 per cent decrease in 4/c¢ corresponds to an increase
of temperature of AT where 50AT = 288 at sea-level, and
50AT = 268 at 10 000 ft, i.e. AT = 5:76°C at sea-level, and
AT = 5-36°C at 10 000 ft. Any quantity, such as indicated
speed, which depends upon /o can be corrected for tempera-
ture at a given pressure height by—

increasing the quantity by 1 per cent for from 5°C to 6°C drop

in temperature,

decreasing the quantity by 1 per cent for from 5°C to 6°C rise

in temperature.

It may appear tedious to labour this point, but aircraft are
frequently flown in tropical or Arctic conditions, and so it is
important to understand the general effect of non-standard
temperatures. The serious effect on take-off is discussed further
in Chapter V.

The numerical statements so far made can be shown to be
consistent by the following example.

Suppose we are at a pressure height of 10 000 ft, and the
temperature is 5:36°C above standard. Then the density height

5-36
is more than 10 000 ft by the amount 513 X 1000 = 635 ft.
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132 — H H
Now \/0’ = I3‘2‘ +1_i =1 g’é (a.ppI‘OX.)
. — AH  — 0-635 )
i.e. Ay/o = 66 " o6

so that quantities depending upon /¢ will decrease by _6_63 or

approximately 1 per cent for a 5-36°C rise in temperature.

2.2. True Speed and Indicated Speed, and Corrections

2.2.1. TRUE AND EQUIVALENT AIR-SPEEDS. The aircraft
A.S.I. measures the difference between total head and atmos-
pheric pressure, i.e. it measures the dynamic pressure 1pV?2 1b/ft2
due to the local relative velocity V, or true acr-speed (T.A.S.) in
feet per second where p is the local density in slugs per cubic
foot.

It is not difficult to construct an instrument which converts
the variations in V2 into linear divisions on a dial, but evidently
this will be useless if p also varies. We therefore write

19V = fpyV.2
where p, is the standard sea-level density; then the instrument
can be made to read the variations in V,, known as the equiva-
lent air-speed, or E.A.S.

The correction between true air-speed V and equivalent air-
speed V, is

V2:&)V,»2

p
r V = lV
o = e

so that the true speed can be found only when we know both
the instrument speed and the relative density. Fig. 1 (b) is a
graph of V, = 4/oV.

2.2.2. CorrECTIONS. It isimportant that V should be known
accurately, and we must therefore be certain of the various
corrections to the instrument speed and 1/0. The AS.L
reading (A.S.I.R.) should be corrected for—

(i) Instrument error, if any.

(ii) Position error. This varies with speed and with the type
of aircraft. Care must be taken to give the correction the right
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sign, e.g. from the accompanying graph, Fig. 2, showing the
P.E. for a four-engined transport, the correction at V; = 140
knots will be 2-4 knots, and at V, = 240 knots will be — 2 knots,
for a weight of 90 000 lb.

(iii) Compressibility error. This arises at all speeds, but at
heights below 10 000 ft it is usually negligible for speeds less
than 300 m.p.h., when it is no longer true that the difference

-4 =2 0 +2 44

260 \\

240 \

I\
\\

~
~
o

A\

\ N o GROSS WEIGHT —
\ %

TN

-4 =2 0 +2  +4
POSITION ERROR
CORRECTION—KNOTS

INDICATED AIR-SPEED—KNOTS
o @
S o

Fia. 2. PosrTrioN ERROR CORRECTION

between total head and static pressure is equal to }p,V,2.
There is an increase of total head with Mach number, based on
Bernoulli’s equation for compressible flow.

If V, = indicated air-speed, corrected for instrument error
only, and V; = equivalent air-speed = T.A.S. X /o, it is
found that, approximately,

V.2 A\ 1 va
2 (1 r - 2 (] Vi L i
Vi ( +i ao“’> V. ( + i11'(102 + 40 772(104)

(7 = relative pressure)

wherea, is the speed of sound in I.C.A.N. conditions at sea-level.
By repeated approximation this reduces to

V.2 (l > V4 ( 6 27 )]
=V, 1= ()= T 2L
Vi § [ 8ag? \m 128ayt 1+ 7 5n2)]’

i.e. the E.A.S. is less than that given on the instrument.
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This correction can be calculated, or read off a graph such as
Fig. 3 and is independent of the aircraft in use. At a height of,
say, 40 000 ft the error is considerable.

=10 =i =12 =13 =14 —|5 =16 —I7 ~I8 19 =20
50 10 =) 2 -3

SIEIEAGECAE AN AR AR
/ // ASI—MPH 1/ P Z
l // // // 2
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NINAVIR AV AP 4N V:ansansa
o 1[ A / / ,/ // // / i;’%
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M AT A o o e
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{l Il A/ / // e A // -l
3 NCAVAVAW. AL A A~
z l//////(/,]///,
: /A4 77 A
MY XAAL X VAN LA
< WA/ YA XA A
2 WAV 7
17
0 AN %
NN
Wi
V, //
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O o T 3 T4 TS5 =6 =7 =8 =9 SI0 <1 <12 =13 =14 =15 =16 <17 =18 99 20

CORRECTION=M.P.H.

F1a. 3. CoMPRESSIBILITY ERROR TO SPEED

Compressibility also affects the thermometer readings. A
thermometer carried externally on an aeroplane measures the
temperature of the air in contact with the bulb, which has
been compressed adiabatically by being brought to rest relative
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to the bulb. The temperature of this air on the bulb is thus
greater than that of the surrounding atmosphere; the amount
of the error depends upon the instrument, and is found experi-
mentally by plotting temperature against V,2. The error can
then be plotted in a graph such as Fig. 4.

1
=3

4
CORRECTION—°C.

|

4

p——

-2
140 160 180 200 220 240 260
TRUE AIR-SPEED—KNQTS

Fi1a. 4. CoMPRESSIBILITY CORRECTION FOR QUTSIDE AIR
TEMPERATURE

2.2.3. SpEEDS. After corrections (i) and (ii) have been made,
the resulting speed is sometimes known as the rectified air-speed
(R.A8.); after correction (iii) has been made, we get the
calibrated air-speed, or C.A.S. In what follows we shall assume
that the calibrated air-speed (C.A.S.) and equivalent air-speed
(E.A.8.) are identical.

This speed is usually measured in knots, and it will be con-
venient to remember that

88 ft/sec = 60 m.p.h. = 52:2 k¢

and that knots can be converted into miles per hour by multi-
plying by 1-15. More precisely,
1 knot = 1-151553 statute miles an hour
= 1-688944 ft/sec

2.2.4. SuMmMaRY. We have already explained, in the first
section of this chapter, how to correct /o for non-standard
temperature. For those who prefer charts to calculations, the
first thing to do is to find the density height from Fig. 1 (a),
and then the value of V in terms of V, can be read from Fig. 1 (b),
which is simply a graphical form of V; = 4/aV. Or the latter
work can be done on a navigator’s computer. If we prefer

132 — H

simple arithmetic, find 1/o from a table or from /o = 32+ H
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and decrease its value by 1 per cent for every 5:5°C rise in
temperature.

2.3. The Drag Curve : Wind Tunnel and Flight Tests

2.3.1. THE DraGc Formura. The contribution of the air-
frame to the performance of any aircraft is mainly dependent
upon the drag D, given by

D= ‘}pvz . Sw . CD = %po";2 . S\v . CD pounds

in which S,; is the wing area in square feet, V and V,; are
measured in feet per second, and C,, is the non-dimensional
drag coefficient which is a function of the angle of attack, but is
independent of wing area, speed, and density. Other small
contributions to the drag (e.g. cooling) will at present be
neglected, and no account will be taken of any incidental thrust
in the opposite direction, such as that due to the exhaust.

2.3.2. Tue L1rt ForMULA. During level flight the lift obtain-
able from the wings, etc., is expressible in a similar form.
Taking the weight W equal to the lift,

W = $pV3y, . Cp = 1pVSSw . C,

in which C,, is the lift coefficient. Over a large part of its range,
Cy, is linear with angle of attack, varying from zero at the small
negative no-lift angle to about unity for an un-flapped wing.
Lowering the flaps has the effect of increasing the maximum
value of C,, i.e. it decreases the stalling speed, and there is
usually a slight increase in the slope of the lift curve, and a
considerable increase in the negative value of the no-lift angle.

2.3.3. THE LINEAR RELATION BETWEEN Cp AND Cp 2. The
drag coefficient C, can be found in two ways; firstly by tests
of a model in a wind tunnel. It is usual to plot C;, against Cy,
giving a polar, or more often against C; 2. In the latter case the
result is the straight line graph

1
Cp = an + v C.2 (m = 3-1416 approx.)

where A is the aspect ratio, e the N.A.C.A. efficiency factor and
Cp, is the value of C, where the straight line joining the
experimental points is produced back to cut the axis at Cy, == 0.
It is found in practice that, for the majority of conventional
aerofoils such as the N.A.C.A. 230 series used in aircraft like

4—(A.151)
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the Tudor and the Hermes, the straight line law is deviated
from for the larger values of C,. The “cleanest’ aircraft have
the lowest values of Cp,: a reasonable value is 0-025. War-
time bombers, with their numerous excrescences, had higher
values of Cp,,. In the case of low-drag aerofoils, whose greatest
thickness is farther back from the nose, the straight line graph
is more closely followed for the larger values of Cy,.

2.3.4. THE CALcULATION OF DRraG. By incorporating the
equation for W, the drag equation is

bW
or D=avi+ 33

1
where @ = dauCan b= g

(writing f = Sy, X Cy,,, @ = 4p,f)

The first of these drag terms is the parasitic drag, and the
second is the induced drag, which decreases as V, increases and
the aspect ratio is made larger, and increases with the square
of the weight.

When performing this experiment in a wind tunnel, the
value of p,, Sw, A are known beforehand, and the values of
Cp, and e are found from the graph by measuring respectively,
the intercept of the straight line, and its gradient.

There are, of course, errors due to scale effect, which seriously
affects Cy .4, but has little effect on the slope of the lift curve.
Scale effect on Cy,, is uncertain.

2.3.5. FuieuT TESTING. The relation between C;, and Cg?
can also be found by flight testing the actual aircraft. There are
considerable difficulties in this method, and great care must be
taken to reduce the experimental results to standard con-
ditions. But in general outline the process is as follows: By
using a torquemeter it is possible to find the b.h.p. delivered by
the engines, using a relation of the type

r.p.m. X torquemeter reading
constant

b.h.p. = (Ib/in.2)
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or a suitable conversion dial. It is also possible to estimate the

propeller efficiency for the conditions (speed and b.h.p.) of the

flight; then

t.h.p. DV

n 37517

where D is the drag in pounds, V is the T.A.S. in m.p.h. If a

reliable thrustmeter is fitted, we can dispense with the necessity
)

b.h.p. =

€=0778
+
f=205

os L/

o4 /

clos i

02

ol -:'(:

0
ool 002 003 004 005 006 o¢
Co

Fig. 5. Porar Curve (2 VERrsus Cp

for estimating the propeller efficiency. In certain cases we can
deduce the b.h.p. and dispense with a torquemeter, by using
the engine power charts. Since the weight and height are
known (see below) we can deduce the corresponding values of
C, and V,, and plot Cy, against C.2 as before. Fig. 5 shows the
Cp/C.2 straight line obtained by flight testing a modern proto-
type two-engined transport. The apparent scatter of the
points should not cause alarm. There are various reasons why
the ‘“ constants” e and Cy,, may not remain invariable through-
out a series of test flights, *but the variations in these quantities
will not seriously affect subsequent results.
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We stated above that the weight was known. If there is an
accurate record of the fuel used, this is the case; and it is usual
to correct all results to a standard ‘“mean weight” for the type
being tested.

When no propeller efficiency curves are available, the follow-
ing method may be used. Consider the quantities

P __b:h.p.\/o _ N+ Vye V,

M A e A N G N
W, w, W, w,

where P = power, N =r.p.m., V =T.A8., W, = standard
mean weight.

Now in level flight

\'
7 X b.hp. o Cyp. Vo (cf. § 2.4.4.)
7 X b.hp. X 4/o o« C,)V;3
o W\¢ i
Dividing by | o ) we get nP, oc C,V3;

W,
Now if Cp=C T
ow 1 p="0Cp, + Ae’
and ¢ = w (L, o« L

b %I;og;rvéi, J (V:‘w)z'

We know that n = F(C,, J)and C, o E)ll-ll
N2o

- W\ P,
Dividing top and bottom by (W—,) , O, o (ﬁ,;z
Also

Vo Vio
J o Ny/o' hence J oc N hence 7 = F(Piw, Viw Nf,,,)

Tw

o F(Ny, Py, V) =0,

The three quantities can be plotted on a ““carpet” and
standard conditions picked off as required.

2.3.6. THE Drac CurvE. Whichever method is used, we can
now plot a family of curves of drag against indicated speed,
weight being the parameter which distinguishes the members
of the family. As an example, consider the twin-engined
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aircraft for which C,, = 0-025, Sy = 900, e = 0-8, A =38,
f=225. Then

2 X 421
— 2:5 = - = 0-0465
;x421><2 0:0267, b = oo 6
W2
so that the drag D == 0-0267 V2 + 0-0465 — V 5
3 500
!
=T
3000
\ |11
W =28000 LB
© \\ i {/
1 y i
2 500
§ J T //
\ 212
# A
) 4 i
2000 1 ’/ ]
192
1 500
140 160 180 200 220 240 260 280 300 320 340
v, —FT/SEC

Fra. 6. Drag CUuRVES

Now calculate the drag for two values of W, 28 000 lb and
34 000 1b, for values of V,; between 140 and 300 ft/sec. The
curves obtained are shown in Fig. 6.

2.3.7. THE SPEED FOR MiNiMUM Drac. It is apparent from
the curves that, for each weight, there is an indicated speed for
minimum drag. This is given by

) () =)
V’.md_ (;Ae'c—;;) %;S_; = -[; \/W ft/sec,

giving 192 ft/sec for 28 000 1b, and 212 ft/sec for 34 000 1b.
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One noticeable feature of the curves is the large increase in
drag at low speeds.

As will be seen shortly, the speed for maximum range (for a
piston-engined aircraft only) is just a bit more than the speed
for minimum drag—or the speed for maximum L/D, which is
the same thing.

We note that the minimum drag speed varies with the square
root of the weight, but that during this variation the angle of
attack remains constant. We have

1 1
%f — 6,_ . CDz + oA’ Cy, a minimum when
CL2 = ﬂAeC]’z, CL == '\/;A_éé];;
Cp = 200,

Since Cy, is independent of W, « is also constant.
Substituting this value of Cy,
W = $p,V 2SwVmAeCy,
wh
Vo= oo
(3poSw) (”A@(/nz)
. : mAe
and the maximum value of L/D is equal to } o
Dy,
. For example, if C;,, = 0-025, mAe = 20, Cy, = 4/0-5 = 0-707,
and the maximum value of L/D is 14-14.

2.4. The Power Curve

2.4.1. CaLcuraTioN oF B.H.P. The brake horse-power re-
quired from all engines is given by

DV
b.h.p. = __ -, where 9 = propeller efficiency
5507
1 bW?2
= — 3 R
550V on (aV, + Vv, )

If we neglect the variation of n with speed and take it as 0-8
throughout, and plot the total b.h.p. for two weights at

10 000 ft, where /o = 0-859, we get a pair of curves similar to
those in Fig. 6.

The result is shown in Fig. 7.
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Y, 100 120 140 100 180 200 220 240 260
V110000 |14400 | 19600 | 25600 | 82400 | 40000 | 48400 |57 600 |67 600
0-0267 x V2 267 384 524 684 865 | 1069 | 1290 1539 1805
( %‘- 230 2335 200 175 1558 140 127-3 1167 107-8
i
]
%‘—; 73400 | 54520 | 40000 | 30630 | 24230 | 1960016200 |18620 |11620
[
1
0-0465 x —“—‘— 3 640 2 540 13860 | 1425 1127 910 753 633 540
§ )
ﬁJ D 3 007 2924 2384 2109 1992 1979 | 2043 2172 2 346
I —
-3 \Y 1165 1395 163 186-5 210 233 256 230 302
5——;—6 0264 0-317 0-370 | 0-424 0473 0-530 | 0-582 0-635 0-686
b.h.p 1032 930 833 895 954 1050 1190 1 380 1610
\
r w | Lo .
V. 340 283 243 2125 139 170 1546 141-6 131
1
Wwe . _ T .
§ Vi 115600 | 80090 | 59050 | 45150 |35720 28 000 | 23910 [20040 {17160
1
2 w? I . L o
i 4 0-0465 x va 5 330 3720 | 2750 | 2110 1 660 13421 1110 931 798
_ I e S R S A
=
D | 5647 4104 3274 2794 2525 2411 | 2400 2470 2 603
i
\ b.hp. [ 1452 1 300 | 1210 1185 |1 220 1276 | 1302 1570 1786

2.4.2. THE SpEED FOrR MINIMUM Power. At each weight
there is a speed for minimum power, given by

,\/3-7TAECD

= 11-28(

A

ft/sec
’}Posw /

t
67502) m.p.h. (where b, is the span),
giving 146 ft/sec for 28 000 1b and 161 ft/sec for 34 000 1b.
So that Vi, =3 xV, =136V, ,

i.e. the speed for minimum drag is 31-6 per cent higher than the
speed for minimum power.
Let us look for a moment at the point P on the 28 000 Ib
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curve in Fig. 7, where the tangent from the origin touches the
curve. This is where b.h.p./V is least, i.e. D is least, so that
both V, and V,  can be found from the power curve.

The indicated speed for minimum power should be regarded
as a basic constant for the particular aeroplane.

2000
34000 LB
H
/ 28 000 LB
4
(s /4
L
[ 212FT[SEC
J(
161 // 4
¥ L ! P
5000 \‘ ’ _'/T:z FT/SEC
192
v,
// )
/ //
500 /’ 4
'V
)4
)24
V%
0
0 100 200 300 400
V; —FT[SEC

Fi1a. 7. Powgr REQUIRED CURVES
It i3 assumed that 5 == 0-8 and /o = 0:859 (10 0V ft),

It is evidently

(i) the speed for maximum endurance, because the fuel flow
in gallons per hour is proportional to the b.h.p.,

(ii) the best climbing speed near the ceiling. At one particu-
lar setting of r.p.m. and boost, the power available from all
engines will be roughly constant over the speed range, and the
curve for power available will cross the power required curve
drawn as in Fig. 8.
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For a given weight and engine setting, the reserve power
available for climbing is given by the difference in the ordinates
of the two curves, and this is clearly a maximum round about

‘m’.

2.4.3. GAS-TURBINE-ENGINED AIRCRAFT. Note that the above
remark applies only to piston-engined aircraft. For a gas-
turbine engine, the b.h.p. available is roughly proportional to

N REQUIRED

x
o

AVAILABLE AT
ONE SETTING

J
|
Vimp v

F1e. 8. AvAILABLE AND REQUIRED PowER: P1sTON ENGINES

the speed, since the thrust is roughly constant; hence the
greatest surplus b.h.p. will occur at a speed in the neighbour-
hood of P (Fig. 9). This means that the best climbing speed is

a AVAILABLE AT
T ONE SETTING
@

REQUIRED

4

F1a. 9. AVAILABLE AND REQUIRED POWER: GAS-TURBINE
ENGINES

round about the speed for minimum drag, i.e. 32 per cent
higher than the best climbing speed for piston-engined aircraft.

2.4.4, PERFORMANCE EstiMaTION. It should be pointed out
that the above method of drawing the power-speed curve is not
that usually followed in the manufacturer’s design office.

One common method of procedure is based upon the following
reasoning—

Since W = }pV28Cy, then Wi = (§pSy)! C,! V3.
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Power required

DV o Ve deSw W
T 550 P 550 P 550 T (3pSw)CL
Cy 1 Wi

G ™ BeSw) " 550
Power required per engine X +/¢
Cyp 1 W 1
T Cul (3pSw)t 550 * humber of engines

We can thus draw a family of “4/0 X drag power” curves
against indicated speed X 4/o for different weights, based on
our wind tunnel information about the variation of Cy, and Cy,
with angle of attack and hence with speed.

Across this family of curves is plotted another family. The
b.h.p. available per engine, for various settings of boost and
r.p.m., is multiplied by #4/0, and again plotted against V,;4/a.
The latter family will cut the drag power curve for one par-
ticular weight in a series of points at different speeds; we take
the right-hand intersections, where, for constant level speed,
power required = power available, and so decide what engine
settings and b.h.p. are required for each speed. An advantage
of this method is that, for all heights, only one set of drag
power curves is necessary.

The results can be re-plotted in a composite graph like
Figs. 10 and 11. Here the lower curve shows propeller effi-
ciency, calculated at different weights and engine speeds. The
middle graph shows r.p.m. This remains at the lowest allow-
able, 1 600 r.p.m. for the lower speeds, and then rises to 2 400
at maximum weak mixture power. The b.h.p. required from
each engine shows a steady rise from (for the heaviest weight)
620 to 1150. The remaining curves will be commented upon
later.




CHAPTER III

Piston Engines
3.1. Analysis of Power

3.1.1. INpicATED HORSE-POWER. From the fundamental
formula

PALEC
33 000
where P = m.e.p. in pounds per square inch,
A = piston area, square inches,
L = length of stroke, in feet,
E = number of expansion strokes per minute,
C = number of cylinders,

iLhp. =

it is easy enough to show that, for a particular engine,
ihp. o« K X me.p. X r.p.m.

The m.e.p. is affected by the mixture strength (or air/fuel ratio),
and also by the volumetric efficiency, which is the ratio of the
weight of mixture to the cylinders during the induction stroke
to the weight of charge required to fill the swept volume at
standard temperature and pressure. This is where the super-
charger comes into the picture.
Put in rather simpler words, this amounts to saying that—
Power is governed by the variation of three main quantities,
(a) air/fuel ratio,
(b) r.p.m., or engine speed,
(c) boost, i.e. the pressure in the induction system
measured above or below atmospheric pressure.

3.1.2. AIr/FuEL Ratio. The first, air/fuel ratio, is quickly
disposed of. If the boost and r.p.m. are kept constant, the
specific consumption varies with b.h.p. in the manner shown in
Fig. 12. The minimum specific consumption is obtained at an
air/fuel ratio of about 16, but there is not much variation over
the “weak mixture” range; and, in fact, the diffuser in the
carburettor is designed to keep a constant mixture strength for

44
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all combinations of r.p.m. and boost within the cruising range.

As cruising will usually be done using weak mixture, we are
not going to get much help from this source.

3.1.3. Boost AND R.P.M. The object of a supercharger is to
raise the pressure in the induction pipe so that it is equal to, or
greater than, atmospheric pressure. (We can measure this
manifold pressure either in inches of mercury or pounds of
boost above or below standard, e.g. we saw in § 2.1.2. that
35in. Hg m.a.p. = + 2-51b boost.) At sea-level, raising the

Vi

CHEMICALLY CORRECT;
HIGHEST TEMPERATURE;
RISK OF DETONATION

B.H.P.

F1a. 12. SpeciFic ConsumpTIiON VERSUS B.H.P. AT DIFFERENT
AIr/FuEL Rarios

pressure above atmospheric gives additional power, but too
much boost is liable to wreck the engine, and consequently the
throttle is not fully open.

As climbing proceeds, if the engine speed (i.e. r.p.m.) is kept
constant, then the amount of supercharge is also kept constant
by means of an automatic boost control, until a height is reached
where the throttle is fully open. During this process the power
output is actually increased because the lower air density at
altitude reduces the exhaust back pressure which in turn gives
better scavenging, thus increasing the weight of charge per
stroke ; and also because the lower air temperature at altitude
gives better cooling, and a higher density to the induced charge.

We have said above that the throttle is not fully open at sea-
level. The following simplified numerical example will explain
this fact-—

Imagine that at constant climbing r.p.m., the boost pressure
is + 71b/in.2, and full-throttle height is 7 000 ft, at which
height the atmospheric pressure is 11:31b/in.2 The actual
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pressure in the induction system is 14-7 4 7 = 21-7 Ib/in.2
Thus the supercharger increases the pressure of the charge from

11-3 Ib/in.2 to 21-7 Ib/in.?, and the pressure ratio is i3 °F 1-9.

This ratio is a function of r.p.m.; hence at the same r.p.m.,
at sea-level, the outlet pressure will be 14-7 x 1-9 = 27-9 Ib/in.3,
i.e. the resulting boost pressure is 27-9 — 14-7 = + 13-21b,
which would soon cause serious trouble.

On reaching the full-throttle height for this particular boost,
and r.p.m., the power will then start to fall as height is further
increased, since the manifold pressure starts to drop.

A simple test to check whether the engine is actually at full
throttle or not is as follows:

When the aircraft is in steady flight with given throttle and
r.p.m. settings, pull the r.p.m. lever slowly back and watch the
boost gauge. If the boost falls, the engine is at full throttle;
if it remains constant, the engine is throttled. In the latter
event, the drop in r.p.m. before the boost begins to fall is a
measure of the degree of throttling at the original setting.

3.2. Engine Power Charts

3.2.1. RupiMENTARY CHARTS. The foregoing remarks can be
illustrated by considering Fig. 13, which shows a rudimentary
engine power chart.

Considering first of all the sea-level diagram on the left, the
vertical scale on the right-hand side shows the b.h.p. obtainable
by various combinations of r.p.m. and boost. It appears, for
instance, that 1 600 r.p.m. and 34 in. m.a.p. is about equivalent
to 2 200 r.p.m. and 26 in. m.a.p., and it is obviously necessary
to decide which pair of settings is preferable.

This point is settled in a later paragraph of this chapter,
where it is shown that low r.p.m. and high boost is the best
combination, provided that the r.p.m. is above a certain mini-
mum below which unpleasant vibrations may occur.

Turning now to the right-hand part of the engine power chart
in Fig. 13, it appears, for instance, that the full-throttle height
for the 1 600 r.p.m., 32 in. m.a.p. combination is 5 000 ft, and
that at greater height the power will fall unless the r.p.m. is
increased.

The slope of all the lines giving the increase of power, for a
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particular r.p.m. and m.a.p., from sea-level to the full-throttle
height, is roughly constant, as is clearly shown by the slopes
of the dotted lines. For example, the dotted line joining
2 000 r.p.m. and 32 in. m.a.p. on the sea-level scale to the inter-
section of the same settings on the altitude scale shows a
gradual increase of power from 620 b.h.p. at sea-level to 720
b.h.p. at 12 000 ft.

Note that the height to be used is the pressure height.

3.2.2. ENGINE PowEkRr CHARTS. Figs. 14, 15, and 16 are com-
prehensive power charts for the ‘‘ Hercules 100, 101, 110,” series
for “M” and “S”’ supercharger ratios.

AT SEA LEVEL AT ALTITUDE
I /soo 800 ’;CL TN, [
-~ 0 IN,
?‘,\/ P B.H.P. _- K
) >l 700 —_700L-> _~- ~ 8 IN—
% T A N
D AE — ~ o 7 -1 \26 IN.
= 600 600 _~ . P
18R = 200
s 0 l/ P > J——
- ) P == =3500=="500~ [N
, E
00 400 ru
7 ep—
a5
SL
26 28 30 N 34 0 5 000 10000 15000 20000
M.A P.—INCHES OF Hg. HEIGHT —FT.

T'1a. 13. RUDIMENTARY POWER CHART

These are typical of power charts issued by engine manu-
facturers, and enable the relation between boost, revs., and
engine power for a given altitude to be obtained over the full
power range of the engine. In order to understand how it is
built up, and how it is used, we shall consider one line on Fig. 14,
the one labelled 2 400 r.p.m. 4 6 lb/in.2 This shows that if the
engine is run at 2 400 r.p.m. at sea-level and throttled to give
+ 61b/in.2 boost, it will give 1420 b.h.p., and as altitude is
increased at 2400 r.p.m., the throttle being progressively
opened to maintain 4 6 1b/in.2 boost, the b.h.p. will increase
to 1 510 at 7 800 ft where the throttle will be fully open. At
altitudes beyond this the line shows how the b.h.p. will fall off,
and the lines crossing it indicate the values of the decreasing
boost.

5--(A.181)
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Fi1e. 14. Power CHART
Performance curves for * Hercules 100" in “M" gear,

D.E.D. 2 000 corrections; open exhaust and without ram ; standard temperature

and pressure conditions; fuel—100 octane, 130 grade.

Maximum power for—
— - — Take-off—5-minute limit.
- — — ———-——— Combat flight—5-minute limit,
{Normal climb.

Emergency crulsing—1-hour limit.
Continuous cruising—rich mixture.
——— Continuous cruising—lean mixture,
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Fia. 15. Powrr CHART

Performance curves for ** Hercules 100’ in ** 8" ratio.

D.E.D. 2 000 corrections : open exhaust and without ram ; standard temperature
and pressure conditions: fuel —100 octane, 130 grade.

Maximum power for—

- Combat flight—5-minute limit.
Normal climb,
-—-{Emergcnoy cruising—1-hour limit.
Continuous cruising—rich mixture.
- - — Continuous cruising—Ilean mixture.
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Fig. 16. PowEr CHART
Power at varlous altitudes for * Hercules 100, 101.”

.D. 2 000 corrections; open exhaust and withont ram; standard temperature
‘and pressure conditlons‘ fuel—100 octane, 130 grade.
Maximum power for—

- Take-off—5-minute limit.
- —— - —— —— Combat flight—>5-minute limit.
Normal climb.
— -— — -— —! Emergency cruising—1-hour limit,
Continuous crulsing—rich mixture,
--— Continuous cruising—lean mixture.
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We can find, for instance, the power at 5 000 ft pressure alti-
tude given by 2 800 r.p.m. and -+ 6 lb/in.2 boost. The sea-level
chart tells us that 1 540 b.p.h. are obtained at sea-level, and
the top line of the altitude chart shows that at 2 800 r.p.m.
full throttle, 61b/in.2 boost is obtained at 12 000 ft, giving
1 670 b.h.p. Joining these two points will give the 2 800 r.p.m.
+ 61b/in.? line, and where this cuts 5 000 ft we read off that
1 600 b.h.p. is obtained. However, this line is not shown on the
chart as for this engine 2 400 r.p.m. and 6 lb/in.2 boost are the
maxima permitted for continuous use in rich mixture. The line
we considered and the series below it refer to continuous cruising
at r.p.m. of 2 400 and below, at the maximum permitted boost,
rich mixture.

It is not possible to read off the power obtained at say
2 600 r.p.m. 4+ 4 1b/in.2 boost as this setting would not, or at
least should not, be used, for a reduction in power would be
made by decreasing r.p.m., not boost, in order to maintain the
maximum b.m.e.p., and hence the best fuel consumption.

The top line on the altitude chart gives the maximum power
obtainable from the engine, permitted for short periods only,
at the maxima of 2 800 r.p.m. and + 81b/in.2 boost. This is
normally used for take-off only.

The bottom series of curves relates to continuous cruising
in weak mixture, starting with the permitted maxima of
2 400 r.p.m. 4+ 2} 1b/in.2 boost. This is the series of curves in
which we are mainly interested for cruising purposes, and it
will be noted that the sea-level chart gives the power obtain-
able at various r.p.m. over the whole range of boost pressures.
This enables us to read off the power given by boost and rev.
combinations not given directly on the altitude chart. This is
done by drawing in the constant boost line, as in the previous
example, by joining the point given by the sea-level power to
the full-throttle point for the particular revs. and boost and
noting where it cuts the required altitude.

For cruising purposes, then, we could extract this part of
both charts, but it can be further simplified by omitting the
sea-level chart ; for we should not need to use settings other than
those given directly by the altitude chart, as they would be less
economical of fuel than the latter. For engines fitted with
automatic boost control, the power given by the chart can be
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and r.p.m.; and is evidently somewhat similar in the previous

diagram (Fig. 20) but upside down, since a.m.p.g. o gl, and
other quantities.

Suppose the aircraft is at its cruising height, and that 1 800
is the minimum r.p.m. permitted. Starting from the point D
where the speed is least, an increase in speed is best obtained
by keeping the minimum r.p.m. and increasing the boost, as
shown by the line DC. At C' we reach a point where, for the
particular height in question, full-throttle conditions come into

¢

B.H.P.

F1c. 20. SpeciFic CoNnsuMprTiON VERSUS B.H.P. AT DIFFERING
R.P.M. axp Boost

operation, and for a further increase in power (i.e. speed) it will
be necessary to increase both r.p.m. and boost. (This necessity
is easily seen from studying the altitude part of the engine
power chart in Fig. 13.) At B we reach the maximum boost
obtainable, and a further increase in speed necessitates increases
in r.p.m. along the line BA.

We thus see the reason for the angles at (' and B. Note that
at a lower height we might be able to obtain + 2 boost at
1800r.p.m.; whereas at a considerably greater height, the
whole of the a.m.p.g. line might be at full throttle.

If we now turn to the Cruising Data in Figs. 10 and 11, we
see how—as already described—the specific consumption gets
less as boost is increased at constant r.p.m., and how it remains
constant at full-throttle conditions until maximum boost is
reached, whereupon specific consumption again increases.
We thus see the reason for ¢, being least at a considerably
higher speed than that for minimum drag, leading to the
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Minimum percentage reduction in engine r.p.m. for an improvement in fuel
economy to occur on changing from “M’’ to *8'* gear at constant power.

maximum range speed being above the minimum drag speed as
described in the last chapter.

Fig. 21 also illustrates another important point. If it
was possible to produce the line BC backwards to the left,
considerably higher a.m.p.g. would be attained. But r.p.m.
limitations prevent this, and as a result it is not possible to
run the engine at full-throttle conditions at speeds in the
neighbourhood of the minimum drag speed. This effect is often
noticeable at the lower heights, and explains why the optimum



60 PERFORMANCE OF CIVIL AIRCRAFT

2300
P
=S R.PM. IN
a5 ‘M GEAR|
. - =S In 1T
£2200 el H H H
z HHLLE2 400
2 PG
£
< ~
@ TR
z 8
Q as '5&
gz 100 meConay H
a -1 N 144 I HH
& Yin
(V) .
P H
g e
CS
P e
z :
I
22 000
- mp-~
< SEaaunantns
3‘ ainac=s
Q B
e . H
2 HA H H H3J00H
21
4 Py
o
Ses -
=
4 Py
-1 Pty
a8 pass
00 HH
! 400 500 900 1 000 1100

700 800
BRAKE HORSE-POWER

Fia. 23. CHOICE OF SUPERCHARGER GEAR FOR "*HERCULEs 100"
8 gear r.p.m. below which fuel consinmption I3 reduced,

height is usually the lowest height at which the minimum drag
speed corresponds to full-throttle conditions for the engine; or
rather, corresponds to full-throttle conditions at minimum
r.p.m.

3.4. Two-speed Superchargers

In order to attain the increased boost desirable at consider-
able height, many engines are fitted with two-speed super-
chargers. The use of a higher gear allows a given speed to be
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maintained at higher boosts and lower r.p.m., which tends to
improve the specific fuel consumption. But the use of high
gear, at given boost and r.p.m., tends by itself to make specific
fuel consumption worse, mainly on account of the increased
power required to drive the supercharger. The two effects
therefore oppose each other, and only tests can decide which
will have the greater effect. In this connexion it is interesting
to study Figs. 22 and 23 which show under what conditions,
for the ‘“Hercules 100" engine, the use of the higher “S”’ gear
is more economical than that of the lower “M” gear.

3.5. BM.E.P.
On a previous page we gave the fundamental formula
. PALEC
ihp =—- -
33 000
This can be written as

b.h.p. = b.m.e.p. X r.p.m. X a constant

where b.m.e.p. is & measure known as the brake mean effective
pressure, of the pressure inside the cylinders corresponding to
a certain b.h.p. If we write the above result as

bm.e.p. =k X b.-h-p. (where k depends on the particular
. r.p.m engine)
certain consequences follow.

It is undesirable for the b.m.e.p., using weak mixture, to be
above a certain value, except for short periods of time, and so
there is an upper limit to allowable b.h.p. at maximum r.p.m.
and a lower limit to r.p.m. at a fixed b.h.p.

If we decide to operate at a fixed maximum b.m.e.p., we are
led to some modification of the ““low r.p.m.—high boost” rule.
This is evident from the specific fuel consumption grid of
Fig. 24, on which constant b.m.e.p. lines have been drawn: or
from a study of the tabulation shown on page 63.

For a fixed b.m.e.p. there is thus a particular r.p.m., not
always the lowest, which gives minimum specific consumption ;
and we shall lose in engine efficiency, and may lose in b.h.p., if
we do not operate at higher r.p.m. The torquemeter reading,
on those aircraft fitted with torquemeters, gives a measure of
the b.m.e.p.; and if we operate at the maximum b.m.e.p.. and
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choose the lowest r.p.m. to give the desired b.h.p., then we can
be fairly certain of attaining minimum c,.

ey is measpred in 1b/b.h. P /hr.)

o | : : _
E_Ai} rpan. 1400 ’ 1 600 ; 1800 ‘ 2000 | 2200 | 2400
‘ [ I D
I b, | 525 | 600 i 675 750 } 825 900
0-375 E ! !
C e | 0445 0438 ](0436)1 0437 | 0-443 | 045
! ' -— .
” bhp. | 595 . 680 | 765 ' 850 | 1 020
0425 |-on - ; ! -
e, 04268 0424 ’(0-424>‘ 0429 | 0-434 | 0-44
0 hhp. 45{“‘ 520 585 650 | 715 | 780
0435 - -
. 0467 0460 0-454 | (0-453) 0456 | 0-461

3.6. Propeller Efficiency

The third factor in the a.m.p.g. formula is , the propeller
efficiency. As the constant speed propeller is designed to allow
optimum r.p.m., the variations in 7 should not be large; say,
from 0-75 on the climb to 0-86 cruising at full throttle and the
higher speeds. Propellers are unsuitable for very high speeds,
owing to the loss of efficiency due to compressibility effects at
the tips, and it is questionable whether the goal of 0-9 is

“now worth working for.

Propeller manufacturers supply elaborate methods for esti-
mating the efficieney under any combination of speed, r.p.m.
and b.h.p., and these are useful in forming preliminary estimates
of performance. These should. however, be carefully checked
in flight, by the use of a thrustmeter. A typical variation of %
with speed, at constant height, is shown in Figs. 10 and 11.

6—(A.151)



CHAPTER IV

Gas-turbine Engines

4.1. General

A TURBINE, driven by the exhaust gases of a piston engine and
connected to a blower, in order to maintain the sea-level power
of the engine at altitude, was originally conceived by Rateau.
This idea was carried a step further, to the practical flight stage,
by the R.A.E., Farnborough, and then abandoned. But Wright
Field, with General Electric, in the U.S.A., brought it to a high
state of development and it is now fitted to a large number of
American aircraft.

The advent of the ‘“ Whittle” turbine/jet unit has carried the
turbine forward to a position where, after relatively few years
of intensive development, it has virtually taken the place of
the piston engine in pursuit aircraft and now threatens the
piston engine in all other fields of aviation, with the possible,
but only temporary, exception of the requirement for fuel
economy.

The “Whittle ”” is an internal combustion engine and it drives
its own blower which discharges to combustion chambers
located, integrally, between blower and turbine.

The gas turbine, like the piston engine, is basically an air
pump, but, whereas the piston engine has a timed or controlled
respiratory cycle, with its inherent mechanical limitations, the
gas turbine does not suffer these restrictions. It works on a
continuous (untimed) combustion cycle and since its mechanical
system is rotational it can deal with vastly more air than the
piston engine.

There are certain disadvantages which prevent it from taking
the place of the piston engine completely. The operating tem-
peratures of the latter are much higher than those at present
possible with the gas turbine. The maximum working tempera-
ture within the piston engine, according to compression ratio
and mixture strength, etc., varies from about 2 500°C to
3 000°C absolute. Further, the working fluid of air and
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hydro-carbon fuel is not diluted with the excess air, which is
necessary in the case of the gas turbine where, at present, a
temperature of 1 100°C absolute, at the turbine entry, cannot
be exceeded, due to material limitations.

It will be appreciated, therefore, that these temperature
limitations prevent the gas turbine from attaining the thermal
efficiency of the piston engine. But this will not necessarily be
so in future. In any case, the gas turbine has other advantages.

The turbine/jet engine is considerably lighter than the piston
engine of equivalent power, both in regard to its ‘““dry” and
“installed ” weights. It does not need any coolant because it
is internally cooled by its own excess air. Present gas turbines
run on ball and roller bearings so that a large quantity of oil is
unnecessary and oil cooling is not required.

The specific weight of a simple turbine/jet engine is about
0-31b per 1b of static thrust. Propeller/turbines have some-
what higher weight, between 0-75 1b and 0-90 1b per equivalent
shaft horse-power.

Future turbines, both of the “jet’ and also the propeller or
power types, will tend to become more complex when designed
for high fuel economy, and a specific weight of 1 1b to 1-5 1b per
equivalent shaft horse-power is to be expected in the latter
(propeller) case. These figures are related to maximum power
at sea-level.

4.2. Types of Gas Turbine

Gas turbines may be divided into two general categories.

(1) Turbine/jets, or ‘‘pure jets.” :

(2) Propeller or power turbines, or * prop. jets.”

In the case of (1) there is, naturally, the ‘“Whittle” type
which consists of a single-stage, double-sided, centrifugal com-
pressor and single-stage turbine. One variant of this is the
De Havilland ‘““Goblin,” which has a single-stage and single-
sided compressor.

The performance curves in Figs. 25 and 26 show the results
obtained at one stage in their development; today the figures
are higher.

The Armstrong-Siddeley ‘“Python” has an axial flow com-
pressor directly coupled to a two-stage turbine. The propeller
is driven through a double-reduction gear, at the front end.
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The pressure ratio of the compressor is 5/1, and the propeller
shaft, plus 1 150 1b thrust (static) at the jet pipe. The operating
speed is 8 000 r.p.m. The weight is 3 140 1b, without propeller.
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The Bristol “Theseus” has an axial flow and a centrifugal
compressor, in series. The centrifugal compressor is located
between the axial compressor and the combustion chambers.
The theoretical advantages claimed for this arrangement are
that the centrifugal compressor assists the axial compressor
over its relatively narrow operating range, particularly during
the starting of the engine, thus avoiding instability and
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promoting flexibility of operation. Thereisone important advan-
tage in the location of the centrifugal compressor. The air from
the discharge of the axial compressor must be turned sharply
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when separate combustion chambers are used ; if a centrifugal
compressor is considered necessary for other reasons it is a very
convenient substitute for sharp pipe bends and also provides
an increase in total pressure ratio.

Both the axial and centrifugal compressors of the ““Theseus”
are driven by a two-stage turbine. There is another turbine
wheel fitted to a shaft which passes through the hollow shaft
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of the two-stage turbine and compressors. This turbine wheel
independently drives the propeller through double reduction
gearing.

In the particular case of the “Theseus,” by the mechanical
separation of the propeller turbine from the compressor,
some flexibility is obtained, such as, for example, overspeeding
the propeller for take-off. This flexibility also enables the pilot
to use a lower propeller speed when landing and taxying.

The separation of the propeller from the compressors is also
a help in reducing the power required for starting, because no
power is absorbed in turning the propeller.

The “Theseus” engine has been designed to incorporate a
heat exchanger for improved fuel economy. A reduction to
the order of 10 per cent in specific fuel consumption will be
achieved at small expense in power, but appreciable increase in
weight. The compressors (axial and centrifugal) have an
overall pressure ratio of 4-35/1. The shaft horse-power, at the
propeller, was 1 950 h.p. with 500 1b thrust (static) in the jet
pipe according to early tests. The engine speed is 9 000 r.p.m.
and its weight is 2 500 b, without propeller.

In the Rolls-Royce ““Clyde” the first turbine wheel drives
the centrifugal compressor and the second turbine drives the
axial compressor and, also, the propeller, through double-
reduction gearing. The arrangement is for contra-rotating
propellers.

The power is 3 000 h.p. at the propeller shaft, with 1 200 b
thrust (static) in the jet pipe. The engine speed is 6 000 r.p.m.
The “dry” weight, without propeller, is about 2 500 Ib.

4.3. The Constant Pressure Cycle

The gas turbine works on the ‘ constant pressure’’ thermo-
dynamic cycle. This can be demonstrated more clearly by
a temperature/entropy diagram, which is shown in Fig. 27.

Referring to the diagram; the full line (0, 1’, 2/, 3', 4/, 5')
represents the theoretical cycle, assuming no losses. Atmos-
pheric air, in a condition represented by point 0, is raised in
temperature and pressure to conditions corresponding to point
1’ by the effect of “ram.” Point 2’ is reached after the air has
passed through the compressor. From 2’ to 3’ heat is added
at constant pressure, by an amount proportignal to the
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temperature difference, /. The gas is then expanded from
3’ to 5’ where the pressure is, again, atmospheric.

The energy available in the expansion is proportional to the
temperature drop from 3’ to 5. A proportion of this energy 3’
to 4', equal to 1’ to 2’, is required to drive the compressor.
And the remaining energy 4’ to 5’ proportional to 4, may be
used, in jet form, to propel the aircraft, or some may be con-
verted into shaft power by means of a turbine.

CONSTANT
PRESSURE LINES

|, 3
“w \
/|
2 10
b / 4| 4 +
& / \
K % s 4
[ /, // S A
72’ ¢
/ S
2/ d

ENTROPY

o CYCLE WITHOUT LOSSES
CYCLE WITH LOSSES

Fra. 27. E~xrTrorY DiAGRAM FOR (GAS TURBINE

The actual cycle, with losses taken into account, is shown by
the dotted line (0, 1, 2, 3, 4, 5). With the same input of work
into the compressor, the resultant pressure at 2 is lower than
2'. Because of this lower pressure ratio and, also due to the
losses during expansion, the available energy in expansion, 3 to
5, is much smaller.

The work required to drive the compressor is, however, un-
affected and, consequently, the useful net energy available, 4
to 5, proportional to B, is much reduced. The thermal input.
for both the cycles shown is proportional to C. Therefore, the
thermodynamic efficiency of the cycle, with no losses, is 4/C
and, with losses, is BJC.
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The diagram (Fig. 27) shows the great importance of achiev-
ing low losses in the compressor, turbine and combustion
chamber to obtain good efficiency in the gas turbine as a whole.

4.4. The Effect of Pressure Ratio on Thrust and S.F.C.

The temperature/entropy diagram may be used to illustrate

the effect of increasing compression ratio and gas temperature
-7
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Fra. 28. Seeciric FUEL CONSUMPTION VERSUS PRESSURE RaATIO:
JET ENGINE

at the inlet to the turbine. Figs. 28, 29, 30 and 31 show some
results of calculations of these effects.

Output per unit rate of air flow and specific fuel consumption
are shown on these figures, for simple jet and also propeller
turbines. They are drawn for sea-level static conditions. In
the case of the propeller turbine, it will be seen that, as the
turbine inlet temperature is increased, the specific consumption
decreases, and the specific output rises. As the pressure ratio
is increased, at a given turbine inlet temperature, the specific
consumption passes through a minimum and the specific output
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through a maximum. But it will be noted that these two
optimum points do not occur at the same pressure ratio. This
is particularly marked in the curves for 800°C absolute and
1 000°C absolute, and is due to the increasing effect of losses in
compression and expansion which offset any thermodynamic
gain.

The effect of pressure ratio and temperature on the perform-
ance of simple jet engines, shown in Figs. 28 and 29, is com-
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Fia. 29. Sreciric THRUST VERSUS PRESSURE RAaTio: JET ENGINE

plicated by the additional factor of propulsive efficiency. The
specific thrust varies in approximately the same way as the
specific power output of propeller turbines. The specific con-
sumption, however, generally rises as the temperature increases.
This is the result of decreases in propulsive efficiency, which
occur when the jet velocity is increased.

At any given temperature there is an optimum pressure
ratio, which is shown most definitely on the curves for 800°C
absolute. But, for temperatures now used, this occurs at a
large value of the pressure ratio. which is above that giving the
maximum thrust.
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Up to the present time, we have been using pressure ratios
between 4/1 and 6/1 for simple jet engines and, although higher
pressure ratios are desirable, for thermodynamic reasons, the
increased weight and greater complication involved may largely
counterbalance any improvement in thermodynamic efficiency.

483°C ABS. BLADE TEMPERATURE 775°C.

277°C_ABS.

916°C ABS.
861°C ABS.

945°C ABS.

i B 3 ) 7

Frc. 32. TEMPERATURES IN A (GAS-TURBINE ENGINE

4.5. Working Conditions

1t will, perhaps, be of interest to give some idea of the
working conditions inside a simple jet engine of the * Whittle ”
type, when running at normal maximum speed. In order to

56:0 LB/IN2

12:8 LB/IN?
539 LB/INA

19:05 LB/INZ

216 LB/IN? ) 147 LB/IN2

~
Fi1a. 33. PRESSURES IN A (GAS-TURBINE ENCINE

make this as clear as possible, Figs. 32, 33 and 34 show a
section, through one combustion chamber, of this type of
engine, giving the particular conditions existing throughout its
system when it is running. Fig. 32 shows the temperature
conditions, from the compressor inlet to the jet pipe. Fig. 33
gives the pressure distribution and Fig. 34 the Mach number at
the various points.

The air consumption of the gas-turbine/jet engine is enormous
and the accepted figure for normal assessment is 1 1b of air per
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second for every 50 1b of thrust. This means that the ‘“ Derwent
V?” engine, giving 4 0001lb thrust, consumes about 2 tons
of air per minute, or over 120 tons per hour. With compressors
of higher efficiency and when turbines can work at higher gas
temperatures, we should be able to obtain 60 Ib of thrust per Ib
of air per second.

As mentioned earlier the gas turbine cannot operate at the
relatively high temperatures of the normal piston engine. This
is due to the present limitations of material and cooling. Except
in the primary zone, the overall air/fuel ratio is very high and

0:95 015
0045

025
0674

047 091

089 (REL.) 107 067 (REL) 094 (REL.)

F1a. 34. MAacH NUMBERS IN A GAS-TURBINE ENGINE

in the region of 60-70/1, compared with that for the piston
engine, which approaches the value for chemically correct
combustion, of about 15/1.

It will be urtderstood that in the case of the simple jet engine,
the turbine wheel is employed only to drive the compressor for
pumping the large mass of air, which, after the addition of heat
in the form of fuel, is ejected through the propelling nozzle at
high speed—approximately 1 600 ft/sec. The reaction of the
hot gases provides the propulsive effort.

4.6. The Propeller Turbine

4.6.1. GENERAL PrOPERTIES. The propeller or power turbine
is designed so that more of the power, or gas energy, is absorbed
by the turbine wheel, or wheels, than is the case with the jet
turbine. This provides power, both for the compressor and the
propeller. But less jet energy is then available and the gases
leave the propelling nozzle at reduced velocity.

4.6.2. DivisioN oF PoweR. Propeller turbines can be de-
signed to meet a fairly wide range of aircraft operating
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conditions, and the power at the propeller shaft and in the form
of jet energy can be proportioned accordingly; for instance,
90 per cent shaft horse-power and 10 per cent jet thrust, or
75 per cent shaft horse-power and 25 per cent jet thrust, ete.

4.6.3. SaviNG oF HEaTING Losses. Anyone who has seen a
jet engine operate knows how much heat and velocity energy
is imparted to the jet. All of this heat energy is wasted, and
even at present-day World Record speeds nearly half of the
velocity energy is wasted also. At present-day transport speeds
the fraction is more than two-thirds of the velocity energy. To
increase the speeds of civil transports may be an obvious
answer, but this may not be so easy as might be imagined. The
inefficiency of a jet engine under such conditions, is, therefore,
obvious, and hence it does not comply with the second main
requirement of civil aviation, namely, economy of operation.

Three main techniques are known at present whereby the
exhaust-heat loss can be minimized: (a) the use of the heat
exchanger, either recuperator or regenerator; (b) the use of a
high turbine expansion ratio entailing a correspondingly high
compression ratio; (c) the closed cycle systems, which permit
alteration of the working medium. To these should possibly be
added that most interesting device, the Brown-Boveri *Com-
prex”’ system. There is considerable doubt as to the practic-
ability of the closed cycle in aviation, necessitating, as it does,
net one but several heat exchangers. The choice, therefore,
rests between the use of a heat exchanger and high compression.

4.6.4. HEar ExcuaNgeErs. Two fundamental features.
weight and volume, impose restrictions on the design and
utilization of the heat exchanger, which makes its practical
realization more difficult and a little less attractive. The
additional weight of such an assembly must be more than
offset by a reduction of fuel consumed to show any economy,
and that a time factor is thereby introduced. This time of
flight, which is a function, therefore, of the heat-exchanger
weight and efficiency, will determine the usefulness and
application of the turbine-heat-cxchanger combination.

The weight permissible for the heat exchanger must, there-
fore, be the absolute minimum, since the efficiency is limited by
other considerations. Likewise, the other restricting feature of
volume is also difficult to define simply, but, nevertheless, is
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very real to the designer, both in the geometric layout of the
design and its subsequent influence on the power plant
performance.

Practical heat exchangers will cause a certain restriction to
both the ““charge air” and the ‘“exhaust gas” flow, the results
of which will, to a certain extent, offset their ideal advantages.
So far only the case of a fixed adiabatic efficiency of 85 per cent
for the turbine and 88 per cent stage efficiency for the com-
pressor has been considered, these figures being a fairly reason-
able top limit at the present state of the art when operating
at the design conditions. The efficiency of a gas turbine plant
is dependent on the ratio of peak permissible gas temperature
to atmospheric temperature. The case so far considered is
where the air temperature is 15°C and the peak temperature
800°C. It will be noted that the efficiency is materially im-
proved either with increased maximum temperature or reduced
air temperature.

4.6.5. PRESSURE RaTrio. When designing for the altitude
condition it is necessary to compromise to a certain extent
between optimum performance and optimum fuel consumption.
The present-day permissible gas temperatures are of the order
of 800°C, and for this value the optimum compression ratios are
in the region of 6-5 : 1 and 9-0 : 1, the compromise value being
in the neighbourhood of 85 : 1 having regard to altitude
conditions.

4.6.6. DiscHARGE VELOCITY. The fact that most of the work
in the gases is taken out in the turbine in order to provide power
for the compressor and propeller means that the temperature
drop across the jet nozzle is of a very low order, resulting in a
relatively low discharge velocity. This is by no means a dis-
advantage, since, for the aircraft speeds at which the propeller
turbine is designed to operate, a low discharge velocity is
required in order to obtain the maximum Froude efficiency at
this speed.

As the hot gases pass through the turbine wheels their tem-
perature falls in proportion to the work done. Since all the
blades could presumably withstand the same temperatures, it
has been suggested that if some form of reheating between
stages could be resorted to, either an improved efficiency or
power output would be possible. When a separate turbine
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wheel to drive the propeller is used, the obvious place for re-
heating would be between the compressor and propeller-turbine
wheels.

4.6.7. DESIGN CoNSIDERATIONS. The need for avoiding bends
in the air flow after compression is not so acute, as the high
pressure air has to be slowed down considerably before entering
combustion chambers of present-day types. In the case of
engines fitted with heat exchangers, a further deceleration of
the flow is inevitable, and it is fortunate that this reduces to
a very small order the losses consequent upon “looping” this
flow, which is unavoidable in an engine fitted with a heat
exchanger. This “looping” may also be adopted where it is
desired to shorten the engine, as a straight-through turbine,
whilst of very small diameter, tends to considerable length.

Another very important factor controlling the design layout is
the power at take-off ; the propeller may obtain its power either
directly from the compressor/turbine system or from a free
power turbine, which derives its energy from the exhaust gases
of a separate compressor/turbine gas generator, of which Bristol
turbines were at one time the only aeronautical exponents.

A further question to be settled in relation to the power
transmission is that of propeller location. Although no pusher
turbine installations are known as yet, the gas turbine lends
itself very conveniently to pusher propeller installation, with,
however, a most important reservation on the score of vibration.

4.6.8. NEED FOR AXIAL CoMPRESSORS. It will be noted that,
with the exception of the Rolls-Royce “Trent” engine, all
current propeller turbines use an axial compressor, although in
three instances this type has been used in conjunction with a
centrifugal impeller. For sizes smaller than 1000 h.p., how-
ever, the air consumption would not appear to warrant the
complication of an axial compressor, and in the case of the
Bristol “Janus” engine, centrifugal impellers are the only
means of compression.

When we turn to small propeller turbines, i.e. those of under
1 000 h.p., some modification of the relative merits of the axial
and centrifugal compressors is, however, to be anticipated.
The low air flow required coupled with the fact that the same
compression ratio (and, therefore, the same number of stages)
has to be preserved, means that the aspect ratio of the blades
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is very low, and the blade-tip clearances may consequently
have to be greater in proportion to the blade height. Both these
facts tend to reduce the efficiency of the small axial. To this
must be added the fact that the small compressor contains just
as many parts as the large one and, therefore, would cost nearly
as much. The compressor system for these small turbines is,
therefore, likely to consist solely of centrifugal compressors,
and it is probable that, in the interest of efficiency, there should
be at least two stages.

A very marked increase in axial-compressor performance and
efficiency is unlikely in the immediate future until such time
as the Mach number effect has been mastered. There is a very
direct analogy in this respect with aircraft performance in
which supersonic speeds have yet to be obtained without the
inherent detrimental consequences of increased drag.

4.6.9. RepuctioNn GEARING. The reduction gear ratio has
changed from about 2 : 1to 8 : 1 or 10 : 1, thus necessitating
quite radical changes in the general layout of the gearing.
Moreover, input-shaft speeds have risen to nearly four times
those used in current reciprocating-engine gearing, and since
the minimum gear blank size cannot be reduced proportion-
ately, pitch-line velocities are extremely high. In consequence,
many turbine gears show the effects of very high-speed vibra-
tion, though it is difficult to indicate definitely the sources
responsible.

4.%. The Ducted Fan

There is also the turbine/jet engine with an augmenter or
ducted fan. This takes the form of an axial type fan in an
annular duct surrounding the main turbine. The fan can be
connected to a ring of turbine blades, which are located in the
gas stream behind the turbine proper. Another method is to
drive the fan mechanically direct or through gearing and locate
it at or near the air entry of the compressor. The fan duct
surrounds the engine and is carried rearwards, where it can
discharge as an annular jet or into the jet pipe proper, to mix
with gases there. One of the advantages of locating the fan at
the compressor entry is that some degree of “ram’’ or super-
charge is given to the air entering the compressor.

The advantages claimed for the ducted fan, or augmenter,
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are that it provides greater thrust than the simple jet during
take-off and also the climb of the aircraft. But the thrust
advantage over the ordinary jet decreases with forward speed,
dropping to zero at about 550 m.p.h. The ducted fan in its
simplest form has a lower weight than the propeller and less
mechanical complication. But it is probable that, in order to
obtain the best from the ducted fan, it will tend to become
more complicated and may have to have blades with automatic
pitch variation. In addition, variable area propelling nozzles
will have to be provided. Further, the ducted fan will not have
the complete flexibility of the propeller, but this disadvantage
could. to some extent. be overcome by burning fuel in the
duct, behind the fan, to increase the thrust, similar to burning
fuel in the jet pipe, which has already been tried with en-
couraging results. However, it is very uneconomical to burn
fuel in this manner. The control problems of the ducted fan
engine may be formidable and the aircraft designer must
first be reasonably satisfied that it gives him the means of
producing a cleaner aircraft. It should be less noisy than a

propeller.

4.8. Fuel Consumption

It is still necessary to improve the fuel consumption of the
simple jet engine. This can be done by (a) higher efficiency
compressors, (b) combustion chambers having a still lower
pressure drop, and (¢) more efficient turbines. The latter, (c).
so far as the simple jet is concerned, does not have an important
influence upon fuel consumption, within 1 or 2 per cent of the
optimum efficiency. But, when related to propeller turbines,
the efficiency is of very great importance ; a difference of 2 or
3 per cent in turbine efficiency, in this case, will affect the fuel
consumption by as much as 8 or 9 per cent.

In the case of (a). the axial compressor may supersede the
centrifugal type, because the axial offers the advantages of
higher pressure ratios and higher adiabatic efficiency. But it
is not yet absolutely clear that this will be universally the case.
The centrifugal compressor of the two-stage type should be
capable of development, to give a pressure ratio of 6 : 1 (sea-
level) with an adiabatic efficiency of 80 per cent. An axial
compressor for the same pressure ratio would, to-day, give an

7 (\Noasy)
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adiabatic efficiency of, say, 85 per cent, but an efficiency of
88 per cent is considered attainable, eventually.

4.9. Axial or Centrifugal ?

Axial compressor turbines offer opportunities for small
diameter, for the same power, relative to the centrifugal types,
particularly when the annular combustion chamber is used. It
is now considered that the former will not weigh any more than
the latter, which was not the case a year or so ago. Actually,
there are, in existence, axial type engines weighing no more
than their centrifugal counterparts.

Some disadvantages of the axial type are that it is more
costly to produce and it is probably more critical to accidental
damage because of its many light blades. Also, it is critical to
the condition of its blades which, if dirt builds up in their
surfaces, generally causes a serious loss of efficiency and drop
in performance.

It is doubtful, however, whether there is any advantage in
exceeding a pressure ratio of about 6 : 1 for the centrifugal
compressor of the simple jet engine, because the efficiency of
compression tends to fall beyond this value. However, in the
case of the propeller turbine, as we have already seen, high
pressure ratios are very necessary to achieve high operating
economy and the axial compressor is the only way to obtain
high pressure ratios, together with relatively high adiabatic
efficiency. Compounding, i.e. using compressors in series, will
probably be necessary at the high pressure ratios in order to
obtain the maximum degree of flexibility and to avoid
stalling at low rotational speeds. It is very necessary to
obtain as high an adiabatic efficiency as possible, otherwise
the power required to drive the compressor will increase
disproportionately.

In small short-range aircraft of the high speed pursuit type,
the length of the axial compressor may be more embarrassing
than the larger diameter of the centrifugal compressor.
Because, if the engine is placed in the fuselage, ity diameter
may matter little but its length may seriously pr8judice the
arrangement of guns and fuel tanks. The air intakes of the
engine, which are of paramount importance, must not suffer
loss in efficiency, even for the gun installation. It is not now
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practicable to put the fuel and guns in the thin wings of the
high-specd jet fighter.

Thus, it may be necessary, in some cases, to mount engines
on the wings in order to provide adequate power and to leave
space in the fuselage for fuel and military equipment. In this
position the air entry conditions for the engines will also be
very good.

4.10. Combustion Chambers

Practically all British engines use the separate combustion
system, as opposed to the annular type. The advantages are
that it is a relatively simple matter to test one unit (chamber)
and know that it is representative of those eventually to be
fitted to the engine. Also, it takes only a fraction of the total
equivalent engine air to test one of a number of chambers.
The annular combustion chamber, however, requires the total
air necessary for the engine and, therefore, is a much more
expensive test consideration. It is unsatisfactory to test sec-
tions of an annular chamber since it is not possible to reproduce
the correct flow conditions. Because of these difficulties and a
previous lack of full-scale air supply, the annular combustion
chamber has received less development than the multiple or
separate type. The advantages of the annular system are its
small relative diameter and the fact that it should have a lower
pressure drop than the multiple system.

If and when a successful and durable annular combustion
chamber is developed, full advantage can then be taken of the
small diameter of the axial type compressor, and it should be
possible to build a jet engine giving about 3 300 Ib thrust for
a diameter of 24 in.

4.11. Design Problems

However, the problems of size and weight bring in other
factors. We have discussed the efficiency of the gas turbine and
the influence of compression ratio and temperature on its
efficiency and power output. But, in order to design compact
and light turbine engines, it is necessary to obtain the largest
output of work per stage of both the compressor and the
turbine. It is also necessary to have the highest flow rates
possible, in order to obtain an engine of minimum total
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cross-sectional area. To achieve this, high flow velocities through
the components are required, extending well into the com-
pressibility region. In addition, high blade speeds are desirable,
but this obviously leads to high stresses. Consequently, the
design, as in all mechanical engineering, must be a compromise,
which, in this case, is one between the stressing of the turbine
and its blading and the maximum flow velocities or Mach
numbers which can be obtained without any appreciable loss
in efficiency.

The gas turbine is a “ full-throttle ’ engine and normally runs
at or near maximum conditions. It has, therefore, the charac-
teristics of such engines and the power falls off from sea-level
to altitude. The turbine is also critical to air inlet temperature
and it is very important to ensure that, when meeting a new
aircraft requirement, allowance is made for the take-off and
climb conditions in hot climates and also, under similar con-
ditions, from high altitude aerodromes.

For instance, an aircraft flying from Europe to Australia
could lose anything up to 20 per cent of its thrust at take-off
from the Far Eastern aerodromes en route.

The size or capacity of the engine must, therefore, be accur-
ately assessed for all the known and possible aircraft operating
conditions. Further discussion on these points will be found in
Chapters XVI and XVII, but some considerations which apply
to the propeller turbine may be of interest here.

4.12. Operating Conditions

4.12.1. OprmvuM ConNDITIONS. To obtain optimum operating
conditions for a propeller gas turbine, there are three main
factors which can be varied, either independently or in some
predetermined relationship to each other. These are: (a) the
fuel flow; (b) the propeller pitch; (c) the exhaust-nozzle area.
Other quantities could be made variable for control purposes,
such as compressor blade angles, turbine-nozzle areas, reduction-
gear ratios, etc., but in general it is found that the added com-
plexity of these devices can so far be avoided by suitable design
of the engine and suitable correlation of the three main variables
listed above.

4.12.2. FueL ConTrROL. The control of the fuel supplied to
the engine can be arranged to cater for the first requirement of
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the control system ; i.e. the prevention of operating conditions
in which the limitations of the engine design are exceeded. In
addition, the fuel supplied for a given “throttle” setting can
be automatically adjusted to allow for the effects of forward
speed and altitude.

4.12.3. PrOPELLER CoNTROL. The propeller pitch may now
be varied independently to secure optimum propeller conditions
or optimum propeller turbine conditions. A conventional
constant-speed unit may be employed in which the propeller
speed setting is independent of the throttle setting or inter-
linked with it to give single-lever control. Alternatively, the
pitch may be selected to give a prescribed turbine r.p.m. as in
the Bristol “Theseus’ control system, where the pitch-change
mechanism maintains a constant ratio between compressor and
propeller turbine speeds.

4.12.4. PosiTioN oF JET P1pE. In the larger aircraft more
generally suited to the propeller turbine, the disposal of a large
undercarriage is usually arranged within the power-plant
nacelles. This precludes a straight exit and may divert the
jet-pipe run to avoid the tyre; such division can, fortunately,
be done without serious consequences on engine performance, as
the jet-pipe gas velocity can be comparatively low. The con-
sequential loss in a bend at gas speeds of the order of 600 ft/sec
(as compared with 1600 ft/sec or so in the jet propulsion
‘engine) is small, particularly as this mainly affects only about
20 per cent of the effective thrust. An alternative is to bifurcate
the jet pipe and discharge at an angle either side of the nacelle.

4.12.5. STARTING. The turbine-engine starting system is still
a long way from a satisfactory solution inasmuch as the require-
ments include that of a prolonged steady load, which is a con-
siderable drain on any electric system. In the case of a propeller
coupled to the compressor, the power required for starting is
much greater, and this is another argument in favour of the
separation of the two drives. The main disadvantages of electric
starting are to be found in the military field, but, even so,
efforts are, and should be, made towards the development of
self-contained systems, such as slow-burning cartridge turbine
starters.

4.12.6. ScaLING-UP. Although it has been postulated that
the gas turbine lends itself readily to ‘““scaling-up” for changes
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in power of a given basic design and hence rapid production of
a range of sizes, this is, perhaps, only strictly true for a narrow
range and is mainly applicable to the passage areas of the
working fluid. Mechanical design problems associated with the
stiffness of larger diaphragms and casings, increased bearing
sizes and capacities, and sometimes geometrical disposition of
units, combine to make such scaling-up less amenable to design
adjustments than at first seemed possible.

Additionally, and very much more important, is the time
factor involved in the manufacture of new, and perhaps larger,
components and their subsequent development in combination
with other components of an engine. This development period,
by no means unknown in the more general reciprocating-engine
field, still remains with us in turbine manufacture, perhaps more
so due to the extremeaccuracy and advanced technique required.

4.13. Future Development

It is paradoxically true that the propeller turbine stands less
in need of development of a radical nature than of consolidation
of its present possibilities, and there can be no doubt that
absolute priority in this case should be given to improvement
in thermal efficiency with consequent reduction in fuel con-
sumption. The propeller turbine has already quite sufficient
advantage in respect of weight, bulk, lack of vibration, lack of
noise, cheapness and safety of fuel, etc., to establish an over-
whelming case for its adoption were it not for its present dis-
advantages in the matter of fuel consumption, and this must,
therefore, be rectified before attention is given to further
improvement of the former attributes.

As regards the propeller itself, this would appear to be quite
capable of coping with the demands made by the turbine, at
least in sizes up to 10 000 h.p. Above this power it may prove
difficult to maintain the present specific weight, which, accord-
ing to dimensional theory, should increase, but the advent of
the hollow-steel blade (perhaps with an internal structure) will
do much to avoid this limitation. Where speed is concerned,
there is now a fair amount of evidence that propeller efficiency
can be maintained at a high figure up to speeds in the 500-
550 m.p.h. region, above which jet propulsion may be expected
to prevail except in very special cases.
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CHAPTER V

Take-off and Landing:
Temperature Accountability

5.1. The Hazards

THE hazards to which an aeroplane may be subject at take-off
are of three main kinds--

(a) Engine failure.

(b) Adverse climatic conditions, including high temperatures,
crosswinds.

(c) Adverse aerodrome conditions, such as inadequate length,
long wet grass, high altitude, etc.

5.2. Engine Failure

5.2.1. THE DEsiGN. Certain steps can be taken, in the design
stage, to lessen the possibility or the consequences of engine
failure. These include—

(1) Fitting engines having a high degree of reliability.
~ (2) Reducing the “arm” of the dead engine drag: a step
that can be taken with pure jet engines more readily than with
propellers.

(3) Never installing less than four engines.

(4) Using a tricycle undercarriage.

(8) TFitting an adequate rudder, and an adequate fin.

5.2.2. NEED rok A DriLn. The above are some of the things
which the designer can do. The acroplane is built and goes to
be tested. This process takes many months. Not only must the
aircraft satisfy certain standards of controlability laid down by
[.C.A.O. and A.R.B,, but in addition it is necessary to find out
the *‘critical speeds,” ete., peculiar to the aircraft. With a
knowledge of these speeds, a Drill can be formulated for the
pilot to follow. We can then aftim that, if the A.R.B. require-
ments are satisfied, and if the pilot follows the Drill, the aircraft
is as safe as it can be under normal climatic and airfield
conditions.

87
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5.2.3. THE ImprorraNT SPEEDS. After an engine failure
during some stage of the take-off and climbaway, there are
three important questions to be answered—

(1) Is the aeroplane controllable

(@) on the ground?
(b) in the air?

(2) If the answer to (1) is yes, will the aircraft use more or
less aerodrome distance by re-landing than by climbing (on the
remaining engines) to a height of at least 50 ft ?
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(3) If the climb is attempted, at what minimum speed should
it be started !
The sort of answers we should expect to these questions can
be seen most clearly by reference to a typical case, shown in
Fig. 35. The figures marked on the horizontal line are speeds,
in knots; and what we want to know is how to fix the critical
speed, after which the take-off should be continued; and the
safety speed, after which the climb should be started, and
continued up to the limit of five minutes.

5.2.4. STATE OF THE AIRCRAFT. We will assume that the
above speeds are to be found—

(a) at take-off weight,

(b) at the most adverse c.g. position,

(c) at sea-level I.C.A.N. conditions,

(d) with the undercarriage in a number of positions,

(e) with the dead engine windmilling (the pilot is hoping
that the dead engine may pick up again),
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(f) (when the aircraft is on the ground), with no differential
braking (as this will reduce take-off performance), and also that

(9) the angle of bank, if any is used, shall be small,

(k) the flying control loads shall at all times be reasonable,
and easy to apply quickly.

5.2.5. CONTROL ON THE GROUND. Now let us focus our
attention on the aircraft which is accelerating along the runway ;
and which is liable to have a cut engine at any time.

While the aircraft is still on the ground, the effect of a cut of
a starboard engine will be to cause a yaw to starboard, which
can only be overcome (in the absence of differential braking)
by the use of the rudder. A tricycle undercarriage will of course
help; and will also put the aircraft in a more favourable
attitude for the effective operation of the rudder. If there is
no blanketing, the restoring moment of the fin and rudder is
proportional to some power of the speed, i.e. the aircraft must
reach a certain speed before rudder control can hope to keep it
straight, and, furthermore, we must guard against overswing
following rudder correction.

If the aircraft is just clear of the ground, the rudder can be
augmented by the use of the ailerons. If the dead engine is
banked up, by as little as two or three degrees, the bank intro-
duces sideslip, and the sideslip acts on the fin to keep the
aeroplane straight. (This assumes that the fin chosen has
sufficient area not to be stalled by the operation of the rudder.)
These considerations lead us to the necessity for determining the

Minimum Control Speed on the ground or V.,

which is the lowest speed at which (allowing a certain margin
for differences between aircraft of the same type and for air-
speed indicator errors) the aircraft can be controlled on or near
the ground.

The answer to this, as to all other speeds yet to be mentioned,
will be affected by some, if not all, of the following—

(a) aeroplane weight,

(b) aerodrome altitude and air temperature,

(c) take-off surface, i.e. coefficient of friction,

(d) take-off surface gradient,

(e) wind velocity parallel to the direction of take-off,

(f) wind velocity at right angles to the direction of take-off.
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As regards (e), answers given for conditions with or against
the wind must be ‘“reduced” to the no-wind condition.

As regards (f), the minimum lateral wind component is taken
to be a 10 m.p.h. or 8 knots, i.e. the aircraft must be controllable
in a side wind of at least 8 knots.

Tests on our particular aircraft show that, with specified
values of (a) and (b) above (i.e. weight and c.g. position), and
with any cross wind up to 8 knots, there is enough directional
control and enough acceleration for the take-off, even if the
engine cuts at 75 knots. Allowing a certain margin, for reasons
already stated, we will fix the minimum control speed on the
ground as 85 knots, i.e.

V e, = 85 knots

and it is evident that the pilot should not attempt to continue
the take-off if engine failure occurs before this speed has been
reached.

5.2.6. THE CriTiCAL PoIiNT AND CRITICAL SPEED. It does
not necessarily follow, however, that at a speed greater than
85 knots the pilot should automatically continue to take-off.
We can appreciate this best by considering the four possibilities
shown in Fig. 36.

In each case the point of engine failure has been marked with
a small circle; and the diagrammatic behaviour of the aero-
plane after failure is shown by a double line.

In case (1) the engine fails at 75 knots, and the pilot imme-
diately takes the necessary action to stop the aeroplane.

In case (2), when engine failure occurs at 85 knots, we allow
him the alternative of either stopping or continuing; and it is
found that he will use less length of runway if he stops than if
he accelerates to the “safety speed’ of 115 knots (see later),
and then climbs to 50 ft.

In case (3), engine failure does not occur until he reaches
110 knots, and in that case more aerodrome length is required
to bring him to a stop than if he continued accelerating to
115 knots and then climbed to 50 ft.

In case (4), where engine failure occurs after he has reached
the safety speed, the same remarks apply as in case (3).

Now it is evident that between cases (1) and (2) on the one
hand and cases (3) and (4) on the other hand there exists a
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speed for which the length of aerodrome required will be the
same whichever alternative the pilot adopts. If engine failure
occurs at this critical speed V., the corresponding point on the
aerodrome is known as the critical point; the distance from the
start to the critical point, and from there on to the stop, is the
mazimum length of the aerodrome he is likely to want, whenever
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engine failure occurs; assuming that he follows the STOP or
CONTINUE drill above described.

The critical speed can be more or less than the safety speed,
depending upon the qualities of the controls and the take-off
power. A low critical speed suggests that the brakes are poor,
or that V,., is low; a high critical speed suggests that the
climbing capacity of the acroplane is not good. This point is
made clearer by a study of Fig. 37 which shows how the critical
point can be determined by finding the intersection of the
graphs showing, after an engine failure,

(a) distance to accelerate and stop, for various speeds,

(b) total distance required to clear 50 ft, if the climb is
started (with one engine dead) after reaching the safety speed.

If the brakes are poor, curve (@) will have a steeper gradient,
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and will intersect curve (b) at a lower speed. If the take-off
characteristics are poor, curve (b) will be lifted bodily upwards,
and will intersect (a) at a higher speed.

The Airworthiness Standards recommended by I.C.A.O.*
and the A.R.B. British Civil Airworthiness Requirementst
both state that the critical point and speed are to be selected
by the manufacturer, and as a result of all the tests which the
prototype undergoes. I.C.A.O. further state: ““The pilot shall
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F1a. 37. Curvis To FIND (CRITICAL SPEED

be provided with a ready and reliable means (e.g. air-speed
indicator reading) of determining when the critical point has
been reached’”; and the A.R.B. Civil Airworthiness Require-
ments add that, after failure of the engine at the critical point,
“the following action, if practicable, may be taken: coarse
re-trimming of the acroplane, initiation of landing gear retrac-
tion, adjusting the power of the remaining engines to emergency
maximum power, adjusting the inoperative airscrew to a coarse-
pitch (but not feathered) position.”” This, however, is not in
entire agreement with 1.C.A.O. who require the landing gear

* “Proposed 1947 Edition of Airworthiness (AIR) Standards and Recomn-
mended Practices,”” March, 1947 (Ref. Doc. 3031, AIR/181), P.1.C.4.0.
Airworthiness Division, Second Session Final Report, Volume III.

'f * Performance Requirements : Take-off, Climb, and Landing (Landplane),”
Asr Registration Board— British Civil Airworthiness Requirements DI, Issue 4.
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to remain extended throughout the period between critical
speed and safety speed. These differences will be considered
later.

5.2.7. ACCELERATE-AND-STOP PoINT. This is the point on
the runway at which the aeroplane can safely be brought to a
stop, when the engine has failed at the critical point and the
attempt to take off is abandoned. The corresponding distance,
from start to finish, is the accelerate-and-stop distance.
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5.2.8. SIZE OF THE AERODROME. It has already been stated
that, if the pilot follows the drill—if he comes to a stop after
the engine fails at less than critical speed, and continues the
take-off when the engine fails at more than critical speed—
then the maximum length of runway required is a known
distance ; called the accelerate-and-stop distance. This distance
has an obvious bearing on the suitability of an aeroplane for a
particular aerodrome, or of an aerodrome for a particular
aircraft.

Referring again to Fig. 37, we can see that the total aero-
drome distance required will be made less (1) by decreasing
the gradient of curve (@), i.e. by improving the brakes; or
(2) by bringing the curve (b) lower down, i.e. by improving the
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take-off performance. Any circumstance which causes a de-
terioration in take-off performance will increase the size of
aerodrome required for safety.

It is rapidly becoming normal procedure for operators (or
manufacturers) to supply pilots with a simple nomographic
chart giving, for a variety of take-off weights, temperatures,
and runway surfaces, the take-off distance with all engines
functioning. Such a chart is shown in Fig. 38; and the answer
is exemplified in Fig. 37 by the ordinate of the point (5). It
should be equally possible to supply pilots and flight super-
visors with a chart giving the critical distance for the engine-
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cut case—the ordinate of the point (" in Fig. 37, under the same
variety of conditions.

5.2.9. Choice oF CriticAL Point. Before a Certificate of
Airworthiness is granted, the relevant facts about the aircraft’s
take-off behaviour must be known, and entered into the Flight
Manual (to be) carried in each aircraft. Now the critical point
can be selected by the applicant for a C. of A., and he may
decide that it may be worth while to alter slightly the accelerate-
and-stop distance—by taking the critical point not exactly as
defined in § 5.2.4, in order to get greater simplicity.

To give an example, for a certain modern aeroplane of
A U.W. 16 500 lb, the selected critical speed is the same as the
known safety speed and the aireraft’s take-off can be illustrated
diagrammatically as in Fig. 39.

4 is the vital point, 586 ft from the start O, and the speed
here is 89 knots. If an engine fails between 0 and A, the take-
off is abandoned, and the aircraft brought to rest at some point
along OAD—the maximum distance, for failure at 4 being at
D, a total accelerate-stop-distance OD of 982 ft. If an engine
does not fail between O and A, there is no attempt to climb
until 4 is reached; and thercafter the climb starts. If an
engine fails on the early part of this climb, the aircraft will
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reach 50 ft at some point between the extremes B and C (a
distance of 83 ft). Nofe, however, that the point C will not be
vertically above D unless A is the real critical point as previously
defined.

5.2.10. Mintmum CONTROL SPEED ON THE CLIMB, V,. So
far we have tacitly assumed that, on reaching the safety speed,
(@) the aircraft is controllable on the climb, and (b) the remain-
ing engines give a satisfactory climb performance. Neither of
these is necessarily true.

The minimum control speed on the climb, V,,., is such that,
if one engine fails suddenly during a steady climb at take-off
power, control of the aircraft can still be maintained. By
“‘control” we mean straight flight, either with zero yaw or
with any bank up to 5°; and the aeroplane is assumed to have
its landing gear retracted, to be trimmed for take-off and have
its flaps in the take-off position.

1.C.A.O. add further to this definition: “ From the time at
which the engine (becomes) inoperative to the time at which
recovery is complete, it (should) not require exceptional skill,
alertness, or strength on the part of the pilot to prevent any
loss of altitude or any change of heading in excess of 20°, nor
shall the aeroplane assume any dangerous attitude.”

As speed increases the effectiveness of the rudder can be
assumed to increase, and so 1.C.A.Q. stipulate that V. shall
‘not be more than 30 per cent above the engine-off stalling speed
(V,); and they further require that the force on the rudder
pedals shall not exceed 180 Ib.

It will now be clear why the safety speed is taken higher
than the unstick speed ; a steady climb should not be attempted
until it is quite certain that the aircraft is controllable should
an engine fail on the climb.

In the two examples we have chosen, the values of V. and
other speeds all in knots are as follows—
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5.2.11. VARIATION OF CRITICAL PoINT. We have remarked
in § 5.2.9 that the applicant for a C. of A. is at liberty to define
the critical point so that the accelerate-stop distance is not
exactly the same as the distance to climb 50 ft. It may happen,
however, that these distances cannot be made equal, i.e. that
the curves in Fig. 37 do not meet. If V,, and V,, are close
together, and controllability is the important criterion, V, will
tend to be high; and in consequence the accelerate-stop dis-
tance will almost certainly be longer than the distance to climb
to 50 ft. In such cases the critical point is not the point for
equal distances for “stop” and ““go,” but rather for a minimum
value of the accelerate-stop distance—minimum” because we
cannot allow the critical speed to be below that for adequate
controllability.

5.2.12. RATE AND GRADIENT OF CLiMB. Before we can
finally decide on the take-off safety speed, we must be certain
that the acceleration and rate of climb are adequate. In order
to allow for variations of temperature and aerodrome altitude,
the stipulated rate of climb must be fairly severe. The con-
ditions laid down by I.C.A.O. refer to an aeroplane with
landing gear retracted, and with flaps in differing positions,
and are as follows—

(a) Al Engines Operating. The steady rate of climb at
5 000 ft shall be not less, in feet per minute, than 55V, where
Xélu ;s the engine-off stalling speed with flaps up in miles per

(b) One Engine Inoperative. At each altitude within the
range for which a take-off weight is to be established, the
steady rate of climb, in feet per minute, shall not be less
than 0-035 V2 or 0-38 V, !5, where V,; is the engine-off
stalling speed, flaps in the take-off position expressed in miles
per hour. (Here it is assumed that the propeller of the dead
engine is windmilling in the fully fine position.) If the landing
gear is extended, the rate of climb is not to be less than 50 ft
per minute.

The conditions laid down by A.R.B. are less mathematical
and can be summarized as follows—

Rate Gradient
of Climb of Climb
(a) All engines operating. . . . 300 ft/min 5%

(b) One engine inoperative . . . 200 ft/min 3%
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These assume that the landing gear is retracted, and the
propeller of the dead engine is feathered.

To see how these conditions work out in practice, we will
consider again the aeroplane of Fig. 39 for which the following
flight test results are available.

Vs, [.C.A.0. Requirement. RAT;(\]‘},.:]E‘;. Fi h:u'ff“

(a) All engines ‘
operating .| 884 | 55 xX83-4 =486 ft/min | 300 ft/min | 5% | 620 ft/min | 7%

(b) One engine |
inoperative| 74:0 : 0-035x 74 —101-5 ft/min | 200 ft/min | 3% | 340 ft/min | 49,
| 033 X 7414 =241  ft/min

5.2.13. ACCELERATION AT TAKE-OoFF. If the engine fails
between the critical speed and the take-off safety speed (assum-
ing the critical speed occurs first), the pilot is told to accelerate
until the safety speed is reached. Can this be done? There is
obviously a need for a minimum standard of acceleration.
Direct measurements of time and distance or speed, leading
to acceleration, are not very reliable, and it is suggested that
we use the relation

Rg
7= ov
where g = 32-2 ft/sec?,
: f = acceleration in feet per second per second,
R = rate of climb in feet per minute,
G = gradient of climb, expressed as a percentage,
V = true speed in feet per second.

. G
ft/sec? - I ft /sec?
100

For example, 360 ft/min at 115 knots equals 1 ft/sec® or
0-7 m.p.h./sec.

5.2.14. EFFeECT OoF TAKE-oFF WEIGHT. Variations of tem-
perature or aerodrome altitude may reduce the rate of climb
and acceleration, and the only cure that can be applied imme-
diately is to reduce the take-off weight. Pilots must therefore
be provided with an easy means of determining the result of
these adverse conditions, so that they can take appropriate
action if the 1.C.A.O. or A.R.B. requirements are not likely to
be met. A reduction of about 4 per cent in take-off weight, for
instance, may improve the rate of climb by as much as
50 ft/min. Probably the best way to attack the problem is to



98 PERFORMANCE OF CIVIL AIRCRAFT

provide the pilot with simple nomographic charts (such as Fig.
38) which indicate, both for all engines operating and for one
engine dead, the anticipated rate of climb under all conditions
of loading and temperature; and the safety speed may have
to be modified to suit exceptional conditions.

5.2.15. TARE-OFF SAFETY SPEED. The drill provided for the
pilot instructs him not to start a steady climb until the safety
speed has been reached. We have already discussed some of
the matters which affect the choice of the best safety speed,
and we are now in a position to formulate exact conditions.
They can be grouped under three headings.

Heading l L.C.A.O. Requirement ' A.R.B. Requirement

1[1-20\/’,l for airoraft with |(1:20V,, for two- or three-

(a) Margin above stulling : two engines engined aircraft

speed 11-15V,, for aireraft with || 1-15V,, for aircraft with
more than two engines|\ moro than three engines
Examples:
Aircraft of Fig. 35 1-156 x 95 = 109 knots| 1-15 x 95 = 109 knots
Aircraft of Fig. 39 1156 x 704 = 8l m.p.h.| 1-15 X 61:5 = 70-5knots
(b) Margin above V., the | 1-10V . 1-10V,,,

minimum control
speed on the climb

Examples :
Aircraft of Fig. 35 1-110x 96 =108 knots | 1'10x 96 == 106 knots
Aircraft of Fig. 39 110 x 80-5=-88-5 m.p.h.| 1-10 X 70-7 = 77-7 knots
(c¢) Sufficient rate and See § 5.2.12 above See § 5.2.12 above
gradient of climb
Examples :
Aircraft of Fig. 35 115 knots
Aircraft of Fig. 39 78 knots=89 m.p.h.
Selected Safety Speed | Aircraft of Fig. 35 !
is the greatest of =115 knots }
(a), (b), (¢) Aircraft of Fig. 39
=89 m.p.h. i
|

5.2.16. UNDERCARRIAGE RETRACTION. There is some differ-
ence of opinion as to when the retraction of the undercarriage
should begin. A.R.B. suggests the critical point, whereas
1.C.A.O. regulations are that the undercarriage should remain
extended throughout the time required to reach the critical
point or take-off safety speed, whichever time is the greater.
This appears to be the logical decision; if the critical point
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occurs after the safety speed point, the aircraft has to re-land
and needs its landing gear, and if the critical point occurs
before the safety speed point, a tricycle undercarriage may
still be of value to give directional control until the climb is
started.

5.2.17. BAULKED LaNDING. We may perhaps quote here the
relevant 1.C.A.O. recommendation.

At each altitude within the range for which a maximum
landing weight is to be established, the steady rate of climb
shall be not less, in feet per minute (metres per second), than
200 or 0-07 V, 2 whichever is greater, V, being expressed in
miles per hour, with—

(a) engines operating within the take-off power limitations;

(b) landing gear extended ;

(c) landing flaps in the appropriate landing position except
insofar as they are retracted by completely automatic means as
power is applied, without

(i) involving dangerous change of trim, sudden change of
angle of attack, or adverse change in the flight path;

(ii) operation exceeding either three seconds, or the time
required to increase the power of the engines safely from
windmilling conditions to maximum take-off power, which-
ever is the greater;

if automatic wing flap retraction is provided, compliance with
the conditions prescribed in (i) and (ii) shall be demonstrated
for all speeds between 1-2V, and the maximum permissible
speed with the wing flaps in the landing position;

(d) cowl flaps and radiator shutters in the position recom-
mended by the applicant for normal use in a final approach to
a landing;

(e) aeroplane weight equal to the maximum landing weight
appropriate to the altitude.

5.2.18. LaNDING WITH ONE ENGINE DEAD. We again quote
the relevant I.C.A.O. recommendation.

At each altitude within the range for which a maximum
landing weight is to be established, the steady rate of climb
shall be not less in feet per minute than 0-035 V,2, V, being
expressed in miles per hour, with—

(a) critical engine inoperative, its propeller stopped :
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(b) remaining engines operating within the take-off power
limitations ;

(c) landing gear retracted ;

(d) wing flap in the position recommended by the applicant
for a preliminary approach with the critical engine inoperative ;

(e) cowl flaps and radiator shutters in the position recom-
mended by the applicant for normal use during a preliminary
approach to a landing ;

(f) aeroplane weight equal to the maximum landing weight
appropriate to the altitude.

Note. The main purpose of the above is to ensure to the
greatest practicable extent that, in the event of engine failure,
the aeroplane will be able to maintain the altitude required to
clear all obstacles and to reach a suitable landing area, thus
minimizing the possibility of, and hazards associated with, an
emergency landing.

5.3. Adverse Climatic and Altitude Conditions

5.3.1. EFreEcT oF TEMPERATURE AND HEIGHT. Recent tests
have shown that the I.C.A.O. regulations in respect of take-off
do not appear to have sufficient margins to cover take-off with
one engine failed in sub-tropical condltlons—-especwlly for
aerodromes above sea-level.

The comments of PP. H. Hufton deserve quoting in this
matter*—

“There is a rather subtle point here, besides the obvious fact
that sub-tropical temperatures are above temperate conditions.
In the I.C.A.O. regulations, the take-off climb requirement of
0:035 V, 2 is asked for in a standard atmosphere: e.g. if you
are at 5000 ft aerodrome, you calculate the performance for
5000 ft and 5°C. Now there seems little reason for associating
with the air immediately above an aerodrome at an altitude
above sea-level of z ft, the temperature corresponding to a
standard atmosphere of x ft. Fairly obviously there will be a
large effect of the presence of the ground on the temperatures
and the temperature might be considerably more than those in
the standard atmosphere.

“Thus at Salisbury, Southern Rhodesia, we have the upper

* P. A. Hufton, M.Sc., “Testing Civil Aircraft,” Jowrnal of the Royal
Aeronautical Society, No. 439 (July, 1947).
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curve of Fig. 40 for maximum daily temperatures, while for
Croydon we have the lower curve. You will note that at
Salisbury, the ‘official’ standard temperature is exceeded every
day in the year, while at Croydon the official standard tempera-
ture for sea-level of 15°C is only exceeded 139 days out of 365.
Finally, the temperature which is exceeded only one day out
of the 365 is 30° higher than standard temperature at Salisbury,
while it is only 14° higher than standard at Croydon. Thus if

0
J
T30 =
z ] SALISBURY, RHODESIA (4 900 FT)
g \ I _MAX. DURING DAY
g [N ]
Z B
2 \\,\crfomorq 1300 HR (GMT)
S0 P—
% \\
&
=
% 50 100 150 200 250 300 350

NUMBER OF OCCASIONS PER YEAR ON WHICH GIVEN TEMP. IS EXCEEDED

F1a. 40. VARIATIONS OF TEMPERATURE: FREQUENCY WITH WHICH
GROUND TEMPERATURES ARE EXCEEDED
Daily maximum occurs about 13-:00. Daily minimumn occurs just before dawn.

‘we assume we can tolerate, and only just tolerate, the drop of
performance which may occur at Croydon one day in 365, then
we shall be well below a tolerable level at Salisbury this one
day in 365.

“To show how important this is. let us think of the DC-3.
The present requirements allow it a rate of climb at take-off at
sea-level in standard atmosphere of 270 ft/min, i.e. a gradient
of 2-8 per cent. This falls to 130 ft/min on one day in 365 at
Croydon, i.e. a gradient of 1-2 per cent. This is bad enough—
Croydon clearances are barely adequate for this, and this would
certainly count as one of the hazards referred to above. At
Salisbury, however, the rate of climb would be negative, i.e.
the aircraft would not climb at all.

““We have methods for correcting the performance of piston-
engined aircraft for temperature, and at first sight it looks as
though all we need is to put this into reverse. However, what
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is good enough for correction may not be good enough for
prediction, especially when payload depends so vitally on the
aircraft performance. It may be well, therefore, that actual
tests of the aircraft under tropical conditions will be essential
if we are to get the accurate information which we all need.
This is becoming increasingly true with the more refined re-
ciprocating engines with their many different types of tem-
perature and pressure controls. How these will affect the
performance of the engine under tropical conditions is difficult
to foresee, hence actual tests must be made.

“This state of affairs is even more true for turbine engines.
While we have a beautifully simple method of non-dimensional
plotting for the pure-jet engine, we have only just touched the
fringe of the complications that may exist for the turbine-
propeller engine, and it will be some time before we can venture
to forecast what the effect of temperature will be on perform-
ance of these engines. Even for the simple jet we often find
that, unless tests are actually made over a wide range of tem-
peratures and pressures, it is impossible to use the non-
dimensional methods for predicting performance. Thus, to
obtain jet take-off performance at altitudes above sea-level, it
seems absolutely essential at the moment actually to measure
the performance at high altitudes—which obviously means
using a high altitude aerodrome.

“Finally, as indicated above, the establishment of the
cooling characteristics of aircraft engines may well demand
tests under tropical conditions with the more complicated
systems now being considered.

“Thus it appears at the moment as though the trials of civil
aircraft may well need to include some tests in the tropics,
possibly at both a high and low altitude aerodrome.”

5.3.2. TEMPERATURE ACCOUNTABILITY. This has been defined
by one authority* as ‘“the taking into account, more accurately
than is now done, of variations in an aircraft’s performance
arising from the fact that the atmosphere in which it flies will
almost always be different from the theoretical standard atmos-

phere on which the performance estimates of aircraft are at
present based.”

* K. T. Spencer and P. A. Hufton, “Modern Operational Factors Affecting
Airworthiness,” Anglo-American Conference, 1947, Proceedings.
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A Committee of I.C.A.O. has been at work on the question ;
but in general it can be said that the usual “density height”
calculations will be sufficient to provide reliable information
about cruising, particularly at the considerable heights con-
templated in the future. Where, however, the safety of the
aircraft is seriously prejudiced by deviations from I.C.A.N.
conditions, is at take-off and landing.

The problem is most acute when assessing maximum safe
take-off weight. Current practice is to schedule take-off per-
formance for a range of airfield altitudes, assuming that the
variation of atmospheric density, pressure and temperature
with height conforms to the standard (I.C.A.N.) atmosphere.
In an extreme case the real atmosphere may have very different
characteristics.

Current international rules permit either of two methods to
be used: the ‘‘geographical altitude method” or the ‘‘equiva-
lent density altitude method.” To show how the former could
err, the following comparison may be given—

Standard . Tropical Airfield

Atmospherc Atmosphere
Density (slugs;ft?) . . . . 0002378 0-002154
Pressure (millibars) . . . 10132 | 10132
Temperature ("C) . . . . 15 : 45

The second method takes the standard atmosphere scheduled
performance at 3 350 ft and agsumes that this will obtain at
the tropical sea-level airfield. But at that airfield the tempera-
ture is 45°C!, whereas at 3 350 ft in the standard atmosphere it
is only 8-4°C. Tabulating—

T - !
Density Pressuro | Temperature

(slugs/f%) ¢ (millibars) i (°C)
Real values at sea-level tropical l l
airfield . . . . L0 0-002154 10132 | 45
Standard atmosphore values at |
sea-level. . . . .. 0-002378 10132 15
Standard atmosphere values at
3 350 ft . . . . .. 0-002154 896-6 84

l

The variation of engine power with atmospheric density,
pressure and temperature is complicated. No one law covers
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even all conventional types of piston engine, and the turbo-jet
introduces a still wider range of variations. To illustrate this
fact, two types of aircraft may be examined: type 4, a twin-
engined machine with piston engines operating below super-
charge height, and B, a four-engined aircraft with turbo-jets.
The calculated take-off distances to clear 50 ft with all engines
running, are for aircraft 4: geographical altitude method,
865 yd; real performance, 985 yd. For aircraft B under the
same conditions, the corresponding figures are 1410 yd and
1 985 yd. The weight reduction needed, for aircraft 4, to keep
the one-engine-out angle of climb constant at 0-0260 in real
atmosphere is 10-5 per cent.

The first difficulty is the ascertainment of the aircraft’s per-
formance, not only under standard atmospheric conditions but
also under sufficient range of non-standard.

The second difficulty is to present the scheduled information
in a way in which it can be easily grasped. For any standard
or non-standard atmospheric conditions the pilot must be able
to ascertain at once, without calculations, the pertinent
performance characteristics.

The third difficulty is to decide what values of density,
pressure, and temperature are to be taken.

The first difficulty is not serious, and the second difficulty—
presenting the scheduled information so that it can be used
easily by the operator—could be overcome. It means schedul-
ing the variation of aircraft performance with temperature as
well as with altitude, wind, weight and so on. One way of doing
this for the two parameters, temperature and altitude, is shown
in Fig. 38. The graph (Fig. 38) can be used to give the maxi-
mum safe take-off weight as limited by any one of the several
I.C.A.O. operating rules. For any given airfield and time
the pilot will know the temperature, pressure, and avail-
able runway length. Assuming the latter is represented by
point A in the graph, a vertical line is drawn from 4 to B,
B representing the pressure altitude of the airfield. BC is drawn
parallel to the nearest of the family of curves and a vertical
drawn from C to the point D level with the atmospheric tem-
perature E. Then the curve on which D falls—in this case
34 000—gives the allowable take-off weight.

This leaves, then, only the third difficulty: what values of
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density, pressure and temperature should be used at any
particular time and place ?

The many possible answers to this all fall within two ex-
tremes. At one extreme is the scheduling for individual airfields
of long-term average values of density, pressure and tem-
perature.

At the other extreme is the determination, immediately
prior to the take-off, of the real values of the density, pressure,
and temperature. This, from the technical point of view, is
the right thing, but it may be considered to place an unneces-
sary burden on the pilot, particularly at well-established
aerodromes.

5.4. Summary

The problems considered in the preceding paragraphs are
not growing less as the years go by. Some typical figures given
by M. B. Morgan may be of interest—

1 Year
Typieal 1930 1947
. . b
(1) Wing loading . | 14 Ib/ft? i 70 1bjft?
(2) Power loading . . . 16 Ib/h.p. ' 101b/h.p.
{3) Take-off distance to 50 ft . . 500 yd 1500 yd
(4) Tuake-off safety speed. . . 100 m.p.h. (1939) ‘ 1356 m.p.h.

The increase in (3) is partly accounted for by the movement
to improve the aircraft’s safety after a possible engine failure.

The increase in (4) would have been much larger were it not
for the concurrent increase in the area of fins and rudders,
together with the use of assistors. etc.. to cope with the
increased pedal loads.

Sooner or later a halt will have to be called in this process
of enlargement. That is a problem for the designer, and one
which is being tackled energetically from a great variety of
angles. The operator and pilot can register their protests, but
must for the present await future developments with as much
hope as they can muster. In the meantime it is vitally neces-
sary that all pilots and flight supervisors should be thoroughly
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conversant with the regulations laid down for avoiding accidents
at take-off and landing, and should appreciate the reasons that
lie behind the various drills. Without Vision the people
perisheth; without Safety there is no real future for Com-
mercial Aviation.

5.5. High Lift Devices

In order to comply with the airworthiness requirements, the
aircraft must be provided with adequate flaps, so that the
necessary value of Cp, ., can be attained.

The distance covered from rest to climbing speed varies in-
versely as Cp.,, While the distance on the climb to 50 ft varies
as the induced drag and thus as (%, ; hence there is an opti-
mum value of Cy,,,. For a typical aircraft, of wing loading
50 1b/ft?, the optimum (', rises from 2-6 to over 3-5 as power
loading (in 1b/b.h.p.) is reduced from 16 to 6. For the same air-
craft with one engine cut, the optimum | ,, ranges from 2-25 to
over 3-5 as power loading decreases from 14 to 6: for a power
loading of 16, the climb is impossible. 1.C.A.O. one-engine-out
rate of climb requirements are satisfied if the power loading (on
4-engined aircraft) is less than 12-5.

The landing distance, from 50 ft to stop, is also important,
as wing loading increases. Assuming that sufficient engine is
used on the approach to reduce the gliding angle to 3°, and the
maximum ground deceleration is taken as 0-25g, it is found
that the landing distance (for C ., of 2:5) varies between 1 800 ft
and 4800 ft; as the wing loading is increased from 20 to
70 1b/tt?, and these figures are typical. Larger lift coefficients
are limited by the I.C.A.O. requirement, which specifies a mini-
mum rate of climb with the flaps in the landing position.



CHAPTER VI

Climbing and Descent

6.1. Best Climbing Speed

THE highest climbing speed, at full climbing power, is some-
thing which has to be found by flight testing each aircraft,
though it is theoretically apparent from the following equation,
or from our previous argument,

_ 2 _
550\/017 X b.hp. =aV32 + {)137— + WVAVo

(where V, is the vertical component of climbing speed) that V.
will be greatest when V; is in the neighbourhood of V, . For
an aircraft with an engine having only one supercharger tspeed,
it is found that the best climbing speed varies little from ground
level to full-throttle height, and then falls away from this
height to the ceiling, more or less linearly. With two-speed
superchargers, the best climbing speed varies little between
ground level and the full-throttle height in the higher super-
charger gears. In both cases the final speed at the ceiling is
round about Vi,,,,

~ The highest climbing speed for a gas-turbined aircraft is the
speed for maximum excess thrust power, and will be approxi-
mately the minimum drag speed at the ceiling, often about
150 m.p.h. I.A.S. for present-day aireraft, and increasing as the
available excess thrust increases. The best climbing speed will
almost invariably be higher than for piston-engined aircraft ;
and in consequence the maximum angle of steady climb may
be rather flat.

As an example of the speeds laid down for a particular air-
craft, we find that, for the Constellation, the recommended
I.A.S. is 160 knots for heights below 5 000 ft; and that above
this height the recommended climbing speed is gradually
reduced until it reaches 130 knots at 20 000 ft.

The reason why V, is impracticable at the lower heights is
that the engine is running at a high power, and at low altitudes
adequate cooling is not forthcoming.

107
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Moreover, from the point of view of fuel economy, the highest
climbing speed is wasteful. If we climb using maximum weak
mixture, and at a speed near that for minimum drag, we shall
be saving fuel and may obviate having to open the cooling gills.

We of course need to know also the vertical rate of climb
associated with these forward speeds; this is usually not more
than 400 ft/min except where tropical conditions require a
quicker ascent. When we have decided on the operating height,
the time taken to reach this height can easily be found.

6.2. Fuel Consumption

6.2.1. FoRMULAE. As regards the fuel consumed on the
climb, we must first of all fix the fuel allowance for run-up,
taxying, and take-off. Added to this there will be fuel consumed
in proportion to the operating height. The total fuel required
for take-off and climb is thus of the form

F. = A -+ Bh, where h is the height in feet
Examples of this, worked out from actual flight tests, are
(i) Constellation, F, = 205 + 0-095 A Ib.
(i) Viking, F, = 108 4+ 0:029 & 1b.

Graphs of these results are shown in Figs. 41 and 42.

6.2.2. TABULATION. In practice a more convenient method
for the actual climb is to tabulate the forward distance, time,
and fuel required, and similarly for the descent. A typical case
is given below.

Climb
Climb at 400 ft/min, and 160 knots C.A.S. Mean T.A.S.
= 172 knots.

! Yorward Distance Covered (nautical miles)
Height | Time | ¥ucl lm__.‘,,, e e
(ofClimb | Taken (Im Headwind Component Tailwind Component
@ | (min) | A (knots) still (knot)
S ir N S
| ! |60 | a0 | 20 20 | 40 | e
2 000 5 10 ‘ 9 : 11 l 12 l 14 16 ’ 17 19
4 000 10 20 18, 21 ' 24 ' 258 82 35 38
6 000 15 3 28 | 33 | 38 43 48 63 68
8000 | 20 40 | 88 | 45 | 61 | 58 8 | 71 78
10 000 26 50 I 46 l 55 l 63 | 71 79 l 37 96
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Descent

Descent at 300 ft/min, and 160 knots C.A.S. Mean T.A.S.
= 172 knots.

Height i Forward Distance Covered (mmtlcal miles)
ﬁl?l"}'l Time {ucl | T -
‘whic " sed “
Taken Headwind Component Tallwind Component
Descent (Imp. |
(min) (knots) Still (knots)
is g:)do ! al) | | Alr a
: 60 | 40 | 2 20 | 40 | 60
| T T T .,-___' i T
10000 | 33 | 43 62 | 73 s 1w 0 108 117 128
3 000 20 1 3 51 | 60 1 6 73 87 96, 105
6000 | 20 | 26 | 3 | 44 | b0 &7 | 63 01
4 000 13 17 25 29 33 3 1 43 | W 51
2000 | o ] 8 W T 7|l 2 | 26

6.3. Allowances

Let us now examine each part of the climb and descent in
more detail, giving results applicable to most piston-engined
aircraft.

|
Phase i Time Allowance Fuel Allowance
i
|
1 | Start . ." Less than a minute ~ 4lb
2 | Warm-up . . Nil (done before pas- 24 1b per engine
sengers enter)
3 | Taxi. . . 3 min, average . 141b  per engine per
. . minute
4 | Take-off . ." 3 min, average - Assume 12 1b per engine
! per minute (but avail-
able from makers’ con-
» N sumption charts)
1], ‘ !
5 | Climb A to — 500 min according | Take 7 <300) Ibto 7 ( 500
| to rate climb (h the per engine according to
i henghb in feot) rate of climb
6 | Glide . . ')::()t 300 min according | Tako as identical with
. torateofdescent. For- cruise at op. height
! ' ward speed same as
: [ cruising speed
7 | Circuit ( 15 to 45 min Fuel used at cruising
. t I power
8 ' Land |
9 | Taxi -| 3min 181h
10 | Stop :
11 | Total for Man- ,
i ceuvring | 10 min
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6.4. Equivalent Geographical Mileage

The problem of climb and descent is sometimes tackled in a
slightly different way.

Suppose that ABDC in Fig. 43 represents the path of the
actual aircraft travelling from 4 to C. Imagine a fictitious
aircraft which starts at A’ at cruising height, reaches B’
(coincident with B) at the same time that the real aircraft
reaches B, and reaches (" at the same time that the real aircraft
reaches the destination C. The fictitious aircraft flies at the
same mean speed as the actual aircraft.

4 ’
R 1 o 4

Fia. 43. EQUIVALENT GEOGRAPHICAL MILEAGE

The distance 4'C’" = AC + A’M — C'N is called the equiva-
lent geographical mileage or E.G.M., where A'M is the E.G.M.
on climb and C'N is the E.G.M. on descent.

The fuel used by the real aircraft between 4 and B will be
greater than that used by the fictitious aircraft between A’ and
B’; this is referred to as the ‘ fuel lost”” on the climb. The fuel
used between D and (! will be greater or less than that used
between D’ and (’; this is the *‘fuel lost” on the descent.

For example, for a Constellation, climbing to 15 000 ft and
thereafter using constant power.

Forward .
Route Speed Time Fuel used
AB 172 knots 26 min 16351b
A 216 knots 26 min 1 000 1b

Distance M B’ == 75 naut. miles, distance A'B’ = 94 naut.
miles; so that the equivalent geographical mileage on the
climb, A’M, is 19 miles; and the lost fuel on the climb is 635 Ib.
Both equivalent geographical mileage and lost fuel are inde-
pendent of wind speed, and are therefore best obtained from a
consideration of still air conditions. So long as a constant rate
of climb is maintained, lost fuel per engine is independent of
gross weight and the drag characteristics of the aircraft. It
9~ (Aasr)
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may be calculated from the engine power and consumption
charts. Equivalent geographical mileage is dependent upon
gross weight, the drag characteristics, and the variation of
climb power with height.

For any particular aircraft, charts can be prepared giving
E.G.M. and lost fuel, on climb and glide for a variety of take-off
weights. When these are done, it will be easy to apply these
quickly for any particular height and weight.



CHAPTER VII

Aur Traffic

7.1. Airport Traffic Control

7.1.1. GENERAL. The code of laws governing the handling of
aircraft began with AN.D., or Air Navigation Directions,
issued in 1919. Since then many new regulations have been
added, and others have been amended or cancelled. These
regulations cover such diverse matters as the size of the letters
giving the registration marks of the aircraft, the form of the
C. of A., the licensing of pilots, etc., and the responsibilities
of the ground engineer. Those who are interested should
consult the relevant M.C.A. papers. In this chapter we attempt
to give some picture of the rules regarding air traffic; the
general body of laws we refer to as “*Civil Air Regulations.”
All aeronautical activities at any airport, or landing area,
and all flying or aircraft departing from or arriving at an airport
in the air space which constitutes an airport approach zone or
air traffic zone, are conducted in conformity with the current
pertinent provisions of the M.(".A. Regulations or appropriate
authority.

Pilots should bear in mind that they have the privilege of
asking for a change in instructions if they believe another
course of action will be safer than the one requested by an
airport traftic tower.

When flying in visual flight rule weather conditions, it is
the direct responsibility of the pilot to avoid collision with
other aircraft. Under such conditions, the information and
instructions issued by the control tower are intended to aid
pilots to the fullest extent in avoiding collisions. In this con-
nexion a clearance issued by a tower (such as ‘“Cleared to
Land’’) by either radio or visual signal is permissive in nature
and does not relieve the pilot from exercising a reasonable
degree of caution in executing the provisions of the clearance.
However, such clearances will not be issued unless, in the
opinion of the tower, the anticipated action can be safely

113
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completed from a collision hazard standpoint if reasonable
caution is exercised by the pilot.

7.1.2. Taxyine. No person should taxi an aircraft until he
has ascertained through information furnished by airport atten-
dants, or otherwise, that there will be no danger of collision
with any person or object in the immediate area.

At airports where a control tower is in operation, it is the
duty of a pilot to obtain clearance before taxying on to or
across any runway.

A uniform system of hand signals covering operation and
movement of aircraft on the ground is available.

7.1.3. LanpING AND TAKE-OFF. Pilots of aircraft must not
land or take-off at a landing area, where an airport traffic
control tower is in operation, contrary to instructions received
by radio or visual signals from the tower. If a pilot does not
receive either radio or visual signal from the tower when
approaching for a landing, he must make at least one complete
circle of the airport, conforming to the traffic pattern, and then
start approach for a landing. The pilot should be on the alert
for a signal from the tower and maintain a watch for other
aircraft.

Aircraft approaching for a landing should, unless imprac-
ticable, maintain a straight approach course for the last
1 000 ft before crossing the airport boundary.

Landings and take-offs should be made on the runway most
nearly aligned with the wind or, when winds are light, in the
direction indicated by a controlled T or similar device unless
otherwise authorized by an airport traffic control tower.

No turn should be made after take-off until the airport
boundary has been reached and the pilot has attained an
altitude of at least 500 ft and has ascertained that there will be
no danger in turning into the path of a following aircraft, unless
exceptions are authorized by an airport traffic control tower.

Aircraft departing from or arriving at a controlled airport
will take precedence over other air traffic within the airport
traffic zone of such airport.

7.1.4. TrRAFFIC AND TAXI PATTERNS. Airport traffic control
tower personnel are guided by certain standards in the control
of air traffic to insure the orderly flow of traffic on the landing
area and in the air space surrounding the landing area. These
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standards take the form of definite patterns for the landing
area concerned. Air traffic controllers issue such specific in-
structions to individual aircraft as are necessary to insure that
the aircraft generally follow the desired flight path (traffic
patterns) when flying in the airport traffic zone and the proper
taxi route (taxi pattern) when on the ground.

Traffic and taxi patterns are prepared by the appropriate
authority in collaboration with local representatives of the air-
port management. The controller bases his instructions on
these patterns to obtain the desired flow of traffic in the vicinity
of the airport.

The following terminology for the portions of a visual
approach to a landing has been adopted as standard for use by
control towers and pilots.

(1) Downuwind leg—that portion of the approach parallel to,
but in the opposite direction to, the landing.

(2) Base leg—that portion of the approach at right angles
to the landing direction on the downwind side of the airport.

(3) Final approach—that portion of the approach from the
last turn into the landing direction until contact is made with
the airport.

?7.2. Intercommunication

7.2.1. LIGHT SIGNALS PROCEDURES FOR AIRPORT TRAFFIC
CoNTROL. The following procedures are used by air traffic
control towers in the control of aircraft not equipped with
radio. These same procedures are used to control aircraft
equipped with radio if radio contacts cannot be established.

Airport traffic control personnel use a directive traftic control
signal which emits an intense narrow beam of a selected colour
(either red or green) when controlling traffic by light signals.
The normal range of the signal in good weather is 10 miles in
daytime and 15 miles at night and is readily discernible to the
pilot of any aircraft that is visible to the controller.

Although the traffic signal light offers the advantage that
some control may be exercised over non-radio equipped air-
craft, all pilots should be cognizant of the disadvantages
which are—

(1) The pilot may not be looking at the contrad tower at the
time a signal is directed towards him.
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(2) The instructions transmitted by a light signal are very
limited since only approval or disapproval of a pilot’s antici-
pated actions may be transmitted. No supplementary or ex-
planatory information may be transmitted except by the use
of the “General Warning Signal”” which advises the pilot to be
on the alert.

7.2.2. AIRCRAFT IN-BOUND. When an aircraft is in flight—

(i) A green light from a directed traffic control light means,
“Cleared to Land.”

(ii) A red light from a directed traffic control light means,
“Give Way to other Aircraft and Continue Circling.”

(iii) A series of red flashes from a directed traffic control light
means, “ Aerodrome Unsafe, Do not Land.”

(iv) A series of green flashes, “Return for Landing.”

During the hours of darkness, a pilot wishing to land should
turn on a landing light as he approaches the airport unless he
has already been given a green light.

A series of flashes of a landing light by a pilot intending to
land means—

(a) If the floodlight is on, the pilot wants it turned off.

(b) If the floodlight is off, the pilot wants it turned on.

Pilots should acknowledge light signals by rocking their
wings during the hours of daylight or by blinking their landing
lights during the hours of darkness.

7.2.3. AIRCRAFT ON THE AIRPORT. During the hours of
darkness, a pilot wishing to attract the attention of the air
traffic control tower operator should turn on a landing light
and taxi the aircraft in position so that light is visible to the
tower operator. The landing light should remain on until
appropriate signals are received from the tower.

When a pilot is taxying—

(i) A red light from a directed traffic control light means
“Stop.”

(ii) A series of red flashes from a directed traffic control light
means, “Taxi Back to Hangar Line.”

(iii) A series of green flashes from a directed traffic control
light means, ‘“Cleared to Continue Taxying.”

When a pilot is in position for take-off—

(iv) A red light from a directed traffic control light means,
“Clear the Runway Immediately and Wait.”
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(v) A green light from a directed traffic control light means,
“Cleared for Take-off.”

Pilots should acknowledge light signals by moving the
ailerons of rudder during the hours of daylight or by blinking
the landing lights during the hours of darkness.

7.2.4. GENERAL WARNING SIGNAL. A series of alternating
red and green flashes from a directed traffic control light is used
as a general warning signal to advise a pilot to be on the alert
for hazardous or unusual conditions.

7.2.5. SUSPENSION OF VISUAL FLIGHT RULE OPERATIONS.
During the hours of daylight, the lighting of the rotating beacon
or flashing amber light, and during the hours of darkness,
flashing lights outlining the traffic direction indicator (tetra-
hedron, wind tee or other device), mean that flying in accordance
with visual flight rules has been suspended.

7.3. Radio-telephone Communication

The following phraseologies and procedures are used in all
radio-telephone communications with aeronautical ground
stations—

7.3.1. IDENTIFICATION OF GROUND STATIONS. Control towers
are identified during radio-telephone communications by the
name of the airport followed by the word “Tower” as, for
-example, “ Brimpton Tower,” “London Tower,” ete. Towers
operating approach control service are identified as: *London
Approach Control,” ““Hurn Approach Control,” etc., when
issuing clearances over the voice feature of the radio range or
other approach control channel.

7.3.2. CarLL-up AND REpLIES. The call-up procedure used
in radio-telephone communications consists of the following—

Item Example
(a) Designation of the station called George Baker Fox
(b) This is This 18
(c) Designation of the calling station Brimpton Tower
(d) Invitation to reply Over

The reply to an initial call-up consists of-—

Item Example
(a) Designation of the station called Brimpton Tower
(b) This is This 1s
(c¢) Designation of the answering station George Baker Fox

(d) Invitation to reply Over
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Communication is initiated by call-up and reply when—

(a) Communication has not been established.
(b) Previous contact has been terminated.

After contact has been established in accordance with the
above, a second call-up followed immediately by the message
should be made. .

If it is reasonably certain that the aircraft will receive the
initial call-up, an airport traffic control tower may follow the
first call-up with the message without waiting for a reply from
the aircraft. However, pilots of aircraft should remember that
an airport traffic control tower may be receiving messages from
several aircraft simultaneously, and therefore the pilot should
always receive an “invitation to reply” (Over) from the tower
before proceeding with a message.

After communication has been definitely established, con-
tinuous intercommunication may be conducted without further
call-up or identification other than preceding message with the
aircraft identification of the aircraft concerned until termination
of the contact.

7.3.3. TERMINATION OF COMMUNICATION. An aircraft should
acknowledge receipt of a radio-telephone message by trans-
mitting the “Aircraft Identification” followed by the word
““ Roger.” The word “ Out’’ shall also be used when conversation
is ended and no response is expected.

Examples: “George Baker Fox, Roger, Out.”’

7.3.4. ATRCRAFT DEPARTING. The pilot will call the control
tower when ready to taxi out. The body of the message should
include (location) permission to taxi.

Example—

Brimpton Tower, this is George Baker Fox, on ramp or at
dispersal. Permission to taxi. Over.

George Baker Fox, this is Brimpton Tower. Clear to taxi.
Runway twenty-four, wind, efc., altimeter, efc. (and any other
relevant information). Over.

George Baker Fox. Roger. Out.

Pilots desiring to file Flight Plans should do so through the
Flight Control Officer. To avoid radio congestion, pilots should
not file Flight Plans by radio when other means are available.
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If an airway or area traffic control clearance is necessary, the
A.T.C. Officer will relay the clearance to the pilot as follows—

Tower: George Baker Fox. A.T.C. clears you to Uxbridge
control. Cruise at three thousand. Leave zone, etc. Over.

Aircraft: George Baker Fox. Cleared to Uxbridge Control.
Cruise at three thousand feet, etc. Over.

Tower : George Baker Fox. Roger.

After the A.T.C. clearance has been issued and acknowledged,
the pilot has completed cockpit drill and is ready for immediate
take-off.

Example—

Brimpton Tower, this is George Baker Fox. Permission to take-
off. Over.

George Baker Fox, this is Brimpton Tower. Cleared for take-off
(and any relevant flying directions) or Hold your Position. Over.

7eorge Baker Fox. Roger. Out.

After the take-off the pilot normally has no occasion to use
his transmitter again except to acknowledge receipt of further
information or instructions from the control tower.

The pilot should continue to guard the control tower fre-
‘quency until he leaves the airport traflic zone, or airport
approach zone. When the pilot must use the navigational
feature of the radio range or Beacon immediately after take-
off, the control tower will clear him to leave tower frequency as
soon as possible.

7.3.5. AIRCRAFT ARRIVING. A pilot flying under visual flight
rule conditions should call the control tower for local traffic
information and landing instructions when approximately
15 miles from the airport of destination. A pilot flying under
instrument flight rule conditions should not call the control
tower until an appropriate clearance has been received from
Air Traffic Control.

The body of the message should include—

(a) Geographical position.

(b) Time (optional).

(c) Flight altitude of the aircraft.

(d) Request for information or instructions—if pertinent.
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Example—

Brimpton Tower, this is George Baker Fox. Approaching you
from 15 miles N.E. at three thousand V.F.R. Landing Instruc-
ttons. Over.

The airport traffic control tower will then acknowledge this
message and issue an appropriate clearance such as ‘““cleared
to enter traffic pattern.” Clearance to enter traffic pattern
informs the pilot that traffic exists in the traffic pattern and
authorizes entry into the traffic pattern but does not constitute
landing authority. Wind information and number of runway
in use is included in this clearance to assist the pilot in making
his approach for entry into the traffic pattern but clearance to
land is ordinarily withheld until the aircraft is in sight of the
control tower and no conflicting traffic will interfere with the
landing.

Example—

Tower: George Baker Fox 15 miles N.E. at three thousand.
Cleared to enter traffic pattern (or join circuit at height). Wind,
speed and direction. Runway in use. etc. Q.F.E. in M.B.S.
Over.

Aircraft: G.B.F. Roger.

A clearance to land is given, after a pilot reports in the
airport traffic zone or when he is sighted from the control
tower. The pilot should report to the control tower immediately
on entry into the traffic pattern if the control tower has not
previously sighted the aircraft and issued landing instructions.
The pilot reports and the tower replies by issuing landing
clearance if practicable, or suitable instructions.

Example—

Tower: George Baker Fox. Three miles N.W. at 1000 ft.
Cleared to land.

Wind information and runway number will again be supplied
if a revision to the information previously given is necessary.
The pilot should acknowledge and indicate compliance with
instructions. If one or more preceding aircraft are approaching
for a landing, or are in the traffic pattern for landing instruc-
tions, the Air Traffic Controller will issue a landing sequence
number.
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Example—

George Baker Fox. Three miles N.W. at 1000 ft. Number
TWO to land. Follow B.0.A.C. DAKOTA, eic.

After the preceding aircraft completes landing, the air traffic
controller will then issue clearance to land. After a pilot has
landed the air traffic controller will furnish any necessary
instructions relative to taxying. This control will be
continued until the pilot has parked his aircraft. The con-
trol tower operator will initiate calls to in-bound aircraft
which have not called the tower as soon as such aircraft are
observed.

At the conclusion of each flight the Flight Control Officer at
the aerodrome of landing will send an arrival message through
the area control to other area controls concerned.

7.4. Visual Flight Rules

7.4.1. Whenever an aircraft is being operated in weather
conditions equal to or better than the basic minimum specified
in Civil Air Regulations such conditions of flight are known as
Visual Flight Rules, abbreviated V.F.R. The entire respon-
sibility of avoiding other aircraft under these conditions rests
with the pilot who is required to maintain at least those
basic minimums specified in the Civil Air Regulations (not
including the exceptions which may be authorized by Air Traffic
Control).

Flight in accordance with Visual Flight Rules in weather
conditions less than the basic minimums (but not less than the
reductions to those minimums which may be authorized by
Air Traffic Control) is known as Controlled Visual Flight Rule
Flight. These flights will be individually authorized in the
same manner as Instrument Flight Rule Flights as explained
in a later section.

7.4.2. FrigHT PraNs. A Flight Plan is not normally required
for V.F.R. flight, but if desired or if required by current regula-
tions, may be submitted to the nearest airway traffic control
centre, airport traffic control tower or airway communications
station either in person or by Flight Control Officer. Flight
Plans may be filed by radio if no other means are available,
but this practice should be avoided whenever possible to
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reduce congestion of radio channels. The flight plan shall
contain the following items—

() Identification of aircraft and pilot.

Example: Dakota GABCD Smith.

(6) Number of aircraft if a formation flight.
Example: Two Dakotas.

(¢) Point of departure, proposed cruising altitude, route of
flight and point of first intended landing.

Example: Portsmouth Visual Flight Rules (V.F.R.) to
Heath Row.

(d) Proposed indicated airspeed.

(e) Usable radio equipment carried in aircraft.
(f) Proposed time of departure.

Example: Departing Portsmouth 1405,

(9) Estimated elapsed time in hours in minutes.

In connexion with item (c) of the flight plan, a visual flight
rule flight plan may specify “V.F.R.” only at a cruising
altitude. The use of this term in lieu of an actual altitude
indicates that no traffic control clearance is desired and that
the pilot intends to fly in weather conditions equal to the
basic minimums in Civil Air Regulations. The only report
required of a pilot submitting this type of flight plan is the
hourly position report and an arrival report.

7.4.3. Basic VisvanL Frieur Rurne MiNnimum. Flight may
be conducted without a traffic control clearance (i.e. on a
V.F.R. flight plan or with no flight plan) under flight conditions
better than the following minimums—

Within Tower Control Zone. Aircraft may be operated in an
aerodrome control zone at all altitudes if visibility is at least
3 miles and clouds are avoided by at least 500 ft verticallv and
2 000 ft horizontally.

Within Airport Control Zone. Aircraft may be operated in
an airport control zone but outside of a Tower Control zone at
altitudes above 700 ft if visibility is at least 3 miles and clouds
are avoided by at least 500 ft vertically and 2 000 ft hori-
zontally. Flight at altitudes below 700 ft may be conducted
with visibility down to 1 mile.

Within Air Traffic Control Area. Aircraft may be operated
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in a control area but outside of an airport control zone at
altitudes above 700 ft if the visibility is at least 3 miles and
clouds are avoided by at least 500 ft vertically and 2 000 ft
horizontally. Flight at altitudes below 700 ft may be con-
ducted with visibility down to 1 mile and need only remain
clear of clouds (no specified distance).

Aircraft may be operated outside of Tower Control Zones,
Airway Traffic Control Areas, Airport Control Zones and out-
side of those portions of Airport Control Zones lying within
control areas at any altitude if the visibility is at least 1 mile.
Aircraft operating at more than 700 ft above the surface are
required to maintain at least 500 ft vertical and 2 000 ft hori-
zontal separation from all clouds; however, aircraft below
700 ft need only remain clear of clouds.

7.4.4. FuigaT ALTITUDES. It is recommended that V.F.R.
flights operating at altitudes more than 700 ft above the surface
be conducted at flight levels specified in the following sections.

7.5. Controlled V.F.R. Flight

Traffic conditions permitting, Air Traffic Control can author-
ize visual flight rule flight in weather conditions less than the
basic V.F.R. minimums. 'The exceptions permitted include
controlled V.F.R. flight within Aerodrome Control Zones at

.all altitudes with less than the specified visibility and cloud
clearance minimums; within control areas at altitudes above
700 ft above the surface with less than 3 miles visibility, but
not less than 1 mile; within control zones below 700 ft at less
than the cloud clearance minimums. All visual flight rule
flights must remain “clear of clouds™ regardless of authoriza-
tion received from Air Traffic Control.

Controlled V.F.R. flights are authorized by Air Traffic Control
at the specific request of the pilot concerned, provided actual
and anticipated traffic conditions permit. Clearance of each
such flight depends entirely upon local traffic conditions,
whether the aircraft is equipped with functioning two-way
radio, and/or the extent of the flight proposed. Far example,
an aircraft equipped with two-way radio may be authorized to
enter the aerodrome control zone when the visibility is less
than 1 mile; or, when the restricting weather element is known
to be a local condition, an aircraft without radio may be
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completed within 15 minutes (or the time allowed for a standard
instrument approach) after passing over the radio range station
on the initial approach, or within 15 miles after being issued
approach clearance under conditions of approach sequence
assignment, a pilot shall report this information and obtain
further instructions from Air Traffic Control. Air Traffic
Control then will determine whether the pilot will be allowed
another immediate attempt or instruct him to stand by on a
designated leg of the range at an assigned altitude until other
aircraft in line have landed or taken off. This decision will be
based upon existing conditions such as remaining fuel, weather
trend, etc. A decision to route an aircraft to an alternate air-
port will be made by the pilot after conferring with the Air
Traffic Control personnel concerned.

7.6.14. STANDARD INSTRUMENT APPROACH. An aircraft in-
structed to make a Standard Instrument Approach on a
specified radio range shall cross the range station at the
approved Initial Approach Altitude, proceed out the Approach
course of the radio range for a period of 4 minutes, make
procedure turn and descent to cross the range station at the
approved Final Approach Altitude. Descent shall then be
made to the Minimum Altitude and, if the ground is sufficiently
visible, landing may be made. If the ground is not visible, the
aircraft shall proceed in accordance with the established Missed
Approach Procedure or as directed by Air Traffic Control. The
approved Initial and Final Approach Altitudes, unless other-
wise specified by Air Traffic Control, shall be those specified by
appropriate authority.

If visual reference to the ground is established before com-
pletion of the approach procedure, the entire procedure must
nevertheless be executed unless the pilot requests and is
granted clearance to proceed to the airport.

7.7. Air Traffic Control in Great Britain

A Notice to Airmen, No. 250 of 1947, is of great importance
to all those concerned with air line, charter, service and private
flying. The basis of the plan introduced by the Notice is the
formation of two Control Areas, covering most of Southern
England, in which all aircraft between 3 000 ft and 10 000 ft
(5 000 ft and 10 000 ft in the Western Area), when flying under
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instrument flying rules, must conform with certain laid-down
regulations.

The object of the introduction of this plan is to promote
greater safety and regularity of air traffic. Its effective applica-
tion depends largely on the co-operation of the air-line operators,
the military services, and other users, and on the communica-
tion navigational and instrument landing aids which they
decide to carry in their aircraft. In this respect the plan is a
development of existing procedures, and does not appear to
call for the use of additional equipment. In fact, it acknow-
ledges the limitations of existing aids by not calling for their
use.

The controller is still in advisory capacity and his instructions
are not mandatory. However, under the 1923 statute, and later
under new legislation which has been introduced to simplify
procedure, action may be taken against a pilot who by dis-
regarding the controller’s instructions without good reason
prejudices the safety of aircraft.

The Notice to Airmen specifies a number of Flight Informa-
tion Regions, Control Areas and Control Zones, within which
aircraft have to adhere to certain rules, according to the
weather in which they are flying. If the pilot of an aircraft
keeps quite clear of cloud and can see well ahead (the limits are
defined) he need only worry about the Visual Flight Rules
(V.F.R.). These are nothing more than the ordinary rules of
the air which have been a statutory requirement since 1923.
If, however, for any reason such as general weather conditions.
maintaining schedule, etc., he has to fly in or near cloud, or in
poor visibility, then the pilot must obey the Instrument Flying
Rules (I.F.R.), which are additional to V.F.R.

When flying in one of the five U.K. Flight Information
Regions (irrespective of the height), aircraft may be supplied
with information on weather, serviceability of aerodromes and
equipment, and details of other known aircraft’s movements.
This service is rendered by the Control Unit—known as Area
Control—on whom also rests the onus for alerting the search
and rescue organization when necessary.

Within Flight Information Regions there may be areas of
great traffic density, where the need for more stringent control
is necessary in the interests of safety. Such areas have been
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least. This is at a speed about 32 per cent higher than the speed
for minimum drag.
In symbols,

am.p. lb. = - Ve Vi
. vace, D <(1V,2 N b\\//V:) Vae,

b\ .
{;) VW, ie.

V. (jet max. a.m.p.1b.) = 1316 x V; (piston max. a.m.p.g.)

which is greatest when V, = (3)} <

v
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Fia. 45, PoINT 0oF GREATEST "I'"

The above formula illustrates another point in connexion
with jet engines; namely that, so long as ¢’; remains roughly
constant, it pays to fly high.

8.4. Minimum Drag
We have already found that
3 000 9

a.m.p.g. = h e
!

and we know that, for a given weight, the drag is constant for
a particular indicated speed. As height changes, we should
normally fly at a constant indicated speed, in order to keep the
same angle of attack. To maintain the same true speed will be
less satisfactory; the drag may decrease with height, and so
may the b.h.p., but such a decrease is by no means obvious.
The manner of the variation of D and b.h.p. with height,
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at a given true speed and weight, can be seen from the
equations

bw?
) e 2
1 aaV? -+ e
1 bW?2
b.h.p. = ,)‘,;077 (aaV-” + ;V)

Provided that the true speed V is above the speed for minimum
drag, the term acV? will be larger than bW?[/oV?2 and there will
be an optimum ¢ for minimum D at fixed V and W. Taking
the example of the last chapter, ¢ = 0-0267, = 0-0465 and
the minimum drag true speed at sea-level was 212 ft/sec.
Increase this by 10 per cent, to 233 ft/sec. Then the drag at
sea-level will be
. 35 - 2
Doy - 0-0267 % 2332 0 ()}().)9;(37;14 000

= 1 450 + 980 -= 2 430 1b
At 21 500 ft where o = } (approx.),
D,y 500 == 725 + 1960 = 2 685 1b
s0 that the drag is greater at this height, and so also the b.h.p.
required. The best height to fly will be when

980 .
L4350 — - == 0or g — 0-822, height == 6 500 ft
pu == sty

where Dy so0 = 1190 4+ 1190 — 2 380 1b

s0 that the saving in drag is only 501b, and in b.h.p. only
about 26. These savings will, of course, be more noticeable at
higher speeds; but enough has been said to show that, to
obtain marked improvement in a.m.p.g. with height, we must
examine the possibility of decreasing c¢,, the specific con-
sumption.

8.5. Variation with Height

Speaking generally, it would be expected (as explained in
§ 3.3.2) that the optimum height for a.m.p.g. is usually the
lowest height at which the power required for the minimum drag
speed corresponds to full-throttle conditions at minimum r.p.m.
Below the full-throttle height, the engine itself is not running

1-—(A.151)
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at its best; above full-throttle height we have to cope with
the density drop; which cannot be met entirely by further
supercharging owing to the fuel used for giving extra r.p.m. to
the compressor.

The existence of an optimum height can be seen from
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Figs. 46, 47, and 48, which are all experimental results.
Fig. 46 shows the a.m.p.g. curves for a four-engined trans-
port at a certain weight at a number of different heights,
plotted against T.A.S. Fig. 47 shows the maximum a.m.p.g.
for a two-engined transport plotted against height, for a
number of different weights. Fig. 48 shows the a.m.p.g.
for the same aircraft as Fig. 47 at a certain fixed power
plotted against height, for a number of different weights;
and it will be noted that the total variation is here much less.
An improvement of a.m.p.g. from 2-0 to over 2-5 is obtained by
climbing from 2 000 ft to 10 000 ft, if flying at maximum range
speed (at 26 000 1b); whereas the improvement with constant
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power cruising is only from 1-94 to 2-17—a difference of 0-2
instead of 0-5. In other words, the economy to be effected by
maximum range flying is likely to be largely nullified if the
wrong height has to be chosen.

8.6. General Description of Grid

We now choose a particular height and draw a “grid” of
an.m.p.g. curves for different weights. In the majority of
cases they will appear something like Fig. 49.

They are flat-topped curves, with these two main charac-
teristics—

(i) as W decreases, max. a.m.p.g. increases,
(i) as W decreases, the speed for max. a.m.p.g. decreases.

A.N.M.PG.

Fre. 49. TyepicaL A.M.P.G. GriD

The a.m.p.g. grid is the foundation of all crutse control regula-
tions, charts, and tabulations. The airframe manufacturers
must construct such graphs in the first instance at four or
five chosen heights, in order to get some idea of the estimated
performance; and later these are checked and modified by
tests of the prototype and production aircraft. As soon
as the grid is authenticated, it can be used as it stands for
all types of flight planning, or it can be used to construct
other charts which may be more readily followed in
practice. Before explaining how this is done, it is as well
to consider in what way the grid will be modified by headwinds
and tailwinds.

8.7. Headwinds

8.7.1. EFrFecT ON A.M.P.G. The method can be best illustrated
by an example. The following are a set of figures applicable to
an aircraft of 65 000 1b at 10 000 ft.
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V,T.AS8. (mp.h.)| 190 l 200 | 210 \ 220 | 230 | 240 ’ 250 | 260

E,Fuel Flow .| 172 | 180 | 190 | 202 | 218 | 235 | 254 | 277
(gal/hr) ,

E (ump g) .1 1-105 | 1-115 | 1-105 ‘ 1-09 | 1-055 | 1-:022 | 0-985 | 0-94

These points give a maximum a.m.p.g. at a T.A. S of about
200 m.p.h.

Against a headwind » m.p.h., when v = 40, the ground

V—
m.p.g. will be "E__v, so that we continue the tabulation as
follows—

V -- v, Ground i
Speed . ! 150

Y—E—-U (g.m.p.g.) .| 0-873 | 0-889

0-895 i 0-892 | 0-874
{

| : . | 1
woinoimoiwol ‘ 0‘220
1
52 |
o | |

0-826 l 0-795

The maximum g.m.p.g. now occurs at about 210 m.p.h.

L s 10 v
This is equal to 200 (l - %T)) =V (1 + ZV)

The maximum g.m.p.g. is reduced from 1-115 to 0-895, which

40
is approximately the original figure multiplied by 1 — 300’ ie.
v
1— .
\'
These two results can be stated as follows—
(i) For maximum range, increase the T.A.S. from V to

2
A% (l -+ f\‘,) more accurately V (l + 2 +

T ) that
MAREETA'CY S
3v

the new actual ground speed is now V (1 — R’)
(if) Modified g.m.p.g. =g.m.p.g. with no headwind x (l — %) ;

v v?
: tely the fact '(l——- >
more accurately the factor is v + gV
If the above process is repeated for the other weights, we have

a fresh grid which can be used as before, or for fresh lines on
our charts.
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8.7.2. TaBLE oF WIND CoMPONENTS. In the previous para-
graph we have spoken of headwinds and tailwinds. Beam
winds can be dealt with by using a table of wind components
such as is given on p. 149.

8.8. Methods of Cruising

Three common methods of operating commercial aircraft are
as follows—
(a) Maximum Range Flying,
(b) Constant Air-speed Flying,
(¢) Constant Power Flying,
and we should know a little about each in turn.

8.9. Maximum Range Flying

As fuel is consumed, and the weight of the aircraft decreases,
we fly at the speeds typified by the points 4,, 4,, 4;, 4, of the
a.m.p.g. grid in Fig. 49.

This requires us to lower speed as the trip proceeds. This is
of course a nuisance, and on short journeys the saving of fuel
is negligible. On long journeys there are three further dis-
advantages—

(i) Towards the end of the journey the economical speed
may be less than V, . the minimum speed for comfortable
continuous cruising, which is the speed fixed by the flight test
pilots as a result of experience, and below which it may become
difficult to control the aircraft and regain height lost through
gusty or turbulent conditions.

In the opinion of the A. & A.E.E., Boscombe Down, the
average value of V;, = 1-35V, . (It is also taken, in some
cases, as 1-5V, ), whereas we have seen that

Vi e = 1395V, (=1:06 X 1316 x V, ),
so that normally V, . ... >V, , but this is by no means
always so, particularly at the llghter weights. It may happen,
for instance, that one engine of a twin-engined aircraft fails.
If we then operate the other engine at maximum weak mixture
power, thereby not increasing the fuel consumption, we may
find that at some stage of the journey the speed falls below

z‘lclc) If the aircraft encounters a considerable headwind, such
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as may occur on the west-bound Atlantic crossing, the econo-

mical true air-speed rises (we found V == (1 + —;%)V). If

this alteration of speed is not made, the aircraft will not be flying
at maximum g.m.p.g. but at a lower speed, and so the trouble
taken to reduce speed as fuel is consumed will be wasted energy.

(iii) The average ground speed over the distance is less than
by any other method.

For these three reasons it is sometimes necessary to instruct
pilots to fly at a speed some 10 to 20 per cent higher than that
for maximum a.m.p.g., as shown by the points D,, D,, D,, D,,in
the grid of Fig. 49. There will then be no danger of sinking below
the minimum speed for comfortable cruising, and no alteration
need be made should unexpectedly high headwinds be encoun-
tered. The disadvantage of altering speed as we enter each fresh
zone will of course remain; and since we have agreed to jettison
maximum economy of fuel, navigational simplicity suggests
that it might be better to adopt the second alternative below.

In studying the performance estimates prepared by manu-
facturers, it is advisable to find out if the figures for range and
payload are based on flight at maximum range. If they are,
modifications may be necessary before deciding how the aircraft
will fit in with a commercial route.

8.10. Constant Air-speed Flying

This is typified by the points B,, B,, B;, B, in Fig. 49. When
we come to consider current cruise control manuals in more
detail, we shall find that the loss of payload, as compared with
maximum range flying, is not very considerable, and may be
negligible against a strong headwind. In any case, the con-
sumption of fuel is considerably less than that resulting from
the third method.

8.11. Constant B.H.P. Flying

This is typified by the points C}, C,, (3, C, in Fig. 49. On a
long trip, particularly with a tailwind, the waste of fuel may
be large. As against this, the method has two advantages—

(i) It is easier for the pilot and flight engineer.

(ii) There may be considerable saving in time for the journey.
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8.11.1. CHoick or Powkgr. It should be realized that the
actual power to be used is a matter of choice. Most charts at
present in use are constructed for a fixed power, assuming
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maximum take-off weight, and a series of journeys of about the
same distance. But a free-lance operator might be called upon
to undertake journeys of greatly varying distance, and with
all sorts of loading conditions. He would then strive for
“maximum payload miles per hour,” a method which attempts
to strike a balance between the claims of speed and payload.
This point is considered in more detail when dealing with
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payload calculations in Chapter XII, where it is shown that
the optimum constant b.h.p. is considerably reduced as the
range to be covered increases. This aspect of the matter
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has received less attention than it should have done in this
country.

8.12. Examples of Complete Grids

Figs. 50-56 show grids drawn for an aircraft at a converted
four-engined bomber aircraft at a number of heights. As we
shall see in the next chapter, these grids are in themselves
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sufficient to provide all the necessary information for range
calculations, which can, however, be summarized into one
diagram, Fig. 60.

8.13. Range Formulae
The range for a given quantity of fuel, or the fuel required
for a given range, are usually found by the graphical methods
described in Chapters IX and X. In certain circumstances,
however, it may be an advantage to have a formula. One that
is often quoted is known as Breguet's Formula.
Suppose W = take-off weight,
W, = weight ¢ sec after take-off,
W, = weight of fuel consumed for whole distance,
W,, = weight of fuel consumed after ¢ sec,
¢, = pounds of fuel consumed per h.p. per hour,
(b.h.p.), = brake horse-power available at time ¢.

Assume that ¢, and 7 are constant. At any time ¢

DV W,V
R A A
— . 550
D

. But in a short interval of time ¢, weight of fuel consumed is

N c,(b.h.p.), .0t

8 B A
Wi 3 600
. (VA%
~ 3600 x 550n(L/D)
) 'I/ 11 (SQg
t= 1980000~ = =
Vo 0 © DWW,
But if R is the range, 0R = Vot.
, n L 4Q,
R = 1980000~ .7, -2t
0 c, D W,
y L 6Q,
=1980000—= ., —.- - -~ -
¢, ' D W—W,,
n L
R = 1980000 -, -1 - - f
o, D B w_w,"
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o n L W
=375 1.2 log, . = - mil
316 0 D 108 - gy Ty, miles

L 1 W miles
D oW W,
If we fly at maximum L/D, this formula gives the range for
minimum drag, assuming that n/c, is constant.
For short ranges W, /W is small, and we can write
) (W‘*%wﬁ- - >

Breguet’s formula can be turned round so as to read
R ¢ D

R ¢ D < R ¢ D>2 :I
VV = vv - — . ‘1) e e e e X.
or 4 [375' n L *\375° 5 L approx

— 8635 1 %
Cy

qms N
R=375-.—-.
)c, D

Further range formulae, of a rather more practical value, are

developed in §§ 9.4, 10.3.2, and 14.3.
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9.1. Range Calculations by the Mean Weight Method

THERE are two main methods of doing range calculations; this
chapter describes the first and Chapter X the second. Both are
based on an application of the information contained in the
a.m.p.g. grids.

Let us assume that the air is still, and that the operating
height has been chosen, as a compromise between international
regulations, meteorological conditions, and the most economical
height for the particular aircraft. If the temperature is non-
standard, we need to convert this to a density height. We may
then arrive at some answer like 8 800 ft, in which case it will
be necessary to interpolate between results obtained from
a.m.p.g. grids supplied for, say, 5 000 ft and 10 000 ft.

9.1.1. MEAN WEIGHT. Suppose that W, -— weight after the
aircraft has climbed to the operating height; and that W,
== weight of fuel consumed for the whole journey, except that
for climb and descent. Then we define the mean weight as
W, = W, — 1W, and we make the assumption that all the
necessary answers can be found by taking the weight as remain-
ing constant and equal to W, throughout the journey at
operating height.

9.2. Constant Power

This method is particularly simple to use when the aircraft
is operating at constant power, on a time schedule; because
constant power necessitates a constant fuel flow, provided the
r.p.m. variations are small, and so the fuel used for the journey
is obtainable at once. An example will make this clear.

Given : Method . . . . . Constant power
Range . . . . . 500 miles
Density height . . . 10000 ft
Fuel flow at constant powe: 209 gal/hr
Weight on first rea(,hmg 10 000 ft 29 200 kg
Schedule time . . 2:25 hr

Tailwind . . . . . 20 m.p.h.

156
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Required :: Constant b.h.p. at which to fly.

Then : Fuel used . . . . . 2:25 X 209 = 470 gal = 1 540 kg
Mean weight . . . . 29200 — 770 == 28 430 kg
Mean ground speed 22(?2—(‘)5 = 222 m.p.h.
Mean true air-speed . . . 202 m.p.h.

Now turn to the a.m.p.g. grid for this particular aircraft
(Fig. 54), and fix the point corresponding to T.A.S. 202 m.p.h.

113

600
7
WA o=

AN R
/—‘Z -

AIR MILES PER GALLON

170 180 190 200 210 220 230 240 250
TRUE AIR-SPEED—MILES PER HOUR AT 10000 FEET

Fig. 57. A M.P.G. Grip: FOUR-ENGINED AIRCRAFT AT 10 000 FT
—“M"” Gear

-0
w
o

160

and a weight of 28 430 kg. We can now read off the b.h.p.
required and the actual a.m.p.g., which should check with the
fuel flow consumption (cf. Fig. 60).

Knowing the b.h.p., the pilot can then find from his engine
chart the correct boost and r.p.m. In practice this is often the
only chart he uses.

Given the b.h.p., we can reverse the process to find the
schedule time. This may be necessary if one engine fails. In
that case we fly at maximum weak mixture power; e.g. at a
certain height for a twin-engined aircraft this may be 1 230 b.h.p.
We then imagine that each engine is working at 615 b.h.p.
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9.3. Constant Speed

When the fuel flow is not constant, the method is less direct.
If, for instance, we are operating at constant speed, the argu-
ment might be as follows—

Given : Method . . . . . Constant speed of 210 m.p.h.
Range . . . . . 500 miles
Densxty height . 10 000 ft
Weight on first rea.chmg op. hexght 65 000 b
Headwind . .ol

Required : Fuel for journey
Then : Time at op. height . . . 3?3 == 2:38 hr

Turning now to the a.m.p.g. grid (Fig. 57), it appears that,
along the 210 m.p.h. constant speed line, a.m.p.g. at 65 000 Ib
is 1-0, a.m.p.g. at 50 000 1b is 1-235;
hence fuel used at 65 000 Ib is 500 gal, fuel used at 50 000 lb is
500
1-235
hence fuel used at 65 000 1b is 3 600 Ib, fuel used at 50 000 1b is
2 940 1b.

The fuel actually used will obviously lie between 3 600 Ib and
2 940 1b.

We will now find the actual distances that can be covered
with each of these fuel weights, starting at 65 000 lb.

Suppose we use 500 gal = 3 600 lb.

Mean weight = 65 000 — 1 800 = 63 200 1b.

Am.p.g. at 632001b (from grid, along 210 m.p.h. line)
= 1-0275.

Distance covered = 1-0275 X 500 = 514 miles.

Again, suppose we use 405 gal = 2 940 lb.

Mean weight = 65 000 — 1 470 = 63 530 1b.

Am.p.g at 635301b (from grid, along 210 m.p.h. line)
= 1-02.

Distance covered = 102 X 405 = 413 miles.

Assume that the variation of gallons with distance is linear
between these two points; we can then interpolate to find OX,
the gallons for 500 miles. 4

RS QT .
Clearly — P8 PT"

= 405 gal ;

in Fig. 58,
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RS 95 87 X 95
S W LRe = BT 9
o T 101 2

so that RN = 82 and 405 == 487 gal = 3 500 Ib.

(Check : Mean weight = 65 000 — 1 750 = 63 250 lb.
A.m.p.g. at 63 250 = 1-025.
Distance covered = 487 x 1-025 = 500 miles.)

A more satisfactory method of doing such calculations is
described in § 10.3.1.
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9.4. Maximum Range

When flying for maximum range at the peaks of the grid
curves the process can be simplified by assuming that the
maximum a.m.p.g. is inversely. proportional to the weight,

1
or a.M.P.Z. iy € W

If G be taken to stand for a.m.p.g. ..., the above means
G x W = K, a constant

(This is not true in practice; a better empirical rule is found
to be G X W = K, based on the assumption 5fc, oc Vn.)

Using the first assumption, here is an appropriate example—

Given : Method . . . . . . Maximum range
Range . . . . . . 500 miles = R, say
Density height . . . 10000 ft
Weight on first rem,hmg op helght . 650001b, or W, Ib, say
Headwind. . nil

Required : Tuel used and time taken.

12—(A.151)
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Suppose that W, is the weight of fuel used for the journey.
Then the mean weight W,, = W, — W, and the fuel in gallons

= :—v; Let G,, = a.m.p.g. at the mean weight W ,,..
From an inspection of the grid (Fig. 57) we find that G X W
= 65 200, say, then G (W, — }W,) = 65 200 = K, say.

W, R
But '73 = 6:‘
Hence 2 (W,— }W,) — K
W,
7-9RW,
W, = 3o +K b

With our numbers this gives
7-2 X 500 X 65 000
7= 771800 4 65200
= 485 gal or 3490 1b

The mean weight is now W, — W, = 63 255 lb. Looking at
the grid (Fig. 57) again, and reading along the line joining the
peaks of the curves, we find the T.A.S. at this mean weight is
about 200 m.p.h. so that the time for the journey is 2} hours.

The formula we have just used for W, can be re-written,
approximately, as

R ( 3 GR)
=_—|1-— 7-21b
Wy G, G,W
in which we have replaced K by W,(,, where G, is the a.m.p.g.
at the starting weight W,.
A more accurate formula for max. range flying, based on the
relation g oc V* already referred to, is
14
R 3:2R
W’=§,(l 1W) 7-21b
[= 7-2 (497-6 — 12:2) = 7-2 X 4854 in our case]
9.5. Headwinds

In the case of flying against a headwind at maximum range,
if the true speeds are raised as described in Chapter VIII, the
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above formulae for W, can still be used if we replace R by

2
R/(l — % — g{’ﬁ) where v is the headwind and V is the “maxi-

mum range’’ true speed at the mean weight when there is no
headwind.

20 14.000 12 000 ¥
P 10000 5
20 =5 oo 5
210 '/’léooo N
200 r/é{/,/f{\;;w ;
g|9o AT 8
2" R L P L2
/_ e =
gno D 7 g
£ 160 ,/1,// < d
M EEpZZZZ !
=] g
F o !
130 é/ ,1/
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Fia. 59. ComposiTE CrUISING CHART: TWO-ENGINED AIRCRAFT

9.6. Conclusion

The mean weight method will enable us to construct any
desired form of cruising chart. By assuming a series of values
for fuel used, we calculate the range covered, and the resulting
curve between range and fuel can be used as the basis for a
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Fuel Consumed chart. In a similar manner we can find the
speeds at each point, and so construct a curve giving the time
taken. It is doubtful, however, whether this method is as
satisfactory as that described in the next chapter.

It is pertinent to inquire whether the mean weight method is
accurate. Although there is no doubt that it slightly under-
estimates the amount of fuel required, the difference is usually
negligible. For reasonably quick calculations it is far the best
method, since it avoids the necessity for constructing elaborate
charts and the tendency (often overlooked) to misread the
charts after they have been constructed. The charts used on
many airline routes are only a.m.p.g. grids in a disguised form.
For instance, Fig. 59 dispenses with an a.m.p.g. grid, but the
relation between speed, mean weight, and b.h.p. found from
the chart is the same thing in a different setting. The same
remark applies to Fig. 60.



CHAPTER X

Cruising (111)

10.1. Range Calculations by the Integral Method

THE information supplied by a.m.p.g. grids can be transformed
80 as to supply us with graphs of related quantities, such as
distance gone against time out, fuel used against distance, fuel

300

200

T.AS—=MP.H.

0 | 2 3 4 S 6 7 8 9 10
TIME~HOURS

Fi1c. 61. CoNSTANT POWER: VARIATION OF SPEED WITH TIME

used against time, etc., and the final results shown in standard
types of charts. We propose to show how these charts can be
constructed for each of the three methods of cruise control, by
using the a.m.p.g. grid shown in Fig. 57.

10.2. Constant Power, 850 b.h.p. per Engine

10.2.1. CarcuraTioNs. Reading along the 850 b.h.p. line
(Fig. 57), the basic information is

Weight W . . . .| 65000 60 000 55 000 50 000
amp.g. . . . .| 1-003756 1-07 1-1176 1-156
T.A.8. (m.p.h.) . . .| 198-8 211-9 221-2 230-0

164
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We now make the assumption that operating at 850 b.h.p./
engine involves a fuel flow of 210 gal/hour on all engines; this
is 1512 lb/hour Now proceed with the tabulation—

Change in Weight . . . . 0 l 5000 | 10000 | 15000
Time — 9‘..‘“;3%1"2th (e . .| o 3.30 672 | 993

The resulting speed-time curve can be plotted (see Fig. 61).
To find the distance covered during each hour, we need to
calculate the area under the graph for each hourly zone, and
can tabulate the results as follows—

Time .io‘x 2|3 | 4|5 | 6 | 7 8 | 9 | 10
Distance |
covered
perHour| 0 ’ 200 | 204 | 208 | 212 | 215| 2175| 220 | 223 | 206 | 298
Total | 1039 |1256:5|1476-5|1699-5|1925:5| 2 1535
Distance | 0 | 200 | 404 | 612 | 824
TAS. i 199 ! 202 | 206 | 210 [ 213 | 216| 210 | 222 | 224 | 227 | 230

There is no need to plot a.m.p.g. against time, as we have
already assumed a fuel flow of 210 gal/hour, but we may as
well insert the weight of fuel used after each hour, in order to
complete the table.

'l‘im(‘w ‘> OAiil W‘ _24 | 3 \ ; ~|" 757 1 6 . i

‘ I
Wt. of |
Fuel )
Used
(Ib) | 1] 1512 {3024 | 456366048 | 7560 [ 9072 | 10 534 | 12 096 l 13 608 | 15120

10.2.2. DisTaNCE-SPEED CHART. We now have all the infor-
mation required for constructing the charts. First of all, we
need to show the change of speed with distance gone, neglecting
the climb, drawn accurately in Fig. 62. On the same chart we
should also show the corresponding speeds at all other heights,
at intervals of 5 000 ft.

The main object of this first chart is to provide a preliminary
estimate of the time taken for each part of the journey. For
example, suppose one zone lies between 800 and 1 000 miles,
then the average true air-speed at mid-zone (read from the



166 PERFORMANCE OF CIVIL AIRCRAFT

chart) is 214:2 m.p.h., so that the time taken (in still air) is
200
214-2
10.2.3. TiME-sPEED CHART. When making a complete flight
plan, it may be more convenient to use a time-speed chart,
which gives us the speeds to be used at various times from the
start. We already have all the necessary information, which is

= 0:935 hr = 56 min.

DISTANCE OUT x 100 MILES
0 10 15 20 25
230 -

20 - i ——

TAS—MPH.
3
T

200 A

190

F1a. 62. CoNSTANT POWER: VARIATION OF SPEED WITH DISTANCE

shown in Fig. 61. The use of Figs. 61 and 62 will be discussed
at greater length in Chapter XII.

10.2.4. Fuer Caart. The second chart (Fig. 63) is primarily
used for finding the fuel used for the whole trip, and is con-
structed as follows: The “Fuel Used” line is drawn first, by
relating time out with fuel used in accordance with the tabula-
tion above. On the top of the graph, now insert a distance out
scale, starting at any convenient origin. Then the points fixing
the ““distance’’ line can be plotted in accordance with the
tabulated relations between distance and time. Neither the
“fuel used” nor the “distance’ lines are necessarily straight ;
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in the present case, of constant power, the former will be, but
not the latter.

To use the chart, start at a point on the top distance out

DISTANCE OUT—MILES
2000 | 500 1000 ¥ 500 0

N\

8 \\
27 \\

2
o

; N
] NG
5 A
w

b

(21

]
|
i
'
!
1
|
b — _...__4_.___-__7.7\‘

Y
I
|

0 5 5 A

10
FUEL USED x 1000 LB

F16. 63. CoNSTANT PowER: FUEL CHART

scale, e.g. 900 miles. Drop vertically down to the “distance
line,” and then horizontally (to the right or left), to cut the
“fuel used”’ line. From here we move horizontally to find the
time, and vertically downwards to find the fuel used, getting in
our example 4-35 hr and 6 600 Ib of fuel. The time so obtained
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should check with that found from the first chart. KFrom the

first chart, the speeds at 0 and 900 miles are 199 m.p.h. and

214 m.p.h. respectively, giving a mean speed of 206-5 m.p.h.,
) . 900

so that the time is 5065 = 4-35 hr, as before.

We may also start from the time scale on the left, and read
the fuel directly.

In order to allow for headwinds and tailwinds, further
“distance” lines have to be added. We shall continue to fly at
the same constant b.h.p. so that the only quantities to be
altered will be the ground speeds, thereby altering the relation
between distance and time, but not that between fuel used and
time. As an example, take the case of a 40 m.p.h. headwind.
The ground-speed time tabulation is now—

Ground Speed . . . 159 172 181 190
Time . .. . . 0 3-30 672 9-93
Hence the Distances are

Given by—
Distance . . . . 0 546-2 603-6 595-4
Total Distance . . . 0 546-2 1149-8 1 745-2

These four points are sufficient to establish the new 40 m.p.h.
headwind ‘“distance” line; under these headwind conditions,
the chart is read exactly as before except for the use of the new
“distance” line.

The charts constructed have one disadvantage, they are only
true for 850 b.h.p. Under certain circumstances we might
operate the engines at a lower power without losing much
time, and thereby increase the possible payload.

A further alternative is provided by the case of engine failure
when we might decide to operate at the same constant power
on the remaining engines. In the case of a four-engined aircraft,
this is equivalent to $ X 850 per engine on four engines (neg-
lecting any extra drag), i.e. 637-5 b.h.p. This might lead to
speeds below V, ., so that a higher b.h.p. on the remaining
engines may be preferred. In either case, the chart con-
structed for 850 b.h.p. four-engined operation will be of no
use to us.
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10.3. Constant Speed : 210 m.p.h. T.A.S.

10.3.1. CarcuraTions. Reading along the 210 m.p.h. T.A.S.
line in Fig. 57, the basic information is as follows—

Weight W .

65 000 l 60 000 i 55000 | 50000
I
I

ampg . . . , 1-000 l 1-0725 1150 | 1235

The first chart drawn in the case of constant power is no
longer necessary; the fuel chart can be constructed from the
following tabulation—

Fuel Used (Ib) . . l, 0 i 5 000 t 10 000
1
|

a.m.p.lb. (am.pg ) 1 0-139

To get the distance gone we plot a.m.p.lb. against fuel used
(Ib), finding the area under each part of the curve, as shown
in Fig. 64.

Distance Gone 0 . 720 772-6 830

Total Distance o o | 120 14025 | 23225

Time at 210 m.p.h. 0 | 343 | 112 1106

Time at 170 mp.h. . o 4 879 13-66
|

From these results we can again construct the fuel chart, as
before. This chart appears in Fig. 65. This time the “ distance ”’
line is straight, but the “fuel used” line is a curve. It will be
noted that, for the 900 mile journey, there is a distinct saving
in fuel but no loss of time, as compared with the case of constant
power. The headwind and tailwind ‘‘distance” lines can be
inserted as before.

10.3.2. MATHEMATICAL ALTERNATIVE. When we are opera-
ting at constant speed, the power required is a function of the
weight, of the form

b.h.p. = A 4+ BW?
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. 7 .
Moreover, if we assume that u is a function of the speed, then

Cr
1
ampg =, — ..
A4 uWe
020
015 /
o
-
g
n010
2
£
-4
<
005
0
0 - 5000 10 000 15 00U 20 000

FUEL USED —t 8

Fig. 64. ConsTANT SPEED: A.M.P.LB. virsus FuerL Usep

and it will be found that the figures given at the head of this

paragraph for a.m.p.g. against W satisfy this relation by taking
A=0-5323, uy = 1-11 X 10-19,

For example, if
W = 60000, 2 + uW? = 0-5323 4+ 1-11 x 10-10 x 10® x 36
= 0-5323 + 0-3996 = 0-9319

1
mpg = ——— = L.
8.m-P-g. = ozyg — 1073
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It would thus be possible to obtain the distance by direct

integration, as
J‘ﬁ() 000 l ( l ) dw
65 000 7—2 2";—/twi

105 rl_f W 705 000
= o T s raee | AN [ T _]
7:24/1:114/0-5323 0-5323 7 105 150 000

for our numbers = 2 322 miles, for 15 000 lb of fuel.

DISTANCE OUT—MILES
2000 | 500 1 000 500 0

TIME OUT—HOURS
o

/

/
X
L

LA 2N
N

]
]
; b+
Sr
&

, <L
A
|

/ 1
|

o 1

0 5 10 H 20

FUEL USED x ! 000 LB

F1a. 65. CoNsTANT SPEED: FUEL CHART
Four engines; 210 m.p.h., T.A.S.
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10.4. Maximum Range

This time the basic information from the grid in Fig. 57,
reading along the line of peaks, is

Weight W . .| 65000 60 000 i 55000 | 50000
a.m.p.g. max. | 1005 1-0875 ' 1-180 | 1-2675
TAS. (mph) .| 201 195-2 I 190 ‘ 189
1
S , 00512 000526 100529
S 0004975 |  0-005123 05263 |  0-005291
DISTANCE OUT x 100 MILES
0 S 10 15 20 25
20 > e —
JE B
210 +
- -
J:: P
z =
%200 T
1 R O .
< [
h
9%
190 —
180

Fio. 66. MAXIMUM RANGE: VARIATION OF OPTIMUM SPEED WITH
DIsTANCE

The distance gone can be found as in § 10.3.1.

am.p.lb. . . . . 01395 0-151 0-164 0-176

Distance Gone . . 1 0 726-25 787-5 860-0

Total Distance . . .0 726-256 151375 | 236375
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T'o find the time for each stage, we need to find the area under

1 . . . . dt
the —— against distance curve | since time = | —dx ).
8p dx

eed
e — e e
Time for Each Stage . ‘ 0 , 3-668 ‘ 4-089 | 4485
Total Time o 1 0 ] 3-668 l 7757 l 12-242

Mean Speed =194

The two types of chart can now be plotted as before, assuming
no headwind. The first gives the T.A.S. at any distance out, so

DISTANCE OUT—MILES
2000 1 500 1000 500 0

h ){

N
y
o
\ ’

N,
9 ] ‘\
\ \ /
° N AR (/
7
ANEERY
o
’
2’ N
3 N ¥
: NG
=6 N
8 ’ .Y
E‘ < /-»—.4. ._:J
s d

. l

10
FUEL USED x 1000 LB
Fig. 67. MaxiMuM RANGE: FUEL CHART



174 PERFORMANCE OF CIVIL AIRCRAFT

that the time for each zone can be calculated, see Fig. 66. The
second is the usual fuel chart, see Fig. 67. Compared with the
constant speed case, the journey of 900 miles has taken 0-25 hr
= 15 min longer, and the fuel saved is 200 Ib or about 28 gal.

10.5. Maximum Range with a Headwind

Since the economical speed against a headwind is different
from that in still air, both the ‘ distance’’ and the *fuel used”
lines will be altered. Our best method is probably to construct
a fresh grid, as follows—

]

Weight (Ib) . 65 000 | 60 000
T.AS. n.p.h) | 190 200 1 210 | 220 190 } 200 | 210 { 220
a.m.p.g.  No i : | |

héadwind .| 04995 | 1-005 l | 00x5 | 108 | ross | 10725 | 10525
¥uel Flow . i

TAS g 199 ‘ 225 175 139 | 196 200

Weight (Ib) . 55 000 50 000
T.AS. (mph)} 190 I 200 l 210 E 220 ’ 190 } 200 210 i 220
a.m.p.g. No | i l i

headwind™ .| 11775 | 11725 | 115 5| 1263 ' 126|125 | 110
Fuel FIOTWAS ‘ ! : T

|

E = tTHxT»E 161 1705 13 196 | 2 15585 I 170 184

. o L S _ b o ~ R R

Suppose there is a headwind of 40 m.p.h.
Weight (Ib) 65 000 | 40 000
I N e T A R I
Ground Speed .| 150 | 160 | 170 | 1m0 | o150 [ 160 , 170 | 180
Rmpg i ; ;

-5 Joo7as | 0805 | 0wl | 0s0p | 0857 | 087 0-87 0-861

g

o I P T i i
Weight (1b) . 55 000 50 000

e e
Ground Speed .| 150 b 160 170 | 180 150 | 160 ‘ 170 1 180
gmpg. |

=% © | 0932 | 094 | 0935 | 092 10 101 10 0-9%
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The basic information from the new grid (Fig. 68) is now—

|
Weight, W . . . .| 65 000 60 000 55 000 50 000
g.m.p.g. (max.) . . .| 0813 0-874 0-94 1-01
Ground Speed, G.8. . .1166 164 162 160
é—ls— . . . . . 0-006024| 0-006098] 0-006173 0-00825
gmplb . . . .| ons 0121 | 0130 0-140
Distance Gone . . 0 585 627-5 675
Total Distance 0 585 12125 1 8875
Time for Each Stage . 0 3-546 3-850 4-192
Total Time 0 3-546 7-396 11-588
"
% N AU SRR
g 10
<50 LB
3 \ -
2 o
‘:‘:; > | E——
; o9 Ly 55000 LB
5 —— i —
Z - e \
S — \ €0 000 LB.
\
< \
9 Y
a
zos — T ?'/—d ) 65 000 LB
— JREN RN R S
— - |GROUND SPEED—M.P.H.-
07 - 140 — -150———{60—-—|70 -——
150 160 170 180 220 230 240 250

190 200 210
TRUE AIR-SPEED—M.P.H.
Fra. 68, Maximum RanceE: AM.P.G. acAaINST A HEADWIND
oF 40 M.pP.}.

Four-engined aircraft at 10 000 ft in **M " gear.

The new “distance’” and ‘“ fuel used " lines are plotted on the
original chart (Fig. 67). It will be noticed that for the specimen
distance of 900 miles, compared with still air, the time has

13—(A.151)
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increased by 48 min, and the fuel consumed by 1 300 Ib. The
total fuel consumed is now 7 400 Ib. Flying at constant speed
against this headwind, the fuel consumed would have been
7700 1b, so that the trouble involved can scarcely be said to
have been repaid.

10.6. Comparison of Methods

A complete comparison of the answers obtained for 900 miles
is as follows—

|

Method | Constant Power Constant Speed Max. Range
S O
No 40 m.p.h. No 40 m.p.h. No 40 m.p.h.
Wind . . .| headwind | headwind | headwind | headwind | headwind | headwind
hr min| hr min| hr min|{ hr min{ hr min}| hr min
Time . . 44 21 5 15 4 13 5 4 33 5 21
Fuel Used (Ib) . . 6 600 8 000 6 300 7 700 6 100 7 400
Fuel Used in Excess s . . -
of Max. Range Fnu)} 500 600 200 300 0 0
Time Saved com- min min min min min min
pared with )lux.} 12 [} 15 3 0 0
_Range. )1 e A A

This comparison is worth study ; not because the results are
typical, but because only by careful examination of such figures
can the operator decide what procedure is most suitable for the
sort of trips he has to cover.

10.7. Maximum Range Speed, Increased by a Fixed Percentage

Another interesting comparison to make is that between—
(1) Constant speed, in still air.

CONSTANT SPEED

MAX. RANGE FIXED PERCENTAGE ABOVE MAX. RANGE

F16. 69. FIXED PERCENTAGE ABOVE MAXIMUM RANGE SPEED

(2) Maximum range against that fictitious headwind which
gives the same schedule speed for the trip, i.e. the max. range
speed for each weight, but with the speed increased by a con-
stant percentage. In order to start such an investigation, we
must first of all decide what happens to the a.m.p.g. when the
speed is increased by a fixed percentage above that for maximum
range.
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In the case of the grid used in this chapter, it can be proved
mathematically, or by inspection of the grid, that the alteration
in a.m.p.g. is related to the increase in V as follows—

177

Percentage Increase in V ‘ 53 | 10 15 ‘ 20 25
Percentage Decrease in ‘
a.m.p.g. . 050 | 193 406 677 9-94

(These satisfy an empirical relation of the form percentage
decrease in a.m.p.g. = 0-026 X (percentage increase in V){1'87),)

If G is max. range am.p.g. and G, is a.m.p.g. at v m.p.h.
higher, and V is max. range speed, then

"
X

(
%:l—(2+n)2

2

Vi

where n is about }, as previously defined, is a formula sometimes

used.

Take as an example the case of a 15 per cent increase in V
above max. range speed, with a corresponding 4 per cent

decrease in G (a.m.p.g.). Reading from the grid in Fig. 57—

w Ji 65000 | 60000 | 55000 : 50 000
Gmax - i 1005 | 10875 | 1180 ’ 1-2675
Vi 4200 | 19s2 o | 189
L5V, - S oo 219 | 228
lii:”‘Vl'e;,.:, . i 0-0043 i 0-00444 | 0-00456 f 0-00458
096G max ‘ 0965 | 1043 v |12
T TR R
Distance Gone . 0 ; 6975 5| 815
Totel Distance . .|~ 0 —i 697-5 1 452:5 l—z 2675
Time for Each Stage | 0 —i 3055 3397 | 312
Total Time A 0 | 3055 6452 | 10177
T b b _
T.e. the mean speed is 222-8 m.p.h.

it Yy
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We now find the effect of flying at a constant speed of
222:8 m.p.h. From the grid in Fig. 67—

W . . . .| 85000 60 000 56 000 50 000
ampg . . . ] 0981 1-046 1-112 1-183
am.plb . . . . 0-136 0-145 0-155 0-164
Distance . . . . 0 702-6 760 797-6
Total Distance . . . 0 7025 1 452:5 2 250-0
Time . . . . . 0 3163 8-519 10-098
B | S R R

Now the fuel used for 2 250 miles in the former case will be
approximately

2 250
———— 1b = 14 885 1b = (15 000 — 115) 1b
1500 X s b b = ( 5)
i.e. for the trip of 2 250 miles in 10-098 hr, there is a saving
of 115 1b (or 16 gal) by flying at 15 per cent above max. range
speed instead of at constant speed. This method is thus
scarcely a practical proposition.

10.8. Allowances for Climb

The charts we have just constructed were made on the
assumption that the starting weight at cruising height was
65 000 1b. In reality, of course, the starting weight will depend
upon the height, if we assume a fixed take-off weight. This
means that the charts for each height should actually be drawn
with the correct starting weight for that height.

This refinement can be seen by looking at the charts in Figs.
70-78 for a well-known transatlantic aircraft. The first chart,
Fig. 70, showing true air-speed at various distances out does
not assume the same form as our Fig. 61 until a certain distance
out, equal to the forward distance achieved by climbing to
that particular height; and the first cruising speed shown
corresponds, not to the take-off weight, but to the weight on
first reaching this height.
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DISTANCE QUT—NAUT. MILES x 100
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
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For a similar reason the “fuel used” line in the second type
of chart (Figs. 72-78) has a small kink at the beginning, corre-
sponding to the fuel allowance for take-off and climb.

10.9. Alteration in Take-off Weight

One of the great advantages of the integral type of chart is
the fact that alterations in take-off weight can easily be allowed
for. Suppose, for instance, the take-off weight is 85 000 lb
instead of 90 0001b in the case of the transatlantic aircraft.
The difference is equivalent to using 50001b of fuel before
starting.

The time on the climb will be the same as before; the fuel
used on the climb will be i} of that found from the climb data.
The fuel used at cruising height is found by starting the trip at
the point on the distance and time scales corresponding to
5 000 1b of fuel.

The same method can be used if it is necessary to alter the
method of cruise control or the height during the course of the
journey. The fuel actually used in the first part of the journey
gives us a fictitious time and fictitious distance from which to
start the second part of the journey under the new conditions.
A detailed example of this procedure is worked out in Chapter
XII, on Flight Planning.

.10.10. Engine Failure

For a four-engined aircraft, any alterations in the settings of
the other three engines, made necessary by the failure of one,
will depend upon (a) the cruise control method in force before
failure, (b) the objective after failure. For constant power
operation, schedule can only be kept by multiplying the power
output of the other three by i. If this can be done without
using rich mixture, the total fuel flow will not necessarily in-
crease, but it is more usual to leave the three good engines at
the same power, and re-calculate the E.T.A., or else to change
over to constant speed, or a fixed percentage above maximum
range.

If operating beforehand at constant speed, we can keep
schedule, i.e. maintain the same speed, by increasing the power
from the remaining engines. This will cause, at the heavier
weights, some decrease in a.m.p.g., and a new chart for these
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conditions will have to be constructed. From Fig. 57, at
210 m.p.h.—

Weight W . . . .| 65000 80 000 ‘ 55 000 , 50 000
ampg . . . | 1-0000 I 10726 l 1-150 I 1-235
i
b.h.p./Eng. . ! 1 E 726
Fuel Flow/Eng. . . . 53 l 50 l 47 t 44
Fuel Flow, 4 Engs. . . 212 ‘ 200 i 188 i 176
New b.h.p./Eng. . . . 1200 1 1120 1040 968
Fuel Flow/Eng. . . . 72 1 67 ' 62 57
i

Fuel Flow, 3 Engs. . . 216 i 201 186 171
Fuel Flow, with Drag Factor. 228 212 196 180
New a.m.p.g. . . 0930 1012 1104 1-208 N
Fuol Used . . . 1 0 7(');0—' ‘| 10 000 ‘ 15 000
am.p.lb . . "._“W_. 0-129 0-141 NU_IHFZ—1 O-l(;—.
Distance Go;;a~r .-‘4—:_—7' 0“-“’;{3” M;;S; I 804 _
Tl Diwaneo .0 | em o 1anams
Tmew20mph . 0 | 3a s@ e
Total Time . . 7—.‘ “ ‘—_MO_—E{_ ' 3-21 “! v 6-71 ~—MIU~.)~1
Twmow 1mph . 0w s®m 1w

It appears from the new chart (see Fig. 79) that three-engine
operation uses slightly more fuel than constant power (cf.
Fig. 63).



CHAPTER X1

Fuel Allowances and
Reserves

11.1. General

THE previous chapter dealt with range calculations for the
journey on a particular day. Over any prescribed route, there
will be daily variations in headwind and conditions at the
destination airport; but apart from these variations the fuel
allowances will be the same throughout the year. This chapter
will deal with these allowances, as well as the effect of headwind
on schedule time and payload.
The three variables—

(1) Time of flight,
(2) Fuel required,
(3) Payload capacity,

are closely interlinked, and that they must be found in that
order. When all three are known for a particular set of con-
ditions, we can extend the results to cover more general or
average conditions, thereby providing the operator with a route
analysis on which his future planning can be based.

We have already seen that the time of flight, depends upon
the method of cruise control, the distance, and the wind.

11.2. Headwinds

For any particular journey, knowledge of the headwind will
lead to a perfectly definite answer for the time. When, how-
ever, we wish to know the awverage time for this particular
journey, the answer must depend upon the average headwind
to be found during the course of a year. In other words, the
schedule time for the trip can only be found by examining a
large number of different cases, and then deciding what is the
least schedule time it should be possible to maintain with a
high degree of regularity.

188
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The maximum headwind component occurring on 85 per cent
of the days is known as the average maximum adverse wind, and
is used (for propeller driven aircraft) for the purpose of fixing
the probable payload. Owing to the fact that the aircraft will
not always carry maximum payload, the difference being made
up by extra fuel, the regularity of the resulting services should
be higher than 85 per cent—something in the region of 93-95
per cent is to be expected.

This average maximum adverse wind will of course be more
than the actual wind on many occasions; so that for purposes
other than fixing the payload and schedule time—such as esti-
mating the year’s expenses—we can use the average headwind,
i.e. approximately the maximum wind reached on only 50 per
cent of the days.

For long routes, covering zones of widely varying conditions,
the accuracy of the schedule time will depend largely upon the
winds encountered over the last few zones, so that it will not
be necessary to take the average maximum adverse wind over
the whole journey.

It is evident that there is considerable need for reliable
information about the headwinds on any particular route.
Unless this information is forthcoming, flight planning and
route analysis may be very misleading.

-11.3. Navigational Deviation
In order to cover the possibility of faulty navigation, resulting
in the aircraft flying farther than planned, 2 per cent or less is
added to the actual distance; this addition, however, is not
made to the equivalent geographical mileage on the climb and
ascent, nor to the further distance to the alternate.

11.4. Airframe Depreciation

In making schedules, it is usual to reduce the supposed mean
air-speed by 2 per cent or less, to allow for variations between
individual aircraft and increase of the drag due to various
causes.

11.5. Carburettor Maladjustment

Another common source of error, particularly applicable to
engines, with automatic boost control, is the anticipated fuel
flow; and a 3 per cent allowance is made for this purpose.
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11.6. Fuel Remaining in Tanks

On large aircraft, a reserve of 10 minutes’ fuel at cruising
consumption is at present allowed in each tank from which
petrol is directly drawn from the engines at any stage in the
flight : this precaution is made in order to avoid the danger of
momentary engine failure during gentle manceuvres.

11.7. Route Analysis

We are now in a position to draw up a Route Analysis for any
particular journey, and will do so for the imaginary trip for
which a preliminary flight plan is given in Chapter XII.

ROUTE ANALYSIS SHEET

1. Service
2. Aircraft
3. Sector . . .
4. Alternate destination
5. Prescribed stage length . 2 000 miles or R miles
6. Plus 29, for navigational devia-
tion . . 2040 miles or 1-02R miles
7. Further dlstance to ulternate . 100 miles or » miles
8. Total geographical distanco . 2140 miles or (1-02R + r) miles
9. Cruising height . . 10000 ft
10. Method of cruise control . Constant Power
TiME AND FUEL ESTIMATE
No i In Symbols Lz l Unit
: i \ ample |
11. Equivalent geographical mile- I |
age for climb and glide . 0 . 14 | miles
12. Total E.G.M. to destination ‘ E
6+ 11) . . 1-02R | 2054 | miles
13. Average cruising T.A.S. . . v . 215 {m.ph
14. Airframe depreciation (2%) .| — 0-02V | —5 |mph
15. Headwind component . — v i — 10 ' m.p.h
16. Average ground speed :
(13-14-15). . 0-98V - v 200 | m.p.h.
17. Equivalent cruising time to 1-02R
destination (12 - 16) . N 098V =0 10-27 | hr
18. Allowance for ground manceuv- |
ring (10 min) . .. . 3 0-17 | hr
19. Allowance for final circuit
(15 min) i i 025 |hr
20. Schedule time (17 + 18 + 19).| _L0ZR 5 1069 |h
. 698V — v T 12 ' r
21. Schedule block to block speed R
(56 +20) . . 102RT T B 187 | m.p.h.
l 098V v T 12
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TIME AND FueLn FSTIMATL —(contd.)
No. In Symbols Lz Unit
ample
22. Averagbe cruising fuel flow 1 1512 | Ib/hr
23. Carburettor ms,la.d]ustment
(3%)- 0-03E 45 | Ib/hr
24. Average fuel flow (22 +- 23) 1-03E 1 557 | Ib/hr
25. Fuel for equivalent time 1-05RE
e 1Y
(17 x 24) . 008V — 15 990 | 1b
26. ‘‘Lost fuel ” allowance nil 800 | Ib
27. Final circuit allowance (22 -+ 4) iE 378 | b
28. Fuel to destination (25 -+ 26 1-05RE 1,
+ 27) vosv—o T3 B 17168 | 1b
29. Additional time to a,ltemuto ’ »
(7 - 16) i)-‘)TV E— 0-5 hr
30. Additional fuel to alternate 1.03Er
(29 X 24) Wg—gv‘—_—zy 779 | b
31. Allowance for stand-off at alter-
nate (22 - 4) 3k 378 | Ib
32. Fuel to remain in tanks . IE 252 | 1b
33. Total fuel requu'ed (28 + 30 )
+ 31 + 32) POSRE 4 LOSE 25 | g pr7 Iy
(which can be turned in gal- 0-98V — v 3
lons and compared with the ;
normal tankage)
34. Percontage fuel reserves i
! 12:36r - 49V — 50
100 3 — 100 . vtEET o o
(100 x 32 — 100) 100(1’61{+’04V—3v> 81 %
35. Equivalent still air mileago LOSR + 1037
13 x 33 - 22) . . 2495 | mi
( ) | 098V — v >V+ \'% 49)|mlles
1 I

11.8. Effect of Allowances

It appears from this analysis that the various allowances

have

increased the effective distance from 2 000 miles to

2 495 miles, i.e. by as much as 25 per cent. We can examine
the reason for this, slightly simplifying the analysis.

Again let V = average T.A.S,,

v
E
R == prescribed

average headwind,
pound per hour = fuel flow, all engines,

stage length,

r = further distance to alternate.

As above, suppose that the E.G.M. on climb and glide, and
the lost fuel, are both zero; this assumption is reasonable in

14—(A.151)
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practice. Then we can tabulate the figures found above as
follows—
6 and 12. 1-02R
16. 0-98V — v
- I*O%R = 1-04 R (1 + ﬁ) (approx.)
0-98V — v \'% \%

20. l~04§ (1 + %) -+ 0-42, the schedule time.

17.

21 R
. ;047R<1+ ”>+0-42
\' v
24. 1-03E
_ - R v\ R v
25. 103 E x 104V<1 +V>_ 107}gv<1+v>
(approx.)
26. Nil
27, 2
4
R v E
. 1O7E — =
28. 1-07K V<1+V)+ .
29, — L = 102- (1- ”) )
C 008y — g = V02§ +~V (approx.
r v
. 10sE = (1 = .
30 lO)EV< +V>(approx)
31, =
4
32. 5‘
6
ER v E Er v
. j— — _ WOF = 5
33. 107 < (1+V)+4+10°V<1+V>+"E
E

-5 (1 + %) (1-07R + 1-057) + :E, the total petrol load.

35. (l -+ %) (1-07R + 1-05r) + iV, the equivalent still air

mileage.
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Hence 35 — R = 0-07R -+ 1-05r 4 3V + %(1-071% + 1-057),
giving in our numerical example

0-07R = 140 (3 per cent, 2 per cent, 2 per cent)
1-057 = 105 (3 per cent, 2 per cent, for alternate)
gV == 143 (stand off, tank reserve)
(1-07R + 1-05r) = 105 (headwind)
493

<l <

so that the increases from the four causes are roughly of equal
importance.

11.9. Equivalent Still Air Mileage, etc.

We can thus analyse the components of equivalent still air
mileage by saying that is found from R by adding—

navigational errors,
airframe depreciation,
carburettor maladjustment.

(1) 7 per cent of R, for

(2) 105 per cent of r, for the alternate,

the increase of 5 per cent [ airframe depreciation,
being for carburettor maladjustment.

(3) 2 of V, for stand-off, and tank reserves.
(4) % (1-07R + 1:05r) for headwinds.

Some of these increases can, and should be, reduced, but (3)
is liable to increase as traffic density increases, and (4) may be
large over routes like the west-bound Atlantic.

It may be noted that our answer is considerably in excess
of that given by some authorities. For instance, Mentzer
and Nourse (“‘Some Economic Aspects of Transport Aeroplane
Performance,”” R.Ae.Soc.Journal, June, 1940) merely allow
2 per cent for navigational errors, and 0-20 hr for taxying and
manceuvring, so that they give

102R+026
\Y
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in place of our value for schedule time

R v

Again, R. K. Pierson (“Design Factors of Civil Aircraft
Affecting the Operating Cost,” R.Ae.Soc.Journal, Jan., 1945),
gives as equivalent still air distance

1-02R + 60
in place of our result

1-07R + 1-05r + 3V + % (1-07R + 1:057).

11.10. Total Petrol Load

The main importance in these differences lies in the fact that
the total petrol load required in our tabulation is

1

v
E. V(l + v>(1'07R + 1-05r) + 3E,

whereas that required by the authors mentioned is considerably
less. The consequence is that the payload is seriously affected,
as will be seen in Chapter XIII.

Note. In the case of constant speed or maximum range
operation when E is not constant, we can still use this result
if E is found by dividing the weight of fuel at cruising height
found from the chart (disregarding all allowances and the
alternate), by the time for the distance at cruising height
found from the chart (again disregarding allowances).



CHAPTER XI1I

Flight Planning

12.1. The Pre-flight Plan

12.1.1. MetHOD. Time spent in pre-flight planning, before
the aircraft gets near the runway, is well repaid. To introduce
the subject we will perform a calculation by a method which is
not actually used in practice.

First of all we must know which type of cruise control is to
be adopted—constant speed (and if so, what speed), maximum
range, or constant power (and if so, what power is most suitable
to (a) the length of the journey, (b) the engines).

We are then ready to receive the weather forecast. Armed
with this we are in a position to

(a) select the altitude, or altitudes,
(b) decide on the total time,
(¢) decide on the total fuel.

12.1.2. ZoNEs. We divide the flight into zones, the length of
which (preferably 200-400 miles) should be determined by the
following factors: change of course, radio facilities, landmarks.
The first zone is, of course, subdivided into climb and cruise.
At one of the four or so altitudes selected as possible, we
tabulate as shown on p. 196. -

12.1.3. CLimB. Referring to climb tabulation or chart for

aireraft in question, we find average T.A.S. = 160 m.p.h., time
= 17 min, fuel used = 11551b. By usual methods, or com-
putor, ground speed = 151 m.p.h.; hence forward distance on

climb = 43 miles. Remainder of zone to cover == 257 miles.
12.1.4. REMAINDER OF FIRsT ZONE. Turning to the first
chart for constant power (Fig. 62), we find that the speeds at
beginning and end are 199-6 and 204. Mcan T.A.S., 201-8.
The ground speed is now 195:7, from computor. Hence the

time for this part of the first zone is
to be found from Fig. 61).
Referring now to the second chart (Fig. 63), the fuel used

196

1057 " 1 hr 19 min (also
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FLIGHT PLANNING 197

between 43 and 300 miles out is 2 300 — 400 = 1 900 1b and the
time taken is 15— 0-2 = 1-3 hr = 1 hr 18 min, thus checking
the result obtained from the first chart.

(Note. In the case of Figs. 70-78, climb is allowed for, and
the above subtraction is not necessary.)

Should the density height be very different from 10 000 ft, it
will be necessary to use two pairs of charts at heights above and
below the actual density height, and interpolate the required
answers for time and fuel used. In our case, this is not necessary.

12.1.5. SecoND ZoNE. Krom the first chart (Fig. 62), the
204 + 208-8

mean T.A.S. is = 2064, so that the ground speed

= 205 and the zone time 33 = 1 hr 13 min. K¥rom the second
chart (Fig. 63), the fuel used is 1800 1b and the time taken
1 hr 12 min.

In the case of constant power, the fuel used can be found
without the second chart, by multiplying the zone time by the
fuel flow at the chosen power.

We can now complete the picture for the whole journey at
the chosen height.

We should then repeat the process at a number of other
heights, with their appropriate winds and temperatures, and
select the height giving the most favourable results. We may,
of course, decide to fly at different heights for different zones.
" An example of this, in which fictitious time and fictitious fuel
and figures are required, is shown in § 12.4.

12.2. Diversions and Allowances

When the height, or heights, have been selected, the plan
should be extended to cover diversion to the one or more
possible alternates, should the original destination airport prove
unserviceable. To the total fuel then required should be added
the fuel required for stand-off, navigational errors, etc. ; a fuller
account of which has been given in the previous chapter.

12.3. Engine Failure

The cruise control method to be adopted in the case of engine
failure should be known beforehand. If the aircraft is originally
operating at constant power, we can (a) stay at the same power
‘on the remaining engines, thereby reducing the fuel flow but
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increasing the time for the journey, or (b) change over to
operation at constant speed, or (c) fly at the maximum range
speed appropriate to the expected headwind. If the aircraft is
originally operating at constant speed, it is usual to keep this
speed by increasing the power on the remaining engines, a case
already worked out. Over short distances, particularly with
twin-engined aircraft, we may run the other engine at maxi-
mum weak mixture power and let the speed look after itself.

12.3.1. FL1GHT GRAPHS. In all cases it is a wise precaution to
prepare beforehand a flight graph, from which it is easy to
predict, as soon as an engine fails, what will be the consequences
of carrying on to the destination, or of returning to the start.

In order to explain how a flight graph can be built up from
the three-engine chart, we propose to give a somewhat simpli-
fied example of the journey already described. Using the three-
engined chart in Fig. 79, the results can be tabulated as
follows—

((/llmb) )

Zone . . 1 2 3 + 5 [
Zone Distance (mlles) . 4.5 ! 257 250 | 325 210 415 500
Total Distance (miles) .. 43 | 300 650 | 875 1085 1 500 2 000
Headwind or Tallwind . 10 | --20 ~30 | —40 — 20 + 10 + 20
T.A.S. (m.p.h.) 160 210 210 210 210 210 210
Ground Speed Forward \ ! !

(m.p.h.) 150 | 190 Is0 170 190 | 220 230
Ground Speed Backward’ ! | )

(m.p.h. 170 | 280 240 | 2050 230 | 200 190
Zone Time Forward ] ,

(hr min) 0 29510 31 81 9 11 1 89| 2 13

Total Tlme Forward

(hr . 6 94 | 10 12
Zone Time Backward | |
(hr min.) . . Lo o2 1 12 1 0411 8]0 92} 2 07 2 063
Total Time Backward
4

(hr min.) . . 40 25 3712 4113 71 63| 6 70, 9 33
Zone Fuel Used Fwd. (Ib) 1160 z 100 2200 : 2900 1 600 2 500 2 800
Total Fuel Used Fwd. (Jb); 1160 3 260 5460 8300 9960 | 12460 | 15260
Total Fuel Left Forward | i

3
—
o
-
©w
&
"
<
=
c
o
-1

(carrying 17 000 1b) .| 15840 | 13 740 11540 © 8640 7 040 4 540 1740
Total Fuel Rquxired for
Backward (lb) . 200 1 600 3 600 5 700 7100 9 900 13 200

If we plot the last two rows, on a distance bams, we have a
picture of the fuel position at any distance from the start (see
Fig. 80). Should engine failure not occur until a certain distance
out, the curve giving ‘“fuel required for return”’ will enable us
to find out quickly what the position is, if we also plot the
“fuel still left”” curve for the four-engine case on the same
graph.

We can also plot on a time basis, i.e. draw the graphs relating
distance and fuel with Greenwich Mean Time. In practice we
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can plot the “fuel still left ”’ curve as the flight proceeds, relying
on the previously plotted “fuel required for return” curve. It
will be noticed that the figures given for fuel are ‘“‘round
numbers,” because it is difficult to read the chart with greater

0
™.
&"‘(,Q e ,Aﬁ
N -l
? o%o d
- o
)
(4’5 o Z/
5 000 2o
v
SPARE FUEL —F ><
IF RETURN
DECIDED ON 7& AN
| /f i N
P N
-t
110 000 —3A+
pr) ‘\
2 e & . e
N N
>
N RS o IS R
e
S
o7 ING
v [
/1\4'\ )
A
15000 |- - 7/
¥ I
&--TOTAL FUEL ON BOARD (SHOULD | ——
MORE THAN 17000 LB BE CARRIED,
[~ THIS EXTRA SHOULD BE ADDED TO
THE SPARE FUEL SHOWN ABOVE) |
[T T T
20 000
0

500 { 000 1500 200(
DISTANCE OUT—MILES

Fia. 80. THREE-ENGINE FLIGHT GRAYH

accuracy. This difficulty could be overcome by comprehensive
tabulation of the fuel data. (Many pilots and operators prefer
tabulation to charts.)

12.4. Change of Height and Cruise Control Method

A good deal of practice in the use of the charts is advisable,
and we now give a further example using Figs. 42 and 70-78.

(Note. Figures in 4th column, or corrected ones, are found
from the charts.)
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1
Narrative ‘ Figure Glven \ Relevant Chart Figure Deduced
. - - [ - —————— oo e e e e e —
12.4.1. AT START l
Take-off weight . .1 90 000 Ib ! — —
Operational might . N 15 000 ft ; .- —
Direction . . . Eastbound — -
Cruising procedure. . .. Comstant power - —_
Tallwind forecast .} 20 knots - -
O.A.T. forecast . .} - 15°C —- . -
Track distance . . .. 2500 naut. miles -
Density height . . . — | (,orrection Lh&l’t Fig.1| 15000 ft
12.4.2. CRUISING CLIMB 2 300 r.p.m. !
auto-rich |
Fuel used — | Climb tabulation 1635 1b
Time | " 26 min = 0-43 hr
1.AS. — . 140 knots
Mean T.A.S. . . . -- | - 172 knots
Ground spu-d . . il — i — 192 knots

Distance covered . . N i — f 83 naut.miles

12.4.3. FLIGHT PLAN FOR WHOLE DISTANCE OF 2 500 MILES

Mean T.A.S. . ] ! Fig. 70, C.P. 15 000 ft l 216 knots
Ground speed . N - | - - 236 knots
Time at oper, height . 1 - ‘ - | 1021 hr
Total time . . B . | S | 10:66 hr
Check on total time N | Fig. 74, C.P. { 1075 hr
Total fuel used . . - : i 21400 1b
* Navigational deviation® JAdd 29 ! Usage i 21 800 1b
Fuel for 1 hr stand-off’ .| 13201b o {28 120 1b
Carburettor maladjustment .| Add 3% . | 23 800 Ib
Fuel actually carried . .1 24000 1b i — | —

12.4.4. AFTER GOING 1 000 MILES, AIRCRAFT RECALLED TO BASE AND DESCENDS TO 14 000 FT

FOR RETURN
Revised Flight Plan for First 1 000 Miles
Mean T.A . . N — i ¥Fig. 70, C.P. | 211 knots
Ground spcul . . — i — 231 knots
Time at oper. ht,lght — i 3:97 hr
Total time . C — i - 11 hr
Check on total time . . { Fig. 74, C.P. 45 hr
Total fuel used . . l — i 9 400 1b

12.4.5. RETURN FLIGHT. FIRST 500 MILES AT CONSTANT SPEED, AGAINST REVISED HEADWIND

Constant air speed . . .| 165 Knots Usage | —
New headwind 60 knots . | .
(Enter chart at “fuel used 9 400 Ib** point, using 15 000 ft chart.)

Fictitious time —_ C.8. 15 000 ft chart,
¥ig. 78

475 hr

Fictitious distance .
(Now travel a further 500 mi e8) :

|

“l 700 naut.miles
Total fuel now . - - ' " “ 1

i

- {

. 5400 1b
Fuel for these 500 miles . . - ‘ — 6 000 1b
Total time now . — 1 — %-30 hr
Time for these 500 miles. — -~ 355 hr

12.4.6. DESCENT TO 10 000 FT FOR REMAINING 500 MILES, AGAINST RE-REVISED HEADWIND
OF 50 KNOTS

Time of descent . . . — | — ! —

Fuel used in descent . . — — .

Outside air tempera'.un- | —_

Density height . | 10 000 ft

Correcﬂox:;hnrt, Fig.1
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Figure Given ' Relevant Chart

Narrative Figure Deduced

12.4.7. DIVERSION TO ALTERNATE 700 MILES INSTEAD OF 500 MILES
Case (i): Constant Air-speed,
Fi%titlioux time (for 15 400 1L

Four Engines

hr
350 naut.niles
70 naut.miles

. ‘ (2.8, 10 000 ft, Fig. 77
Fictitious distance . . »

Total distance . . . - i —

Total time . C.8. 10 000 ft, Fig. 77 | 1
Tlmo for lust 700 miles . —
Total fuel . . C.8. 10 000 ft, Fig. 77 | 2
Fuel for last 700 miles . —

Fuel available for stand-off

i

P

Case (i) : Maximum Range, Four Engines
Fictitious tlne (for 15 400 b |

fuel) . -- Max. R. 10 000 ft 9-55 hr
Flctltious distance . s » 1 300 naut.miles
Total distance . — --n 2 000 naut.miles
Total time . - Max. R. 10 000 ft 14:85 hr
Tlnw for lust 700 miles . — 53 hr
Total . . . - Max. R. 10 000 ft 22 200 b
Fuel for last 700 miles . . — ¢ 800 1b

Fuel available for stand-off
Mean T.A.8. for 700 miles

Ground speed for 700 miles .
Check on time for 700 miles . -—

1 800 b, less*

i

Case (iit) : Constant Speed on Three Engines ‘ ;
Fictitious time (fur 15 400 1b

fuel) . .
Fictitious distance . Al
Total distance . . . - —

8-85 hr
1-250 naut.miles
1 950 naut.miles

-— 3-engine chart

Total time . . — — 140 hr
Time for last 700 miles . . - -— 515 hr
Total fuel . . . - - 23 000 1b
Fuel for last 700 miles . . - — 7 600 1b
Fuel available for stand-off - — 1 000 1b, less*

12.4.8. SUMMARY OF E.T.A.S. !
Case (i) . . . .
Case (1i) . . . . i t
Case (iil) . . .

12.5. A Complete Flight Plan

The transatlantic aircraft charts give sufficient information
for the purpose of making a complete flight plan, in our case
from Gander to Prestwick.

The meteorological service provides us with a map of isobars
and fronts, from which the flight forecast is derived, together
with the terminal and alternate forecasts.

We can now go ahead with the flight plan, using constant
power, which is shown in detail on pages 202-3. Attention
is called to the allowances calculated in § 12.5.3 (see
Chapter XI).

The student is advised to work through the plan in detail,
and check all the numbers given against those which he finds
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from the charts. Complete agreement cannot be expected,
because of the thick lines used on the charts.

The following route information is given for the various
Zones—

I t
From To I Track (T) . Naut. Miles Variation
S R R
§
RoutE— i
Shannon
(10°W) 1500 W 279 223 16 W
1500 W 20 00 W 272 i 180 20 W
20 00 W 25 00 W 272 | 179 22 W
25 00 W 30 00 W 264 181 25 W
30 00 W 35 00 W 264 181 2TW
3500 W 4000 W 256 189 20 W
40 00 W 45 00 W 253 191 30W
4500 W 50 00 W 249 205 31w
50 00 W Gander (54°W) 249 191 30W
1720
ALTERNATES—
Gander Sydney (60°W) 233 286
(*ander Halifax (Dart-
mouth) 235 153
(63°W)

12.5.1. CHOICE OF HEIGHT. As a result of the meteorological
conditions and the characteristics of the aircraft, a flight in the
neighbourhood of 7 000 ft is decided upon.

280 v 2
- T T 1] T 1% TR
270 o WER | T g
e )Lt Y \ 25
2 %0 S2e = == \0Z
~ - i - \é.i
L aso e e e A (EImn
w = - NH'—
W 940 =1 s o '\' 12-—
S - — X 1Y 10S
< =t - - 1 'BU“~
< 230 H = - t " Gm_
- = f 3
4220 = ! + 3
= 1 0
210
200
0 | 2 3 4 S 6 7 8 9 10 Il 12 13 14 15 16

TIME OUT—HOURS

Fia. 81. FLIGHT PLAN FOR TRANSATLANTIC AIRCRAFT AT
93 000 LB A.U.W.

True air-speed versus time out; constant power: short rauge.
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The charts used are those for the

transatlantic aircraft at constant speed (Figs. 76, 77, 78).
12.5.3. ALLOWANCES

Fuel allowance for air distance with — 50 kt wind component
and 13% navigational deviation .

Fuel allowance to furthest alternate (Dartmouth)

Stand-off allowance for 1 hr .

Residual fuel, i.e. reserve .

Total fuel allowance .
Less run-up, take-off, and tuxymg ullowun«,o mcluded on runge

charts .

Zone

2 000’ M.S.L.

6 000" M.S.L.

8000’ M.S.L.
10 000" M.S.L.
M.S.L. Press.

ST
M.S.L.
M.8.L. Press.

10 000

03 | °C 1 04 ’
.| 230730 ‘290/20
.| 240/35 8 270/35
.| 240/38 4 260/40
250/40 | 0 | 250745
1006 100
] 08 | 3| o9
B R
.1 300/30 4 |300/30
.1 300/34 5 | 300/34
.| 310/36 1 300/36
DB10/38 -2 | 300/38
1015 1020

=g 4

i 230/13

200/38
230/45
270/48
270/50
I 1 008

1 270/15

290/20
290720

Lo

06

290/38

-
«wre
(=3
(=3
=
N
<

20 450 1Ib
4 350 1b
13201b

600 1b

26 720 1b

300 1b

26 420 1b

12.5. 4 WINDS AND TEMPERATURES AT DIFFERENT HEeiGHTS.

300/35
300/35 | 4
310/38 | 0
310/38 |- 3
1011

210/10 |
240/15
260/13
270/20
1020

-y



CHAPTER XIIIL

Payload

13.1. Disposable Load

Ir we add to the unladen weight of the aircraft (= empty
weight + furnishings + equipment and essential stores), the
weight of the necessary oil, together with the weight of the
crew and their baggage, and then subtract this total from the
maximum take-off weight, we arrive at the disposable load
= fuel load 4 payload.

The proportion of fuel to payload will evidently depend upon
the distance to be covered, in a manner shown roughly by the
diagram in Fig. 82.

13.2. Maximum Payload for Short Distances

In reality, however, this is not the case, because of the
restriction on landing weight, which is usually less than the
take-off weight; so that our diagram now takes the shape
shown in Fig. 83.

Mazxvmum payload = disposable load less (lake-off weight
— landing weight), and this maximum payload is attainable for
any range for which the fuel required does not exceed (take-off
weight — landing weight). For example, take-off weight
65 000 lb, landing weight 58 000 lb, disposable load 20 000 Ib,
hence maximum payload = 20 000 — 7 000 == 13 000 1b, ob-
tainable for any range that does not require more than 7 000 1b
of fuel.

13.3. Maximum Payload in General

The general case can be put into symbolic form, as follows—
Let Wy, = take-off weight,

W, = landing weight,

Wy = weight of empty aircraft, including fixtures and

crew,
Wy = disposable load, made up as follows—
206



(

PAYLOAD

207

k¢—————————— DISPOSABLE LOAD —————3

FUEL

PAYLOAD

-< RANGE ‘|

’I

Fra, 82, DisposaBLe LoaD virsts RANGE

.‘E. N \
31 N
E: N
o \

- _lA \B

A "
2 2
) r
>
F

x Q
2 g
P z
: o
\d v c

15—(A.151)

RANGE J

>

F16. 83. DispoSABLE LoAD VERSUS RANGE



208 PERFORMANCE OF CIVIL AIRCRAFT
W, = weight of fuel (at 7-2 Ib or 3-27 kg/gal),

WD the W,, = weight of reserve fuel (at 7-2 1b or 3:27
disposable
load ke/gal),

W, = payload.

Then the maximum payload is the lesser of the two quantities
W,, : W,, given below (assuming that the volumetric restric-
tion of 12 lb/ft3 is borne in mind)—

() Wy, < Wpo— W — W, — W,

@) W,, =W, —Wg— W,

Equation (2) operates over the portion AB of the diagram
(Fig. 83) and equation (1) over the portion BC. For example,
if Wy = 65000 1b,

W, = 58 000 lb,
Wy, = 45 000 Ib,
W, = 17 000 1b, for 2 000 miles,

W,, = 1500 Ib,
then the maximum payload, for small ranges, is

W, — Wg— W, =115001b
and the payload for the range of 2 000 miles is
Wio— Wi — W, — W, =15001b
(assuming that the fuel tank capacity is sufficient).

13.4. Nomograms

The payload, disposable load, and all-up weight are related
by a simple nomogram. A typical example is shown in Fig. 84.

13.5. Minimum Weights of Passengers and Crew

In order to assess the number of passengers that can be
carried, a Notice to Airmen dated 21st April, 1947, gives the
following weights for the different classes—

kg 1b
For adult males (including crew) . . . 756 165
For adult females (including crew) . . . 65 143
For children between 2 and 12. . . . 39 85
For infants under 2 . . . . 8 17

To this we may have to add hand baggage at 101b per
passenger seat, and heavy baggage at 66 lb per seat.
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13.6. Effect of Fuel on Payload

We have seen that the payload for long ranges is
Wio— Wg— W, — W,,. . . (from § 13.3)
and that, in general,

W, + W, = %(1 4 %) (1-07R + 1-05r) 4 :E . . .
(from § 11.8)

The payload can thus be increased in two ways—

(1) By increasing Wpo — W

(2) By decreasing E, the average fuel flow in b per hour.

Suggestions for achieving (1) are discussed at the end of
Chapter XIV.

A worth-while reduction in E can only be achieved by strict
adherence to some form of cruise control.



CHAPTER XIV

Choice of Range: Re-fuelling
in Flight

14.1. Choice of Range

It will be observed that the three variables which fix the pay-
load for a particular aircraft are (a) take-off weight, (b) speed,
(c) range. The earlier chapters have explained how the method
of cruise control, i.e. the choice of speed, affects the payload.
We must now consider the effect of range, which has a far more
devastating effect than speed on the earning capacity of an
airline.

14.2. Fuel Costs per Ton-mile

As a numerical example, consider the case of a well-known
four-engined flying boat (take-off weight 56 000 lb) flying at a
constant speed of 130 knots. Assume a disposable load of
18 000 1b, and no headwind, and disregard allowances. Then
at 10 000 Ib we have the following figures (see Fig. 85)—

R ¥ ; ¥ ‘ Cost per nautical ton-mile
Distance 2t 23 . 4480F,
(in naut. Fuel Fuel Puyload = —Rp_ X 12pence
(gal) (Ib) y
miles) g l (at 2s. per gal)
500 590 4 250 13 750 4-6 pence
1 000 1125 8100 9 900 61
1 500 1 585 11 400 6 600 86 ,,
2 000 2010 14 500 [ 3 500 155,

There is thus an enormous increase in cost per ton-mile at
the longer range, and it would obviously be ridiculous to operate
the aircraft over these distances. In a typical case the curves
are as shown in Fig. 86, from which it is clear that, for a par-
ticular aircraft, there is a certain range above which it is highly
uneconomic to operate.

211
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14.3. Optimum Range

The range should not only be below a certain maximum, but
it should also be above a certain minimum. We can best see
this by calculating the fuel costs and the receipts in terms of

DISTANCE— NAUY MILES
3 000 2 500 2000 | 500 1 000 500 0

\

1304 WYD‘U.: Vdd

©

TIME OUT—HOURS

~

[

, A

3

2 //

1A

L |

o ' 2 3 4 b 6 7 8 9 10 " [0 13 14 15 16 17 48 19 0 2 n
FUEL CONSUMED~GALLONS = 100

Fig. 85. FUuEL CHART: FOUR-ENGINED FLYING BOAT

Constant air-‘i;peed cruising at 120 kt R.A.S.: 10 000 ft density. Take-off gross
weight = 56 000 Ib.

the range. It is then easy to see at what point the costs per
ton-mile become uneconomic, and whether there is any advan-
tage in breaking down a long range into shorter stages; also,
whether the application of flight re-fuelling has much advantage.
Let W = take-off weight,

W, = disposable load,

W, = payload,

W, = weight of fuel,

Wo=W,+ W,

W, = mean weight = W — }W,,

V = true air-speed, m.p.h. or n.m.p.h.,
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a, b = constants,
R = range, miles or nautical miles,
p = payment per pound per mile,
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Fi1a. 86. Costs PER TON-MILE VERSUS RANGE

r = price of pound of fuel,

Now the a.m.p.g. formula is equivalent, at constant V (and
therefore constant 7/c,), to

W, . bW,2 2 b ( 2 W,2)
—R—-—IIV +~‘72—-—-GV +ﬁ A% —-WW,-***——Z“ .
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By solving the quadratic in W,, after reduction and approxi-
mation,

W, =cR (1 — 1_’»_‘1)72@)
W, =y e (1 B
Receipts = Rp [W,, —cR (l — IE\I;ZV)]
and fuel costs = Rre <l — Ri)’\:V)
‘ . re (l — R‘b]\:\/) 2 240
Costs per ton-mile = S (l B Ri’?’)

Receipts per ton-mile = 2 240p.

If we take the example already mentioned in this chapter
in § 14.2—: o S S
R | 500 ’ 1 000 1 500 ' 2 000

W, * 4200 | 8100 11 400 ’ 145

These hgures gwe a=0 00022 b = 0-000028, ¢ = 892 and

b
oW _ = 0000093, for with these numbers we get

V2

k... 7\ 500 oo | 1500 | 2000
0-000093R . 00465 0093 | 0-1395 0186
1-0-000093R . . . ! 0-9535 0907 | 0-8605 0814
R(1-0-000003R) . . .| 47675 907 | 129075 1628
W, = 8:92R (1-0-000093R) .| 4250 8000 | 11400 | 14500
Paylosd W, . . .| 13750 9900 | 6600 3 500
Fuel costs . . . . 4 250r 8 100~ 11 400~ 14 5007
Receipts . . . .| 6875000p| 9900 000p 9900 000p| 7 000 000p
Costs per ton- mile ., . 1-385r ) 1-83~ 2:58r 4-64r

If one passenger plus baggage = 400 lb, and we charge ed.
per passenger per mile; and if the petrol costs 2s. per gal,
then P = £xsdor; r= £,



CHOICE OF RANGE 215
We then get the following results—

R . . . . .1 5600 1 000 1 500 2 000
Fuel costs (£) . . 4By 112 158 201
Receipts (£) . . .| 430 618 618 437 See
Profits (£) . . . .| 371 506 460 236}F‘3' 87
Costs per ton-mile (pence) . 46 6-1 8:6 15'5=
Receipts per ton-mile (pence) 336 33-6 336 33-6 Fig. 88
600 \
RECEIPTS LA-
N
y N
X
N
500 - \
7 AV
4
0o /4
MAXIMUM,
11 PROFITS
<
|
w
2 300
S
O
200 >
]
FUEL COSTS
100
% 500 1 500 2000

1 000
RANGE—MILES

F1a. 87. CosTts VERSUS RANGE
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This calculation reveals the existence of a range for which
the profits = receipts minus fuel costs is greatest. For

RbW RbW
profit = Rp [WD— cR (l -— —v~2—>] — Rre (l ~ e )
At a first approximation, write

profits = Rp(W, — ¢R) — Rre
which is greatest when
_PWo—re Wy 7

2pc 2 2p’
i.e. the optimum range is approximately
2 [ o, , W2
(o2 )

18

16

14 /

/
o
b 2
'.:['
4

w /
g /
z COSTS PER| __]
o TON MILE

8
[ 4
g /
»
8
v] 6 //

=1

4

2

0

[} 1 500 2000

1 000
RANGE—NAUT. MILES

Fi1a. 88. CosTs PER TON-MILE VERSUS RANGE
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14.4. Number of Stops En Route

These results have a considerable bearing on both trans-
oceanic and trans-continental air travel.

As an example we will consider two alternative ways of
covering, with the aircraft just dealt with, a sea journey of
(@) 2 000 miles, (b) 1 000 miles. In all cases we assume that the
payload is the maximum permissible, i.e. that we do not carry
more petrol than is necessary, and that the take-off weight is
always the maximum of 56 000 1b. In cases (2) and (4) it is
assumed that flight re-fuelling takes place at halfway, i.e. that
an airborne tanker does the necessary re-fuelling in flight.

Case Distance Fuel Costs Receipts Profits
R e T - U S S
(1) 2 000 £201 £437 £ 236
(2) 1000 4+ 1000 | 2 x 112 = £224 {2 x 618 = £1 236 £1 012
(3) 1 000 £112 £618 £ 508
(4) 500 + 500 £118 £860 £ 742

i !

To the costs in cases (2) and (4) must be added the re-fuelliny
costs, which are independent of the range. If we assume these
to be £236, then—

(a) difference between profits in cases (1) and (2) = £1 012

— £236 — £236 = £540,

(b) difference between profits in cases (3) and (4) = £742
— £506 — £236 = £0.

The conclusion we now reach is this: if the range is con-
siderably more than the optimum for the particular aircraft, as
in the case of trans-oceanic flight, it will pay to practise flight
re-fuelling.

If, on the other hand, the total range is in the neighbourhood
of the optimum, it may not pay to break the trip up into
shorter stages. And, if in this case shorter stages are necessary
for traffic and commercial reasons, it will be an advantage to
choose a different aircraft, one for which the optimum range is
equal to the average of the stage distances.

It is desirable to make it clear at this point that the optimum
range described—

(1) gives the maximum profit per trip, and not per mile
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(cost per mile inevitably increases with range; but profits
per trip have a maximum at the optimum),

(2) bears no relation to the range OM on the payload
diagram (Fig. 83) at which payload begins to decrease with
increase of range, i.e. the minimum range for immediate
landing.

For the flying boat, for instance, the permissible landing
weight is as much as 54 000 lb, so that the maximum payload
is (18 000 — 2 000) b = 16 000 b, and the range correspond-
ing to 2 000 Ib of fuel is only about 250 miles; whereas the
optimum range, as we have seen, is about 1 000 miles.

14.5. Re-fuelling in Flight

The application of radar Rebecca and Eureka units has made
possible the establishment of initial contact in any weather
conditions—current research may even make re-fuelling contact

assible where weather conditions are too bad to permit visual
‘act. The tanker may accompany the airliner to the opera-
.al point; but if contact is to be made by interception, the
wanker takes up station at the approximate rendezvous point
to await the arrival of the airliner. The aircraft are in constant
R/T communication, initially through a ground station and
then in direct communication when airborne. When they are
between 50 and 80 miles apart, the tanker can ‘“home” by
Rebecca on the airliner’s Eureka beacon. The method of inter-
ception from this point is best illustrated by the accompanying
diagrams, Fig. 89, A. to I. In addition, all tankers are equipped
with radio and compass, and manned by expert navigators.

Once visual contact is established, re-fuelling contact can be
made in a matter of minutes, and the method has been proved
reliable. The whole operation of making contact, passing
1 000 gal of fuel at a mean rate of 120 gal/min, and breaking
away, can be accomplished in 15 to 20 min.

With the aircraft at present in use as tankers, fuel has
been successfully transferred at flight speeds of 200 m.p.h.
(I.A.S.) and there is little reason to doubt that if it should
prove desirable to re-fuel at even greater flight speeds, the
equipment could be readily modified to make this possible.

It is claimed that the receiver equipment, as fitted in airliners,
is quite simple, takes up very little space, and weighs little
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more than 300 lb. It merely comprises the reception coupling
in the stern; a pipeline from the coupling to the fuel tanks; a
hauling line with which to haul in the hose; and a windlass for
hauling the line.

The advantages claimed for flight re-fuelling are many;
it is capable of greatly increasing the payload on established
long non-stop stages; permitting long non-stop stages where
they are impracticable without re-fuelling in flight ; improving
the safety of take-off and climb when carrying full payload;
and providing reserve fuel in the air when required.

14.6. Choice of Speed

We have seen in Chapter VIII that, for maximum range with
a given amount of fuel, we should decrease the speed so that
it is always at the peak of the a:m.p.g. curve for the instan-
taneous weight. We also found that, in the majority of cases,
it was more practical to fly at constant speed. This speed
usually fixed irrespective of the range, although ideally it s*
be near the maximum range speed for the mean weij-
responding to the particular trip.

Now in Chapter II we saw that the maximum range sp.

('3> VW, or (-) (Z +"> VW,
a a 2—mn

if account be taken of the variation of yfc,. (Note. These values
of a and b are different from those used in the present chapter,
but the ratio b/a is the same in both cases.) If W be the take-off
weight, the best speed for a range R is

o s
(-1?) VW (1 _ Vab R)
a 2

as will now be proved. In practice we can draw a series of costs
per ton-mile curves with speed as the abscissa, and range as
the parameter, and pick off the minimum on each curve (see
Fig. 90).
We have seen that, approximately,
,_W_!_( . bW“)( __ RoW
R = aV? + Ve 1 Ve

2
. \_Vl = (aa: + "V_V_> <1 _ Rl{W)y if £ = V2.
R x x

) for constant yfc,
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INITIAL CONTACT, Time: -+ 00 min. RECEIVER (R): Pro-
ceeding to rendezvous at 9 000 ft on 260 deg at 150
knots. TANKER (T): Proceeding to rendezvous on
050 deg when navigator observes receiver’s Kureka
beacon on Rebecca indicator at 53 miles’ range.
Radar contact is now established. Rebecca signal
indicates receiver to starboard.

———
—
—_—
——
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PosiTioN FIxiNg, Time: + 01 min. RECEIVER (R):
Course unchanged. TANKER (T): Turns until receiver
appears dead ahead on Rebecca indicator; navigator
logs range, course, time, Tanker turns to fly at right
angles to receiver’s course.
Ry
—————— [ 3a
- 100y
m %0
BFs0 < e 60
»
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FLYING TowaARDS RECEIVER'S TRACK, Time: -+ 02 min.
ReCEIVER (R): Course unchanged, pilot notifies
Tanker of true course, I.A.S. and altitude. TANKER
(T): Acknowledges information and adjusts altitude
to fly 500 ft above receiver (9 500 ft). Rebecca signal
indicates receiver indicator to starboard.

Fi1c. 89. RE-FUELLING IN FLIGHT
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TURNING ON TO RECEIVER'S RECIPROCAL, Time: +
05 min. RECEIVER (R): Course unchanged. TANKER
(T): Has flown computed time and turns on to
receiver’s reciprocal; Rebecca signal shows receiver
o0 starboard.
w,,  Ie—TE b
[
I™F-CAL MARKS

E " 0

JHECKING PosI1TION, Time: + 08 min. RECEIVER (R):
Course unchanged. TANKER (T): Has settled on
receiver's reciprocal. Rebecca signal indicates receiver
slightly to starboard; receiver’s track is overshot.

260

DoG-LEG ON TO RECEIVER'S TRACK, Time: + 07 min.
RECEIVER (R): Course unchanged. TANkErR (T):
Dog-leg to starboard to fly on receiver’s track. Navi-
gator now on 30-mile range for greater accuracy;
signal changes first to a port indication.

F1a. 89 (contd.). RE-FUELLING IN FLiGHT
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L3

CLOSING IN, Time: -+ 09 min. RECEIVER (R): Course
unchanged. TANKER (T): Flying on receiver’s re-
ciprocal at 9 500 ft; receiver dead ahead on indicator,
range 15 miles. Navigator continually informs pilot
of range, etc.

— i sve~mess

TURNING TO FORMATE, Time: <+ 11-5 min. RECEIVER
(R): Course unchanged. TANKER (T): Navigator
now on 12-mile range; at 2 to 4 miles range pilot
turns to formate on receiver.

Pows e vmozs

FORMATING ON RECEIVER, Time: -+ 13 min. RECEIVER
(R): Course unchanged. TANKER (T): Turn almost
completed; moving into contact position; Rebecca
indicates receiver to port.

Fia. 89 (contd.). RE-FUELLING IN FLIGHT
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This has a minimum for

ax® — bW2x + 2RbH2W3 = 0.
The approximate solution to this is

x=V2=J§W(l~Vﬂ)R>~

For example, for the aircraft previously considered in this
chapter: a = 0-00022, b = 0-000028; W = 56 000.

Let R = 1000
: V = 141(1 — 0-039)
= 136 knots,
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at the height for which « and b were determined. Alterations in
height can be allowed for by altering a and b.

Similar examples can be worked out for other aircraft. A
far more complicated method of assessing the economic speed
is given in Appendix IV.

14.7. Maximum Payload Miles per Hour

The lesson of the previous paragraph is that, if sufficient
charts are available, the costs can be reduced over long ranges
by reducing the mean speed. This rather obvious result has
already been touched upon when mentioning the idea of
striving for maximum payload miles per hour, i.e. striking a
balance between maximum payload and minimum time for the
journey.

Fig. 91 is a composite graph which could be used to decide
(for a given height) at what b.h.p. to operate for trips of differ-
ent lengths. For distances up to about 1 500 miles, the higher
b.h.p.s give the greatest product of payload and speed; but
for longer distances there is a distinct drop in this product.

14.8. Choice of All-up Weight

The weight Wy, of the empty aircraft, plus fixtures, oil and
crew, is inherent in the design. The take-off weight W, is
found by adding W ,, the weight of payload and fuel. If it was
possible to increase W, without increasing the structure weight
or engine weight, we should have a larger Wy, and either a
longer range for the same payload or a bigger payload for the
same range.

In the example already chosen, Wy, = 650001b, Wy
= 45 000 1b, so that \gfv ~ = 1-44. Would it be possible to

E

increase this ratio ! Champions of all-wing aircraft believe that
it is. Removal of the fuselage and tail reduces the structure
weight, and gas turbines increase the power-weight ratio of the
engines; while the value of Cp, is reduced very considerably.

Imagine a flight in which all the fuel W, is used up, and
disregard W,,, so that

Wi = Wpo— W, = Wy,

or W, = W, — W, = Wy, writing W, = Wyq; W2 Wy,
ie. W, =W, — W,
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Now the formula in § 14.3 is

W b W2
®=V't [W?— WW, + 'T’]’
or .
W,— W b
Ao = aVE o G (Wi Wy(Wy — W) o (W, — W)t
or R=- .__)i;l W,
aV? + av? (W + W,)?
4000
//
//
3000 e

/’2 450
2000

TV

-

50 55 60 65 70 75 80 85 90 95 100
TAKE-OFF WEIGHT
1000

Fie. 92. RaNGE VERSUS TAKE-OFF WEIGHT FOR A GIVEN TARE
WEIGHT

Let us consider an aircraft for which W, = 50 000 Ib,
a = 000022, b = 0-000028, V = 130; and assume that an
increase in W, can be obtained without any increase in W,, i.e.
that structure weight and engine weight do not have to be
increased in order to increase the payload.

Write W = 1 000z, then

R_ __ (x—50)1000

(o)
372 +- 0042 10 + 5
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We can then construct the following table—

e . | 55 60' 65' 70| 75| 80 85| 90‘ 100
R . | 600 | 1135

1620 ‘ 2 040 l 2430 | 2770 3030‘3340‘ 3 800
which is plotted in Fig. 92. The results from this curve are
rather striking. By increasing the take-off weight from 65 000 1b
to 750001b, or 154 per cent, we increase the range from
1 600 miles to 2 450 miles, or 53 per cent. If the take-off weight

could be pushed up to 85 000 1b (30-8 per cent), the range goes
up to 3 100 miles (94 per cent).

1 o : S

' Objective
. - . Wrpo . .
Designer . . .| To increase the ratio Wo and thus increase maximum
range. E
Operator . .| To choose the aircraft whose designed maximum range

is about double the longest hop on the journey.
I

Such figures cannot be attained in practice because of the
increase in structure and engine weight, but it is clear from this
“and the earlier sections of this chapter that two most important
objectives of designer and operator should be as above.



CHAPTER XV

Economic Aspects of Airline
Operation

15.1. Preliminary

It is not one of the objects of this book to enter into the
economics of airline operation: a complete discussion would
inevitably introduce topics having no relation whatever to
aircraft performance. Yet there remain certain aspects of the
matter which are of interest to the engineer, and some of these
are summarized below.

Attempts have recently been made, notably by P. G.
Masefield,* to take the financial statements of the world’s
airlines and lick them into some sort of shape; so that it is
possible to see what are the main items of expenditure. These
praiseworthy attempts are not in any way assisted by con-
fused efforts to show that the results follow mysterious
theoretical laws; and for this reason: the conditions under
which these expenses were incurred—in America, a closely-knit
continental route-system; in KEurope and Asia, a gallant but
clearly hopeless attempt to open up the world’s air routes
with aircraft totally unsuited to the purpose—are not likely to
recur; so that many of Masefield’s figures refer to artificial
and exceptional conditions.

Moreover, as we shall see, there are still far too many
unknowns boiling away in the pot; so that it is idle to make
any definite assertions about the future until experience has
.shown us the taste of these ingredients.

15.2. Cost of the Aircraft

15.2.1. OvVERALL Cost. In a recent lecture (G. R. Edwards;
“Problems in the Development of a New Aeroplane, Journal,
R.Ae.S., March, 1949), the chief designer of Vickers has given
figures to show that the industry’s selling price of a new air-
craft is about £3 per 1b of gross weight.

* “‘Some Economic Factors in Civil Aviation,” Journal R.Ae.Soc., Oct., 1948,
228



ECONOMIC ASPECTS OF OPERATION 229

15.2.2. DrveLOPMENT (CosT. Note that this selling price is
attained after, not before, the manufacturer has spent £35 per
Ib of gross weight on development and £10 per lb of gross
weight on production tooling; so that an aircraft of 100 000 b
costs £4 000 000 before any of the production models are sold.
The total cost of development is actually still higher, because
it is difficult to assess in terms of money the value of th
research work being carried on at the official establishments, o
of the students—heavily subsidized by the Government—wh
later become members of the design teams involved.

Nothing can, of course, replace this research and develop-
ment; but the magnitude of its financial burden may stagger
the layman, particularly if he belongs to an older generation,
and remembers how the aircraft firms were despised and
neglected in the years between the first and second world wars.
At that time there was not the same realization of the vital
part which aircraft must play in national defence.

15.2.3. REPLACEMENT. Since a new aircraft is so expensive, |
it is not surprising that the British Airline Corporations are .
asking for aircraft which can be kept in service for ten years.
Whether this desire can be fulfilled in practice remains to be
seen. No doubt the aircraft will still fly in ten years’ time,
but will the customer, the flying public, demand semething
more up-to-date? Are future technical developments likely to
be so rapid that a ten-year-old aeroplane will prove to be as
inadequate as a hundred-year-old locomotive ?

15.3. The Initial Design

15.3.1. AERODYNAMICS AND PERFORMANCES. One of the
greatest contributions towards lowering the initial cost of an
aeroplane is to make no mistakes in the main features of the
original design. For example, the first prototype of a much
publicized recent aircraft had too small a fin, an elementary
mistake which might perhaps have been avoided by more
careful thinking.* A larger fin was built, and this necessitated
adding a piece to the tailplane, which now had a sharp leading
edge. Even so, the handling qualities of the aircraft on the
ground were poor; in the tail-down position the rudder was

See Aircraft Engineering, March, 1949, for an article ‘‘Choice of Fin Area
and Dihedral,” by F. B. Baker.
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out of the slipstream and was useless for purposes of control.
When the aircraft was taken to Africa for tropical tests, it was
found that the a.m.p.g. figures were far below their estimated
values: whether this was due to some defect in the engines
or to the unexpectedly high drag of the airframe is a question
not worth pursuing now. Perhaps the biggest mistake which
was made, however, was to regard this particular aircraft as
suitable for the flight across the Atlantic. We have already seen
that, in fuel costs alone, it is foolish to exceed the optimum range
(unless, of course, a satisfactory system of flight refuelling is in
operation). And this aircraft’s performance figures, even in the
early optimistic days, never gave promise of providing a payload
sufficiently large to make the Atlantic trip an economic success.

15.3.2. THE VICKERS ‘“VISCcOUNT.” Other recent British
aircraft have not been so unlucky. After one small initial
blunder, the Hermes series of aircraft have been highly success-
ful; the drag has proved less, and the performance of the
Bristol engines better, than was anticipated. Among gas-
turbine aircraft, the ‘“Comet,” “Hermes V,” and ‘Viscount”
all appear to have been ‘‘right first time.”” In the case of the
last-named aircraft, the designer has published a summary
of the considerations which dictated the ultimate form of the
aircraft; and extracts from these are given below.

The aircraft was required to carry 32 passengers and their
luggage at a cruising speed of 240 knots over a still-air range
of 900 nautical miles. Full I1.C.A.Q. standards were required,
in conjunction with an aerodrome length of 1600 yards.
Propeller-turbines were to be the power units.

“The wing area, aspect ratio, and plan form, together with
the type of flaps used, were dictated by a compromise
between aerodrome size and the optimum performance in
cruising flight. Large flaps and a relatively small wing were
proved to be more efficient than normal flaps and an increased
wing area. The span was largely determined by the fuselage
diameter plus four propeller discs, bearing in mind that no
large overlap between inners and outers is permissible, and
that an adequate propeller clearance at the fuselage must be
achieved in order to preserve low noise level.

“The choice of propeller diameter and reduction gear
ratio was influenced by the maintenance of a low cruising
tip speed (600 ft/sec) from noise considerations, although it
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was achieved at the expense of a relatively low thrust per
horse-power at take-off. (This top-speed problem is inherent
in single-shaft propeller turbines with their cruising r.p.m. at
90 to 95 per cent of the take-off r.p.m.) The position of the
outboard engine and its subsequent effect upon plan form
was influenced by considerations of the off-set torque in the
engine-cut case, and the necessity to keep the ailerons clear
of the slipstream.

“The size and shape of the body were dictated by the
accommodation for thirty-two passengers and their luggage,
the provision of a good pilot’s view, and adequate ground
clearance for a tail-down approach. For this size of aeroplane,
low wing junction was chosen to ensure a smooth cabin
floor, and to provide the shortest undercarriage possible with
the chosen propeller diameter. This also enables the aircraft
services to be housed outside the passenger cabin and
provides increased safety under ditching conditions. The
usual difficulties which are normally expected to occur at the
junction of a circular fuselage and a low wing were sub-
sequently solved in the wind tunnel by the use of fairly
large rear fillets and a small nose fillet. The high cruising
speed also enabled the wing to be set at a relatively small
angle to the fuselage.

“The relation between the wing, body, and tail was
decided by a consideration of the centre of gravity position
and the required longitudinal stability. Because of the long
overhung nacelles and the large fuselage, the aerodynamic
centre-had succeeded in moving forward, almost to the lead-
ing edge of the wing. This necessitated a large tail and
encouraged every effort to keep the centre of gravity of the
aircraft forward and to restrict to a minimum C.G. move-
ments caused by load variations. The interior layout with
its central pantry and two lavatories was a factor in achieving
this.

“Universal difficulties in obtaining satisfactory stability
and elevator control with tailplanes in the slipstream made
this particular design team very-cautious in the vertical
disposition of the tail. The outcome was to raise the tailplane
by sweeping up the fuselage and employing dihedral until the
tailplane was clear of the slipstream and high in the down-
wash. A predicted gain of 0-1 S.M.C. in the allowable aft
C.G. position was attained by the addition of the dihedral
alone. This also kept the tail clear of the area of bad flow at
the extremities of the flaps when in the fully down position.
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“The long overhung nacelles are a feature of small dia-
meter, close-cowled propeller-turbine power plants. The
accessories have to be mounted behind the engine instead of
around it, and the clearance of the jet pipe from the
wing structure is also contributory to the nacelle length.
A short curved jet pipe was chosen, in preference to a
straight pipe running through the wing, on consideration of
the following—

“(1) Fire risk. (2) Loss of power due to the large pipe.
(3) Undercarriage problems. (4) Noise level. (5) Structural
difficulty in the wing.

“The undercarriage problem in (3) was at first resolved
by an undercarriage retracting sideways into the fuselage,
but, because of the large hole cut in the pressure cabin wing
intersection by the twin wheels, this was abandoned in favour
of a conventional fore-and-aft chassis. The tricycle under-
carriage was fitted with nose-wheel steering, a feature
considered essential in an aircraft of this type powered by
propeller-turbines.

“Being a civil aircraft, the safety aspect was allowed to
influence the whole design. In addition to a low wing loading
and four engines, high-lift flaps, to give low landing speeds,
were installed. The tricycle undercarriage was fitted with
twin wheels and duplicated brakes, the paraffin was housed
in crashproof tanks, and all the windows were made emer-
gency exits. The elliptical shape of doors and windows
required the minimum reinforcing in a pressure cabin.

‘““Choice of controls is mainly a matter of personal opinion
and recent experience. This aircraft was small enough to
control manually, and sealed balance ailerons and inset hinge
type elevators and rudder were chosen.

“The size and shape of the body was dictated by the
accommodation for thirty-two passengers and their luggage,
the provision of a good view for the pilot and ground clear-
ance for a tail-down approach. Two large entrance doors
were provided in the fuselage, one forward and one aft,
allowing flexibility in internal layout without subsequent
structural change. The propeller-turbines necessitated a
pressure cabin; investigation into both circular and double-
bubble cross sections ended in favour of the former.

“In order to allow unrestricted rate of climb and descent
without discomfort, the aircraft was pressurized to 6} lb/sq.
in., the equivalent of 8 000 ft cabin conditions at an actual
altitude of 30 000 ft. This high pressure difference provides
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cabin heating adequate to meet arctic conditions without the
use of combustion heaters. Refrigeration for sub-tropical
conditions was provided by a turbo-expander. Temperature
was controlled thermostatically. A generous supply of air,
well distributed, obviates resorting to air re-circulation.

“The framing of the climb requirement in terms of the
stalling speed undoubtedly lends weight to the need for
high-lift flaps. It is fully appreciated that some types of
high-lift flaps can completely offset this advantage by
shallow gliding angles during the approach and long floating
periods. Double-slotted flaps were chosen in this case, as
wind tunnel tests indicated that they gave rise to greater
drag than other high-lift devices, and the available informa-
tion showed that the change of trim caused by lowering
them was in fact extremely satisfactory. The need for high
drag during the approach is undoubtedly justified in view
of the high minimum idling thrust obtainable on propeller-
turbine engines.

“Maintenance was built into the aeroplane from the
beginning. Since much electric power and equipment was
essential for the radio and radar, it was thought that it
would be unfortunate to add other services employing
different techniques and fluids, and so it was made an
all-electric aeroplane. The available heat in the exhaust
gases was used to provide the source of thermal de-icing.”

15.3.3. OTHER CoONSIDERATIONS. During the controversy
about the “Tudor,” there was some comment on the time and
money wasted by having te incorporate many trivial new
modifications into the design: the colour of the lavatory seat,
one might say, caused as much trouble as the cruising speed.
While such ridiculous disputes can cause exasperated amuse-
ment, they suggest that liaison between operator and manu-
facturer may have been directed into the wrong channels.
The right channel, without any doubt, was to make sure that
the aircraft provided had the lowest possible maintenance
costs, because, in the words of N. E. Rowe, ‘“The aeroplane
is/t_he,revenue earner. If, because of its inherent bad qualities,
such as low relative payload, high unserviceability, poor
maintenance features, and so on, its direct cost of operation is
high, then no amount of administrative excellence in reducing
overheads will make the operations economic.”
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15.4. Maintenance

15.4.1. Easy ServiciNg. There has always been much
criticism of aircraft design from maintenance engineers whose
work is made unnecessarily difficult because servicing problems
have not been given sufficient attention during the design
stage. There is no excuse for inaccessibility, or for such
comments as ‘‘hydraulic, pneumatic, nitrogen, and other
charging points are scattered all over the aircraft.” Ideally,
of course, the matters which require most attention should be
the easiest for the service engineer to reach. In the case of
mechanisms which require testing, it is not always easy to
say which ones are likely to be the least reliable.

15.4.2. ReviaBiLiTy. The reliability of components can
only be judged by experience in actual flight ; but it is becoming
increasingly possible for a manufacturer to state: ‘““This
component will last so many hours without attention,” without
risk of being proved a liar. Sealed components, such as, for
instance, carburettors, must not be touched by the maintenance
engineer: they can only be replaced. As reliability improves,
it should be possible to aim at a state of affairs in which the
engineer’s only job is servicing—cleaning filters, topping up
oil levels, and so on. When this happy day arrives, it should
be possible to save money on inspection.

15.4.3. InsprcTiONS. The schedule of daily inspections,
50-hour, 100-hour, etc., inspections, is one which has a two-fold
object: (1).to detect any fault in the aircraft, and (2) to make
it unnecessary for an aircraft to be withdrawn for months at a
time in order to undergo an overhaul. Since the . of A. has
to be renewed each year, such overhauls were at one time
necessary. Regular inspections have become traditional,
but if we examine the accident statistics, there is little reason
for supposing that the safety of flight has been materially
improved by so much inspection. Since safety in flight is,
after all, the main consideration, it might be as well to pay
most attention to those defects which have a direct bearing
on safety, and those where trouble can be confidently
expected.

15.4.4. Summary. We may summarize these statements by
quoting some recent remarks by H. S. Crabtree.
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‘“A reduction in maintenance time, and therefore in costs,
can be achieved by a combination of several methods—

“(a) Increasing the efficiency of the methods and means
of maintenance and overhaul work on aircraft.

“(b) Reducing the amount of work to be done.

““(c) Making what work has to be done easier to accomplish.

“One suggested method revolves round the changing
of units at specific periods of time, based on knowledge
obtained in various ways of the safe life of such units.
Although this has been the aim of most of the leading airline
engineers for a number of years, coupled with the develop-
ment of a ‘snag shooting’ technique which is based on trial
and error methods applied in logical sequence of possi-
bilities for each trouble that arises, progress has been slow,
possibly because many airline engineers have been forced to
work in conditions of factual ignorance.

VALUE oF Recorps. ‘‘The basis of all such aims, however,
depends on factual evidence. This can be collected by the
accurate recording and careful practical analysis by the
aircraft operator of his day-to-day engineering experience.
Such a collection of facts can be the only solid basis of all
thinking by airlines, not only on their own engineering
organization, practices and procedures; but also on the
engineering requirements of their new replacement aircraft.

“With accurate and careful analysis of this previous
experience, the operator should be able to reduce on existing\
aircraft his maintenance work to a level where he can be '
assured that no unnecessary work is called for on his main-
tenance schedules, or done on his aircraft.

“By constant review of the maintenance schedules and
the engineering records, tendencies and trends can be noted
and steps taken by changing the schedules on existing
engineering practices and procedures and taking possible):
modification action to meet foreseen, and thus often calcul-«
able, developments. Aircraft servicing will be working on
facts, and will be immediately aware of changes due to
increasing life and experience. It will no longer be dependent
upon the opinions of a number of junior inspection staff
working with little factual guidance.

“But real progress towards reducing aircraft servicing
time will never be achieved until both the aircraft operators
and the manufacturers appreciate that such reduction will
only be achieved by designing aircraft, especially the
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detailed engineering aspects of aircraft, around this accumu-
lated past experience of the operators.

“It is the collection and presentation of this experience in
which the manufacturer of a new type of aircraft is interested.
iYet if the operator is to gain the utmost benefit possible from
;the study of his own engineering results, it is the constant

/reviewing of this experience as thrown up by his technical
{ records and cost statistics, that must be for ever prompting

t him and guiding him to make changes in his engineering
procedures.

“The rule of an operator’s engineering department should
be to plan his future engineering requirements by working
in the present time on the accumulated experience of the
past.

15.5. Technical and Cost Records

“The true basis of any efficient business is the collection
and presentation, in as simple a form as possible, of reliable
technical cost records which can be used by all executive and
managerial staff as a guide and measure for all decisions,
organizations and procedures.

“In air transport such records can be greatly simplified
by using man-hours and material (spares) costs as cost
indices. Such costs, to be of real use, must be closely tied
into the current technical operational problems of the fleet
being used; and their form must therefore be laid down by
the engineering department itself.

“For example, if on an existing fleet of aircraft persistent
trouble arises on, say, pressurized cabin windows, the airline
engineer wants to know the statistical position, i.e. the
number of average window changes for 1000 hours of
flying, the average service life of the windows replaced, and
the tendencies for these two figures to deteriorate with
increasing age of the aircraft, or to increase as a result of
technical development work and subsequent modification
action he may have initiated.

“Besides these technical statistics, he must also have the
cost index, in man-hours expended on windows per 1 000
hours of aircraft life and for the average life of the windows,
as well as the material costs. As in the statistical records, he
must have these cost indices cast up in such a manner that
he can seewhether his costs caused by the trouble are increasing
or decreasing. His incidents of window troubles, in fact, may
be increasing, yet his costs through careful planning action
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may be decreasing—or, equally probable, although through
his own development and resulting modification action his
incidents may be decreasing, his costs may be on the increase
through bad planning and bad technical control of his hangars
and workshops.

“The intelligent and constant watch of these four essential
sets of figures is the real basis for all solid engineering pro-
gress. With these tools, the airline engineer can assess the
sources of the greatest unnecessary expense, and of the
greatest delay on the ground and can establish at any one
moment the units, systems, and parts of his particular air-
craft which are the chief cause of engineering labour and
effort and hence, a limit to increasing aircraft utilization.
He can direct the encrgies of his assistants to the improve-
ment of the worst of these difficulties and he can note the
necessity of the avoidance of similar mistakes on future
aircraft.

“Above all, the airline engineer can measure the efforts of
his staff in solving current problems by watching his cost
indices and technical statistics. He is in the correct position
of judging the results of his own decisions and directions and
measuring the failure or success of his efforts or those of his
staff, from the actual cost and technical results thrown up.

“Much engineering development work depends for the
final results on trial and error and is limited by financial
considerations. It is essential in air transport that those who
initiate suggestions for technical improvement should be
responsible for carrying out their suggestions and should be
able to see and judge at first hand the results obtained.
Second-hand development work initiated by a staff in no way
responsible for carrying out the work suggested, nor held
responsible for obtaining the results they may have claimed,
cannot lead to real efficiency and true progress.

15.6. New Ideas and Equipment

“During the past fifteen years, and particularly the past
ten years, the airline engineer has seen the influx of a great
number of new ideas and, as a result the embodiment in his
new aircraft of equipment in ever-increasing quantity and
complexity. In general the modern aircraft have become
more difficult to ‘keep flying’ because of the heavy increase
of work necessary on the increasing technical gear to be
serviced. No one objects to new equipment that produces a
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dividend, either in increased safety, payload, range or speed.
But it is evident that much new equipment does not
necessarily produce such a dividend. There are even
instances of new equipment that could only have found its
way on to civil transport aircraft because of some theo-
retical idea, the application of which has never been checked
against its true effect upon the safety and payload of the
aircraft, still less against its likely effect upon the servicing
requirements of the aircraft.

“Although costs and statistical records of previous
experience cannot be used as a satisfactory measure to
decide whether a new piece of equipment can justify itself on
an aircraft, they can at least be checked for any possible
pointer of likely effects on the servicing of the aircraft. Such
action will often give a valuable indication of its best applica-
tion to attain the cheapest possible servicing.

“The simplification of civil transport aircraft is therefore
of importance to the future of air transport. Simplification
is likely to prove a far more difficult, and indeed more worth
while, aim to achieve than the facile agreement to add this
or that further complication in order to improve a certain
point, or often overcome a difficulty already caused by the
application of a previous complication.

““A well-known British designer was overheard to say that
he had come to the conclusion that, apart from the fact that
he and his staff were simple people, they would have to
design simple aeroplanes, because his production department
only employed simple people. He might well have added
that the operators have long since realized that they too
are only simple people employing simple people, and that
the advent of simple aeroplanes might well change the
whole financial structure of the world’s airlines and their

| operations.”

15.7. Utilization

We have seen that one of the big unknowns in fixing the
price of airline operation is the cost of maintenance. When the
British corporations are criticized for their deficits, it is often
forgotten that in some cases they had to provide the staffs of
engineers, collect the equipment, and sometimes make the
aerodromes, before scheduled services could begin. This was
pioneer work; other airlines have shared in the benefits
without sharing the initial costs.
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Now the cost of maintenance is interlinked with the utiliza-
tion rate. Most of the aircraft of the future are going to trav
faster; and on the face of it this means that one particulal
aircraft should be able to increase its flying time in the cours
of a year. The time put forward as a goal to aim at is 3 000 hours
a year, which is certainly not achieved by airline aircraft in
Europe or Asia at present; it means that the aircraft is like
the sentry, 24 hours on and 48 hours off, since there are nearly
9 000 hours in a year. The two factors which are likely to'
defeat this goal are bad weather and poor reliability, the
latter necessitating excessive overhaul time. The Berlin Air
Lift showed—admittedly with piston-engined aircraft—that
bad weather can be defeated; and it seems that it is now
almost time for the aircraft constructors to demonstrate, by
actual flights, that their products are so reliable as not to
require the full quota of tests at present demanded by A.R.B.

Utilization also depends upon passenger response.

15.8. Passenger Response

Examination of airline accounts, both here and in America, '
makes it clear that so far there have not been sufficient paying
passengers to make air traffic a profitable concern. In order to
extract more money from the public, threc courses are open to
the operator—

(1) To charge more per mile. On those routes where the
passengers are wealthy, or are being paid for out of an expenses
account, such a policy might be successful, but this could only
be done where this particular airline had a monopoly of the route.

(2) To charge less per mile. Anyone privileged to sit in the
easy chairs provided for the original “Tudors” must have
come to the conclusion that the corporation believed that
excessive luxury was indispensable in air travel. As speeds
increase, and block times decrease, the need for such pampering
of the passengers surely disappears. It should in fact be pos-
sible to reduce the fares on all the popular routes, such as
those across the Atlantic. A route such as London-Baghdad
is not one which would be wildly popular whatever the fare;
but it seems fairly certain that, on suitable routes, a ‘‘ tourist "
rate could scarcely fail to be a success if the policy was en-
thusiastically pursued. i

17—(A.151)
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(3) To increase the number of journeys per day, or per week.
Up to the present this alternative would have been impossible
owing to a lack of suitable aircraft, but it is a natural corollary
of higher speed and higher utilization rate.

Speed also enters into the argument for another reason.
Whatever the advocates of flying boats may say, there seems
little doubt that the public will usually choose the faster of
two alternative services; and may even pay extra for the
privilege.

As we cannot reasonably divide an aircraft cabin into first
and third classes, like & train, the reasonable thing to do seems
to be to divide the services into two sorts: fast, luxury travel,
for those who can afford it, or who have a special Teasom for
requiring speed, and less rapid, less luxurious travel for those
with smaller purses or those who are not in such a tearing
hurry. In a very short time we shall have the aircraft for
both sorts of journey; though whether the piston-engine

r the prop. jet should be the power unit for the slower journey
s a matter which the experts will have to fight out among
hemselves.

15.9. Flying Boats

Flying boats are costly to run, partly because they are slow,
and partly because flying boat bases are used by so few aircraft,
while an adequate base staff must be maintained throughout
the year. Yet boats are popular, though it is difficult to
appreciate the fascination of flying across countless square
miles of empty ocean. (This is perhap a poor argument,
however, since land flight at an average height of 30 000 ft
will not allow the passenger to see anything but square miles of
empty cloud.) On certain specialized routes boats will probably
continue to be used; but it is difficult to believe that they
have a great future before them.

15.10. Size of Aircraft

As already pointed out in Chapter XIV, there is an ideal
aircraft for every route; and the all-up weight must be chosen
with this in mind. On this assumption it is interesting to
inquire whether there is any substance in the criticisms of the
Bristol ‘“Brabazon.” We are told that there are only two
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runways in the world where such an aircraft can land; that
the development costs have been out of all proportion to the
results; and that, by analogy with the ‘“Queen Mary” and
“Queen Elizabeth,” the provision of such a monster can never
be an economic success—and is, in fact, a gesture of prestige
value only, intended to catch those millionaires who are
willing to pay for the privilege of travelling in the ‘‘largest
aeroplane in history” (which it certainly is not).

Such an inquiry must remain unanswered, until flying tests
have shown what a.m.p.g. and what disposable load are likely
to be realized in practice; but such figures as are available
suggest that the “ Brabazon’ is just about the size best suited
to a transatlantic aircraft for economic running. It is quite
true that the question of aerodrome length makes it difficult
to provide suitable alternates; and it is also quite true that
the development costs have been terrific; this was bound to
happen in the case of an aircraft incorporating so many new
features.

No verdict on the ‘“Brabazon” can be given at present, but
we can say that it was a bold venture, and that it would be
refreshingly new to hear of an aircraft whose economic range
was more than its range in service, and not vastly less, as is
much more frequent.

There remains the question whether two aircraft carrying,
say, 50 passengers each, would not in practice be more economic
than one aircraft carrying 100; not for reason of fuel costs, but
because of maintenance, servicing, and other allied reasons./
This is a matter which deserves further close study by those
who are in command of sufficient reliable up-to-date informa-/
tion on which to found a judgment.

%. Summary
e have seen that in assessing airline costs in the future
there are two major unknowns—

(1) cost of maintenance,
(2) passenger response,
and that a third minor unknown—

(8) utilization rate, for economic running, is intimately
bound up with the first two, and with a fourth variable
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speed, whose size we are in a position to prophesy with some

\ayhracy.

Other variables, such as fare charged per passenger per mile,
degree of luxury, ratio of disposable load to tare weight, and
choice of all-up weight to suit the range, are matters which
can be fixed beforehand; and their determination should not

»cause great difficulty.

What is now needed, therefore, is bold experimentation in
methods of reducing maintenance costs, and a forward policy
in attracting so far untapped sources of passenger revenue.
Slogans and exhortations, demanding that the people should
become ‘‘air-minded,” are not of much value, because the
actual experience of flying in pressurized saloons at colossal
heights is never likely to be one which, in itself, will be thought
exhilarating by anyone except a small percentage of en-
thusiasts. If, however, such travel can be done safely, at high
speed and in comfort, with reasonable punctuality, and at a
cost which does not compare too unfavourably with other
forms of transport, there is no doubt that the airline booking
offices can look forward to having long queues outside their
doors.



PART III—-THE PERFORMANCE OF
GAS-TURBINE-ENGINED AIRCRAFT






CHAPTER XVI

Cruising Performance
Characteristics

16.1. Introductory

As stated in Chapter IV, gas-turbine engines fitted to aircraft
are of two kinds—

(a) the turbo-jet, or pure jet, e.g. de Havilland ““Comet’’;
(b) the turbo-propeller, or prop. jet, e.g. Vickers ‘Vis-
count” and Handley-Page ‘“Hermes V.”

The two engines have the same essential components; but in
case (b) the thrust is provided by the slipstream of one or more
propellers, which take most of the energy out of the turbine;
whereas in case (a) the turbine itself ejects a stream of hot gas
at high velocity. .

Engine (a) is the only one for which a considerable amount!
of flying experience is available; so that what we have to say|
about engine (b) is to some extent conjectural. As far as cruise
control is concerned, however, the main characteristics of (b)
are reasonably clear, and can in most cases be deduced by an
extension of the known characteristics of (a). It is, of course,
true that the development of heat exchangers, thrust aug-
menters, reduction gear, de-icing equipment, pressurizing, and
80 on, is still in its early stages; but it is certain that these
practical problems and difficulties will eventually be solved
satisfactorily, and the prop. jet of the future will behave very
much as described below. At one time it was thought that
engine (a)’s comparatively high fuel consumption, poor pro-
pulsive efficiency at take-off and low speeds, and its need for
flight at uneconomically great heights would debar it from
commercial exploitation; while engine (b) had the further
advantage that the aircraft’s landing run could be reduced
by the use of reversible pitch propellers; but the battle
between the two types is by no means settled yet.

245
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16.2. The Pure Jet : Net Thrust. (a) Effect of Forward Speed
The forward thrust of the jet is due to the rate of change of
momentum of the hot gases in the opposite direction.
Let V,; = jet velocity when aircraft is at rest, ft/sec,
V, = jet velocity relative to aircraft when in motion,
ft/sec
(for reasons for difference, see below),
V = true speed of aircraft, ft/sec,
M, = gas mass flow, Ib/sec,

M, = air mass flow, lb/sec.

For a stationary engine, the thrust P is given by

9

When the aircraft is in motion, the rate of change of momen-
tum is

M, M, .
) g

M
=7 (V,— V), approx., writing M =M, =M,

For a given M and V, the thrust thus appears to decrease as
forward speed V increases.

This, however, is not the end of the story. Due to ram com-
pression the air temperature at the inlet to the engine is atmos-
(V)2

pheric temperature + (147

(see § 1.19). Hence the pressure

2 -1

=atmospheric pressure [atmospheric temperature 4 (%m]y .

For the same engine r.p.m. as in the static case, the com-
pressor pressure ratio will be the same, hence the impact com-
pression causes a rise in the outlet pressure (about 30 per cent
at 500 m.p.h.).

For a given r.p.m. the work required per pound of air is
constant, and hence the pressure drop through the turbine will
be the same. Thus the pressure in the jet pipe is higher than
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in the static case, giving rise to a higher final jet velocity. The
proportional increase is very roughly as

ol (1]

Also there will be an increase in mass flow due to the increase in
air density to p’ say, at the compressor inlet.
The net thrust is then

y;(Vf—V) 14 v,) —\v, ,where—;-_l—{—’r )
My’ \ :
The subtracted term 7 (V,—V) 7. may be described as
P i :

the intake momentum drag.

For an engine having a jet velocity in the region of 1 800 ft/sec,
the term [l + (%)2 — “7:] decreases up to 600 m.p.h. and
then increases again. At the same time there is a continual
increase in air density ratio p;' as V increases.

We thus arrive at the first important property of a pure jet.
For a given r.p.m. and height, thrust is approximately constant,
but has a minimum somewhere between 0 and 600 m.p.h.

This result is illustrated by the curves in Fig. 93; from which
it will be seen that the fall off in net thrust with speed is less
severe as height increases. These curves were plotted from the
following figures for an early type of gas-turbine engine.

Height (ft) 0 20 00V 40 000
True Speed (m.p.h.) 40 300 | 600 0 300 | 600 0 300 | 600
Net Thrust (Ib) . 119060 11620 1670117711040 1140 | 5856 | 526 | 633
Specific Fuel Consumption| 1-095 | 1-38 | 1'6456 | 1-0¢ | 1-25 | 1-37 1-00 {1-195 | 1-285
Fuel Flow (Ib/hr) . L2150 | 2240 | 2580 | 1223 | 1302|1565 | 6537 | 630 | 813
Alr Miles per Lb . . 0 [0134[0233| 0 [0-230 0383 O |0-476]0-738

16.3. The Pure Jet : Net Thrust. (b) Effect of Height

Decrease in temperature and pressure affect the thrust in
two inter-related ways.

(1) There is a change in mass flow due to the density change ;
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i.e. M decreases roughly as the relative density o: this effect

causes a decrease in thrust with height.
(2) The change in temperature has a marked effect on
1155
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F1a. 93. CHARACTERISTIC CURVES FOR A GAS-TURBINE PURE JET
Specific consumption versus thrust at varfous heights and indicated speeds and

constant r.p.m.
pressure ratio in the compressor, which increases (at a given
r.p.m.) as the temperature falls. This pressure increase causes
the jet velocity to rise, and so compensates to some extent for
the loss of thrust in (1).

The decline in net thrust with height is less marked at high
speeds, as is illustrated by the figures in the above table.
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The temperature effect in (2) suggests a considerable fall in
specific fuel consumption with height (considered in more detail
later); but the decrease is lessened by a fall-off in the efficiencies
of the compressor and combustion chamber.
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Fia. 94. GAs-TURBINE ProP. JET: MAXIMUM POWER AGAINST
HEIGHT AT VARIOUS SPEEDS
We can summarize these remarks by saying—
The net thrust of a pure jet, for a given r.p.m. and speed,
decreases with height. Typical figures can be read off Fig. 93.

16.4. The Prop. Jet: Equivalent B.H.P. (a) Effect of Forward
Speed

If the thrust of a pure jet unit for a given r.p.m. and height
is roughly constant, then the power to be derived from it—
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depending upon the product of thrust and forward speed—may
be expected to increase with speed.

Some of the energy of the turbine is used to drive the com-
pressor. If the greater part of the energy remaining in the
turbine—or in another turbine geared to the compressor turbine
—is used to drive a propeller, then the resulting prop. jet shows
an increase of power with speed; but, as will be seen from
Figs. 94 and 95, the increase is not large.

16.5. The Prop. Jet: Equivalent B.H.P. (b) Effect of Height

We have seen that the thrust of a pure jet, for a given r.p.m.
and speed, decreases with height. We should thus expect the
equivalent b.h.p. of a prop. jet to behave similarly. This can
be seen in Figs. 94 and 95. In Fig. 95, for instance, the b.h.p.
at 400 m.p.h. is reduced from 2 560 at sea-level to 1100 at
36 000 ft.

16.6. The Pure Jet: Power Equations and Propulsive

Efficiency

Once again using the symbols of § 16.2, the gas horse power or
jet power of a pure jet, when the engine is stationary,

MV,2 \'P
= < ; .53) h.p. = gross thrust X i—‘lo’(),

which for a particular engine works out to be 3 100 h.p. approx.

When the aircraft is moving, the useful propelling power (or
thrust power) = thrust X forward velocity

Fv . A%
= 550 = (gross thrust — intake drag) 550
M \'
= 7 (V,—V) =50 h.p. approx.

For an aircraft at 500 m.p.h., this is roughly 1 500 h.p., so that
only half the jet power is useful at this speed.
The jet power when the aircraft is moving can be regarded as
the sum of
(a) the power taken from the atmosphere
M vz A
=550~ intake drag x 1700
= 600 h.p. at 500 m.p.h.
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(b) the power developed by the engine

_ M- Vh
g 5560
__ (gross thrust X V,— intake drag X V)
= 1100
=F (Vf + Y.)

1100
= 2 500 h.p. at 500 m.p.h.

This engine power can itself be subdivided into thrust power,
already considered, and—

_ MV, —Vp
wake power = } g 550

_F(V,—V)

1100 ’
which accounts for the missing 1 000 h.p.

These results are found from the following figures—
G.T. = 2000, I.D. = 900, F = 1100, V = 750 ft/sec,
V, = 1700 ft/sec;

and they can be tabulated like this—

Thrust horse power . . . . 1500
Wake power . . . . . . 1000
Power from~engine . . . . . . 2 500
Power from atmosphere . . . . . 600
3 100
Two further ‘“powers,” which should be understood are—
(i) compressor power = MJK, AT
. fCJ
l ="
(ii) fuel power 550

With the following notation—
J is Joule’s Equivalent (1 400 ft-1b per C.H.U.),
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K, = specific heat at constant pressure,
AT = temperature rise in the compressor (°C),

[ = fuel flow, Ib/sec,
M, = air mass flow, lb/sec,

C = calorific value, C.H.U./Ib.
The latter power is required in order to measure
engine power

fuel power ’
thrust power
fuel power

(a) the engine thermal efficiency =

(b) the thrust thermal efficiency =

Note that the various proposed methods of thrust augmenta-
tion, e.g. cooling the intake air by using liquids such as tetra-
chloride, after burning, or re-heating, and injection of water
into the combustion chamber, are all designed to increase these
efficiencies.

16.7. Propulsive Efficiency

The apparent paradox disclosed by the above figures for
thrust power, etc., is the explanation of the low propulsive
efficiency of the pure jet.

The propulsive efficiency

useful power

= engine power
M VV=Y) 2
My ey Y
L (Vp2—V?) + v

It is readily seen that %, will be small if V, is much greater
than V. Note that the formula for 7, is equally true for a
propeller, where V, is the velocity of the slipstream; but the
slipstream consists of a large mass of air thrown backwards at
a velocity not much greater than that of the aircraft; while
the jet from a gas turbine consists of a small mass thrown back
with high velocity. Since the mass flow M = pAV, where A is
the cross-sectional area, one way of increasing the jet’s propul-
sive efficiency is to increase its area—and this is what propellers
(and ducted fans) set out to do. Another method would be to
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decrease the jet pipe velocity; but in attempting to do this we
should encounter an entirely different set of difficulties, and to
some extent be fighting against a leading characteristic of the
gas turbine engine.

Fig. 96 shows a comparison of propulsive efficiencies for a
typical propeller, pure jet, and rocket, taken at 20 000 ft. The
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F1a. 96. CoMPARISON OF PROPULSIVE EFFICIENCIES AT 20 000 FT

propeller and jet curves cross at 585 m.p.h., where the efficiency
of the propeller is dropping rapidly owing to compressibility,
and is given by the curve as 60 per cent at this speed. More
efficient propellers may be designed in the future, but this will
not alter the nature of the difference between the two methods
of propulsion.
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We can now see why the pure jet aircraft was at one time
thought to need an impossibly large take-off distance: Fig. 96
shows a propulsive efficiency of only 13 per cent at 100 m.p.h.
and it is even worse at commencement of take-off. If the
useful thrust available at low speeds is increased by fitting
more powerful engines, the aircraft may be grossly over-
powdered for cruising.

16.8. The Pure Jet: Specific Consumption

There are three main factors which influence the specific
consumption of a pure jet engine,

(a) forward speed of the aircraft,
(b) height,
(¢) r.p.m. or engine speed.

16.8.1. VARIATION OF FORWARD SPEED AT A GIVEN HEIGHT
AND R.P.M. The temperature rise due to ram causes a slight
increase in the compressor outlet temperature, and thus affects
the fuel flow. Less fuel is required per pound of air as speed
increases ; but since the mass flow is greater, there is actually
an increase in specific fuel consumption (expressed in pounds
of fuel per pound thrust per hour). Put in another way—

i o fuelused Eg

S.F.C. ¢, thrust M(V, vy approx.

where E is the fuel flow in pounds per hour. The ram effect

causes a reduction in EfM, but this is offset by the increase in V.
Some idea of the size of the increase can be got by studying

Fig. 93 which shows these results for maximum r.p.m.

Sea-level l 20 000 ft | 40 000 ft

True Air-speed . .| 200 { 300 l 450 { 200 l 300 l 150 ‘ 200 I 300 | 450
Specific Fuel Consumption| 1-315 i 138 | 1-46 | 1187 1312 I 1137 I 1187 l 1-244

1-275

For a given thrust and height, the same gradual increase of
¢,/ with speed can also be observed in Fig. 97. It is seen that
the percentage increase with indicated or equivalent air-speed is
much the same at all heights.

Note also that if the speed is reduced without lowering the

18—(A.151
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r.p.m.—as in climbing—there will be a reduction of specific
consumption.

16.8.2. VARIATION OF HEIGHT, AT A G1VEN FORWARD SPEED
AND R.P.M. The low temperature at height causes a decrease in
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the efficiency of the compressor. Also the lower pressures at
the burners cause a deterioration in their atomizing character-
istics. These two effects work in opposition to the barostat,
which keeps the air/fuel ratio constant as the density decreases;
and also to the increase in pressure ratio with lowering tem-
perature; and as a result the fall in specific consumption with
height is not so considerable as might be expected.
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The degree of decrease in ¢, to be expected may be seen from
Fig. 93 which is the maximum r.p.m. case. A more instructive
comparison is provided by Fig. 98. Curve (1) shows the de-
crease in ¢,” with height at maximum r.p.m. corresponding to
Fig. 93. Curve (2) is also at maximum r.p.m. but at a much
lower speed. This is the case of “high thrust and low speed,”
as on the climb; and we notice that the decrease in ¢, with
height is now negligible. Curve (3) is the one which shows the
most marked decrease of ¢,”; described as the “typical econo-
mical cruising case,” it shows the effect of height at r.p.m.
considerably less than the maximum. Since curves (1) and (3)
cross at 16 000 ft, it appears that the lower r.p.m. may be
preferred above this height. This point is considered in the
next paragraph.

16.8.3. VariaTioN oF R.P.M. a1 A GivEN FORWARD SPEED
AND HEIGHT. One of the leading characteristics of the gas
turbine engine is its dislike of low engine speeds. We can illus-
trate this point by a set of figures taken from some test-bed
results for the Power Jets W2/700 eng1ne——~

. Specific o
R N Com- Thermal Fuel \ Gross
R.P.M. P]Z"“f(!l_ li‘,?)ﬁl?;‘ pressor Effici- | per H.P. ﬁ‘:'l‘: (tioox:; Thrust
Power eney (Ib/h p./hr) /g’r b) (1b)
10 000 — — 1:82 400
14 000 9 Z(}O 925 2 25 10+ 0’) 1-36 1-51 960
15 250 11 700 1572 3 100 13-45 1-02 1-20 1330
16 750 15 850 2 400 4 330 1515 0-40 1-19 1 800

The same sort of variation in ¢,” can be seen in the upper sea-
level curve of Fig. 99; but it is noticeable that the correspond-
ing curve at 20 000 ft is almost flat.

It is thus seen that, at sea-level, r.p.m. has a serious effect on
thrust and specific fuel consumption. If the aircraft is to fly
low, its engine speed for cruising should never be below 85 per
cent of the maximum r.p.m. If aerodynamic reasons require a
smaller thrust, then the aircraft is fitted with the wrong engines.
This point is further discussed under the heading of a.m.p. 1b
in § 16.10.

16.9. The Prop. Jet: Variation of Specific Consumption
We should expect the prop. jet to behave in a manner similar
to the pure jet. The specific consumption c, is now given in
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Ib/equiv. b.h.p./hr. Turning to Fig. 95, for some typical figures,

we find—

Specific Fuel Consumption at Maximum r.p.m.

Speed (m.p.h.) T T T S -
At Sea-level 20 000 ft 40 000 ft

!

200 0-60 0-56 0-54

300 0-58 0-53 0-51

400 0-56 0-50 0-48

(TYPICAL CASE)

1 |
MAXIMUM RPM, 200 MPH, EAS
CONSTANT RPM, CONSTANT EAS.

g
g
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At maximum r.p.m. there is thus—

(i) a decrease of specific fuel consumption with forward
speed,
(ii) a decrease of specific fuel consumption with height.

At less than maximum r.p.m., however, forward speed tends
to increase c,, as in the case of the pure jet.

16.10. The Pure Jet: Air Miles per Pound

If E is the fuel flow in lb per hour, » the number of engines,
D the drag in 1b, and ¢,’ the specific fuel consumption per engine
in Ib/lb thrust/hr, then the air miles per lb

since the thrust required from each engine will be equal to
1
- X D.
n

For a fixed height and a fixed value of ¢,’, V,/D is a maximum
at the point on the drag-indicated speed curve when the tangent
passes through the origin (see Fig. 100). If we write D =

2

aVz2 4 Ve then the corresponding value of V; is found to be

V= @3} L VW

which is 31-6 per cent above the indicated speed for minimum
drag.

Now we have found in Chapter II that a typical aircraft, of
weight 34 000 lb, has a minimum drag at an indicated speed of
212 ft/sec = 144 m.p.h.; so that the speed for maximum V,/D
is 190 m.p.h. Also, the drag at this speed is about 2 800 1b.

It appears at first sight that the engine characteristics,
demanding high r.p.m., would over-rule the aerodynamic argu-
ment for maximum V,/D speed—in other words, we might
expect the actual variation in ¢,” to call for a considerably
higher speed. In order to test this we will find the air miles per
pound (a) at V; = 190, (b) at V, = 273 (= 400 ft/sec).

In order to do this, we will assume that four pure jet engines
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are installed, and that the specific consumption behaves as
shown in Fig. 97.

Helgnt | gIrue. | Totel | Thrust Specitic v Al
(ft) pee Tag per sumption D v
(n.p.h.) (Ib) Engine cf c——,’D
v, = [Sea-level. 190 2 800 700 1-30 0-068 00520
190 tho.h| 20000 260 2 800 700 1-10 0-093 00844
m.p.h\ - 40 000 385 2 800 700 1-05 0137 0132
V, = [Sealevel. 278 4 600 1150 1-26 00595 0-0472
273 thoh t 20 000 375 4 600 1150 1-14 0-082 0-0716
P11 40 000 517 4 600 1150 — 0-113 —

We have now got, at three different heights, two points on
the a.m.p.lb. curves for the aircraft under consideration. The

MAX.

o<

|
|

MIN. Vv,
orac Ve '

Fi1a. 100, PoOINT OF GREATEST %‘

process can, of course, be repeated for other weights, and other
speeds. The points of maximum a.m.p.lb. on these curves will
not always come exactly at the maximum V,/D speed; but
they will certainly be in the neighbourhood. In fact, although
¢,’ increases with lower engine speed and thrust, the effect of
this on a.m.p.1b. is annulled by the necessity for maximum V,/D.

It might of course happen that, on considering the power
available from the engines for take-off and climb, it was found
to be inadequate. One’s natural instinet would be to install
more powerful engines. Having done this, the thrust per engine
in the cruising case (i.e. 700 1b) might demand such a severe
cut in r.p.m. that ¢,” was seriously affected. This is quite a
likely dilemma, because of the low propulsive efficiency of a
pure jet at low speeds. Safety is more important than fuel
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economy, so nothing must be done to lengthen the take-off
run; or to make matters difficult if one engine should cut.

16.11. Suggestions for Improvement

Some suggestions for overcoming the difficulty are as
follows—

16.11.1. CruIsiNG AT GREAT HEIGHT. We saw in the example
just given that the thrust required to maintain maximum V,;/D
speed was obtainable with a much higher r.p.m. at 20 000 ft
than at sea-level. This is due to the drop in maximum thrust,
and to the increase in true speed, as height increases. For
a given combination of aircraft and engine, it should be
quite easy to select the optimum height where the maximum
V./D speed can be maintained for, say, 90 per cent of
maximum r.p.m.

This point is so important that it is worth looking at Fig. 93
in order to see how such an optimum height could be found.
The grid of Fig. 93 refers to a different engine from Fig. 97;
and is actually drawn for maximum r.p.m. conditions. We will
assume, however, in order to save the necessity for a further
graph, that Fig. 93 is true for 90 per cent maximum r.p.m.;
and our object is to read off the graph the height at which a
thrust of 700 lb corresponds to an indicated speed of 190 m.p.h.
The answer is about 34 000 ft, where the value of ¢, is 1-23;
giving an a.m.p.lb of

190 1 1
A VR _ — 0-096
05763 < 1:23 ™ 2800 — 2o
Had we not bothered with the aerodynamic requirement for
maximum V,/D and flown at V, = 273 m.p.h., for a thrust of
1150 1b, the optimum height would have been reduced to
17 000 ft, and ¢,/ = 1-295, giving an a.m.p.Ib. of

273 L = 0-060
07675~ 1205 © 16000 een
1t is evident that the choice of optimum height is very important.
The extra fuel and time required for climbing to the greater
height can be made up on all but the shortest ranges. In par-
ticular, the higher true speed at the greater height insures a
saving of time for the whole trip.
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16.11.2. AssisTED TAKE-OFF. An example of these are
rockets. For a short period such as five minutes, the extra
weight of rockets is negligible. After take-off the rocket is
jettisoned, and this extra power is no longer available. This
state of affairs is not so serious as it sounds, because at the
considerable heights at which the aircraft is likely to do most
of its cruising, there will be plenty of surplus power.

Since a gas turbine loses a large proportion of its maximum
power in a tropical climate, and there is always the possibility
of an engine cut, it is advisable to have at least four engines.
Even though the power of the four engines may be adequate
for take-off, it might be a good thing to carry rockets in order
to cope with a combination of emergencies.

We should also add that many of the difficulties of long take-
off runs by pure jets can be solved by water injection.

16.11.3. REsTiNG OF Two ENcINES. We might choose the
four engines so that four would be adequate for take-off, and
two—working at 90 per cent maximum r.p.m.—sufficient for
cruising at maximum V,/D at the lower heights, where the
variations of c,” are greater. On the climb we meet the con-
ditions of low speed and high thrust which the engine likes;
and at considerable heights any reduction in r.p.m. has less
effect on ¢,’.

16.11.4. RaisiNg THE MiNiMuM Drag Speep. We found in
§§ 2.4 and 16.10 that the maximum V,/D speed is approximately

19-64/W
“(éﬁ}og_){_ m.p.h.
where e = N.A.C.A. efficiency factor defined by
Cp = Cp, + m%; G2,
and f= CDz . Sw,
by = span,
W = weight.

It is clear that modification of the aircraft might increase
this speed, and therefore allow us to mate optimum r.p.m. with
optimum speed more easily. One way of doing this would be
to decrease Cp,. For example, if Cp, could be reduced from,
say, 0025 to 0-015, leaving the other numbers unchanged, this
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would result in an 18 per cent increase in minimum drag and
maximum V,/D speeds. Such a large decrease in C;,_ is not
impossible: values as low as 0-011 can be achieved with all-
wing aircraft.

(Note that a similar result would be achieved by decreasing
the aspect ratio; but this could only be done at the expense
of total drag, thus defeating our object.)
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As a further illustration of the economy effected by flying at
considerable height, we may study Fig. 101.

16.12. The Prop. Jet: Air Miles per Pound
For an aircraft driven by propellers,

_ speed Vg
am.p.lb = fuel flow = B (E in 1b per hour),
D
and the b.h.p. engine required = " V (n number of engines),
3751

where E = nc, X b.h.p.,
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375 n
go that a.m.p.lb. = D o

In the case of piston-engined aircraft we found that D had
its minimum at a fairly low speed, and that c,/n had its mini-
mum at a fairly high speed; and that, on the average, a speed
about 6 per cent above minimum drag speed would give
maximum a.m.p.lb.

We should expect a somewhat similar state of affairs in the
present case. This is not the place to do a complete performance
estimation; the curves in Figs. 94 and 95 will be sufficient for
our present purpose.

For the sake of comfort and to save time, we select an indi-
cated speed a short way above minimum drag speed; and we
shall then exemplify the following properties—

(1) For the chosen speed at cruising r.p.m. there is an optimum
height for maximum a.m.p.lb. ; and this height is much greater than
the average optimum height for piston-engined aircraft.

(2) Increasing the indicated speed, at the same r.p.m., will
lower the optimum height and decrease the a.m.p.lb. found in (1).

(3) Decreasing the r.p.m. at any speed will decrease the a.m.p.lb.
Jound in (1).

The minimum drag indicated speed for the aircraft already
mentioned is about 150 m.p.h. and the drag is then about
2 4001b. For reasons already stated we propose to select
200 m.p.h., when the drag is 3 000 lb.

Suppose that the aircraft is fitted with fwo engines of powers
given by Figs. 94 and 95, or that, when cruising, only two
engines out of a possible four are in use.

We now have—

vV, ,= 200 m.p.h,,
V= 200 m.p.h.,
Vo
D = 3 000 Ib, approx.
. bv |
b.h.p./engine = 375 < *
1500 200 1 .
= _3—5.5‘ X \7; X (*)‘.—é, takmg N = 0-8
1 000
Vo'
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Now tabulate at various heights.

Height (ft) . .| S.L. 10 000 | 20 000 | 22 000 | 30000 | 40 000
vo o . . . 1 0-859 0-729 0-707 0-612 0-495
b.h.p./engine. .| 1000 1165 13756 1410 1635 2 010
v . . . 200 254 275 283 328 405

The curves in Fig. 94 are actually drawn for maximum power.
To obviate the necessity for further curves, we will assume
that the curves there drawn are correct for 90 per cent
maximum r.p.m.

After a little juggling it is seen that, at maximum power, the
point corresponding to 22 000 ft 1 410 b.h.p. is (approx.) on
the 283 m.p.h. line.

Now turn to Fig. 95 to obtain the specific fuel consumption
and it will be found that ¢, = 0-53.

Hence ¢,D = 1590
375 X 0-8
m.plb. = ———— = 0-189.
a-m-p 1500 — o1

(This equals 1-51 a.m.p.g. if kerosene has a sp. gr. of 0-8.)
To show the effect of increasing the velocity, still using
maximum r.p.m., suppose

V, =273 m.p.h,

273
V= -
Ve
D == 4 600 b,
2 090
b.h.p./engine = — —.
p.jeng Vo
Again tabulate at various heights.
Height (ft) . . . .| S.L. 10 000 4000 \ 3000
Ve . .. 1 0-859 0-942 | 0-957
bhp.jengine . . .| 2090 2 440 2 220 | 2 180
\% . . . . 273 316 290 l 286
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It appears from Fig. 94 that the figures 3 000 ft, 2 180 b.h.p.,
286 m.p.h. fit the curve.
Turning to Fig. 95 we find ¢, = 0-57
Hence ¢,D = 2 620
a.m.p.lb. = 0-114
= (0-912 a.m.p.g.)

It is interesting to note that the increase in indicated speed
has not resulted in the saving of cruising time, since the true
speeds are practically the same. The fuel (and time) absorbed
in climbing to 22 000 ft, as against 3 000 ft, has of course to be
added ; but, even for a trip of 500 miles, there is a difference in
fuel consumption for cruising of approximately 1700 1b, and
there will be greater savings for longer ranges.

We note also that the optimum a.m.p.lb. is not so terrible
when compared with corresponding figures for the same air-
craft equipped with piston engines. The actual figures are—

2-0 a.m.p.g. at 10 000 ft for the piston engine,
1-51 a.m.p.g. at 22 000 ft for the prop. jet.

The second alternative is to fly at the first chosen speed,
200 m.p.h., but at considerably less than maximum r.p.m. We
can obtain an approximate tabulation as follows—

Height (ft) i S.L. i 10 000 15 000
b.h.p./engine . . . 1 000 1165 1260
vV . . . . 200 234 252
¢, . . . . . 0-825 0-635 0-59

After that we are entering the region of cruising r.p.m. This
alternative would only be selected if the range was small enough
to make a climb to 22 000 ft uneconomic; or if the headwind
at the greater height was more severe.

16.13. The Pure Jet: Effect of Aircraft Weight
Since the maximum V,/D speed varies with
v/weight of aircraft
there is actually a fall in this speed as the flight proceeds. So
far we have ignored this effect, and have tacitly assumed that
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it will be sufficient to choose the maximum V,;/D speed for the
mean weight. Greater fuel economy could be effected if the
speed were gradually reduced during flight. This can be done

in two ways—
(i) by increasing height as the flight proceeds,
(ii) by reducing r.p.m. as the flight proceeds.
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The mean consumption on climb and glide is compared with the cruising con-
sumption. W = 40 Ib/ft*: = 8.

The effect of (ii) may well be to cancel out the beneficial
effect of flying at the correct V,/D speed; and (i) is a method
which would probably not appeal to pilots or operators. The
saving effected by (i) will in most cases be small; but the
possibility should be examined in relation to any particular
aircraft and engine combination.

16.14. The Pure Jet: Climbing

Since the thrust of a pure jet is roughly constant at all
speeds, the curve of thrust horse-power against speed is a line
which is approximately parallel to the tangent from the origin
to the drag-power curve. This tangent touches the power curve
at the speed for minimum drag; hence, near the ceiling, the
best climbing speed of the jet aircraft, being the speed for
maximum excess thrust horse-power, is approximately the
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minimum drag speed. This is higher than for conventional air-
craft which, near the ceiling, have a best climbing speed in the

neighbourhood of the speed for minimum power.
A greater forward speed on the climb has a tendency to
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flatten the angle of climb, which is an advantage for civil air-
craft; although the present restriction of 400 ft/min for the
vertical rate of climb may be relaxed when all aircraft are

pressurized, as soon as they leave the control zone at 5 000 ft
or less.
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Now with a reasonably high forward speed on the climb and ‘
glide, we are covering a considerable forward distance; hence |
the penalty for having to climb to great heights for cruising is
not so serious as might be supposed. It is found that the mean
miles per gallon for climb, cruise, and glide may even be more
than for cruising the whole distance at the chosen height. This
point is illustrated in Fig. 102. The reason for this is that on
the climb, the engine is operating at high thrust and low forward
speed, under which conditions the specific consumption is the
lowest possible.



CHAPTER XVII

High Altitude Flight

17.1. Future Trends

WE have seen in Chapter X VI that gas-turbine-engined aircraft
will attain reasonable fuel economy only if flown high and fast.
Aircraft already designed and flown, intended for airline
operation in the next few years include—

1. The Bristol Brabazon I, Mark II. A 300 000 1b landplane
with eight propeller turbines, cruising at 30 000-40 000 ft.

2. The Saunders Roe S.R. 45. A 300 000 Ib flying-boat with
ten propeller turbines, cruising at 30 000 to 40 000 ft.

3. The De Havilland DH 106. A 100 000 1b landplane with
four jet turbines, cruising at about 500 m.p.h.

4. The Handley-Page Hermes V. A 90 0001b landplane
with four propeller turbines.

5. The Vickers Viscount. A 40 000 lb landplane with four
propeller turbines.

If these are to be the long-distance aircraft of the future, it
is worth while considering what advantages, if any, the increase

/’l( speed and height are likely to cause.

17.2. Increase in Speed

The attainment of higher speeds may be expected to bring
about some of the following—

(i) Increased aircraft utilization, i.e. number of commercial
operations both per year and per major overhaul and inspection.
This should lead to reduced maintenance charges per flight,
and the use of a smaller number of aircraft on a given route.

(ii) The partial elimination of night stops and the need for
night stop facilities and staff.

(iii) The elimination of relief aircrew on long operations, thus
leading to a reduction in the total aircrew required.

(iv) Increased regularity against adverse winds, and hence
reduced schedule tolerances, leading to smaller fuel reserves
and increased payload.

270
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“17.3. High Altitude Flying

The better weather conditions at high altitude should give—

(i) Increased regularity, due to the avoidance of bad weather
at lower heights.

(ii) Increased passenger comfort, due to the absence of
vibration and the better weather.

(iii) Reduced crew fatigue.

17.4. Disadvantages

17.4.1. TecHNICcAL. We have already indicated, in Chapter
XVI, some of the technical problems which gas-turbine engines
have to face. At high altitudes we shall obviously need—

(a) Efficient pressurization and cabin atmosphere control;
(b) Reliable de-icing devices;

(¢) Reliable combustion ;

(d) Gust warnings;

and practical experience with these matters has so far been
inadequate. Added to these, as speeds increase, there will be
problems of stability and control, and in the strength of
materials.

17.4.2. Cost. Moreover we must not forget that the cost of
development for gas turbine engines is at present very high,
and will remain so until mass-production methods can be
introduced more generally, when designs become stabilized.

17.4.3. METEOROLOGICAL. There are also certain meteoro-
logical questions to which no certain answers can be given at
present—such as gust formation, the wind strengths and fre-
quencies, and the humidity and temperature, at high altitudes.

17.5. Physiological Problems

17.5.1. PaSSENGER CoMFORT. We have stated in Chapter XVI
that the present limitations in rate of climb and rate of descent
are likely to be removed—in fact, must be removed, if the air-
craft is to reach 30 000 ft or more in a reasonable time, thereby
allowing it to take full advantage of the fuel economy and
greater true air-speed at high altitude.

We need to know a good deal more about passenger reaction
to decompression, to high frequency noises from the jet, to

19—(A.151)



272 PERFORMANCE OF CIVIL AIRCRAFT

rapid changes in climatic conditions, etc. If rocket assistance
is to be used at take-off, in order to allow the use of aerodromes
which are small or in tropical climates; but knowledge of its
effect on passenger comfort is at present very limited.

/ 17.5.2. Ai1rcrew. We have also to remember that, unless
alternative oxygen apparatus is available, the pilot and en-
gineer will be flying with the knowledge that any failure in the
pressurization system will demand very rapid remedial meas-
ures. As speeds increase towards the local speed of sound, the
pilot’s response to the approach of the ‘“vice-speed”” may not,
without special instruments or training, be as quick as it
should be.

17.6. Compressibility Effects

The behaviour of aircraft at Mach numbers at which com-
pressibility effects become apparent is already beginning to be
known. At the critical Mach number a noticeable change of
longitudinal trim occurs, usually to nose down, often accom-
panied by buffeting, and the nose or either wing may drop
as shock waves build up and a stall develops. In addition to
pure compressibility effects, an initial change of trim may
occur before the critical Mach number is reached. This initial
trim change, which may have either a nose down or a nose
up tendency, is primarily due to distortions of the airframe,
particularly of the tail surfaces, and is more marked at low
altitudes.

The speed of sound decreases as the air temperature falls,
and the Mach number at which compressibility effects are en-
countered consequently occurs at decreasing true air-speeds
(and even more rapidly decreasing indicated air-speeds) as
height is gained—at least up to the tropopause at about
36 000 ft. This involves imposing a sliding scale of maximum
permissible indicated air-speed, decreasing with altitude. To
meet this difficulty, an instrument known as a Mach meter has
been evolved. All the pilot needs to know is the limiting Mach
number. This limiting Mach number will be slightly less than
the critical Mach number at which local shock stalling begins
to occur. The pilot thus has one number to remember, and one
instrument to watch; and he is not expected to read any charts
or do any calculations.
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Fig. 105 shows for a typical transport of wing loading
50 1b/ft?, and thickness chord ratio of 17-5 per cent,
(@) how the operating C, T.A.S., and Mach number change
as heights are increased ;
(b) the boundary at which we may expect compressibility
effects first to show themselves;
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F1a. 105. EfreEcT oF COMPRESSIBILITY OF HIGH ALTITUDE
OPERATION OF TYPICAL TRANSPORT AIRCRAFT

Constant E.A.S.
—— —— —— Constant Cy.
—— — ——— — Constant Mach number.
——X——x —— Minimum speed for comfortable cruising, 1-5V50.
0000000000000000  Critical Mach number for 17} per cent thickness chord ratio,

high speed aerofoil.
(c) the lowest comfortable cruising speed, taken as 50 per
cent above the stalling speed.

It will be seen from the diagram that the range of cruising
speeds between (b) and (c) is cut down enormously at high
altitude; and if such an aircraft is to cruise at 350 m.p.h.
T.A.S. at 40 000 ft, the chance of avoiding compressibility
effects is small.






APPENDIX 1

Dimensions

WE have already seen, in § 1.9, that the ‘“dimensions” of a
quantity are the three fundamentals, viz. mass, length, and
time, of which it is composed. Every quantity used in elemen-
tary aeronautics can be reduced to dimensions of these

three fundamentals.

Some of these are given in the table

below—
Dimensions
Symbol Name Units
Mass | Length| Time
M L T
I Length 1 ft
M Mass . 1 slug
T Time . 1 sec
Area . 2 ft*
Volume . . 3 ft*
v Specific Volume . —1 3 ft?/slug
\4 Velocity 1 -1 ft/sec
Acceleration . 1 -2 ft/sect
N, Q | Angular Velocity . -1 radn/sec, r.p.m.
Angular Acceleration —4 radn/sec?
M: Mass Flow (air) 1 -1 slu, s/sec, 1b/sec,
Q Fuel Flow . 1 2 -3 C.H.U./sec, ft-1b/sec
Density 1 -3 slugs/ft?
Momentum 1 1 —1 slug-ft/sec
¥ Force . . 1 1 -2 1b
Angular Momentum 1 2 -1 slug-ft/sec
Torque, Couple, Moment 1 2 —4 b ft
Energy, Work 1 2 -2 ft-1b
w Power . 1 2 -3 ft-lb/sec, horse-
power
‘] Temperature 2 -2 (tt/sec)?
P Pressure . 1 -1 -2 1b/ft*
G Air Miles per Pound . -1 1 miles/lb
¢y Specific Fuel Consumption -2 2 1b/b.h.p./hr
n Coeflicient of Viscosity . 1 -1 -1 slugs/ft sec
y = :-‘ Kinematic Coefficient of Viscosity . | — 2 -1 | ftysec

The dimensions taken for pressure
portant, because they lead us to formulate certain combinations

275

and temperature are im-
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of quantities which are non-dimensional, i.e. have no dimensions
in length, mass or time. Consider for instance the ratio—

P

po
where P = pressure,
p = density,

6 = absolute temperature.

If we write down the dimensions of the separate items—
P = ML-T-2; p=ML"3; 6= L2T-2
P

So that — = M°L°T".
PO

P

It follows that = has ‘“no dimensions” and is a constant;
P

this is the first Gas Law.

In the more general case, we can regard the quantities—
D = a length,
P = a pressure,
0 = a temperature,

as independent variables; and all other quantities such as
r.p.m., speed, mass flow, force, power, etc., as dependent vari-
ables; and discover the exact nature of the dependence by
making the dependent variable non-dimensional. This, of
course, assumes that no other independent variables, such as
viscosity, need be considered.

For instance, if we wish to know how power varies with
length, pressure, and temperature, we take the following four
quantities—

Power, W = ML2T-3

Length, D=L

Pressure, P = ML-T-?

Temperature, 0 = L2*T-2
and multiply them together, with arbitrary indices a, b, ¢ for
the last three. The result is—

(m2'1‘-—3)(L)a(ML—lT——2)b(L2T-—2)c
If this product is to be non-dimensional, the indices of M, L,
and T must separately be zero, i.e.—
ForM, 1+4b=0 Sob=—1.
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ForL, 24a—b+4+2=0 ..a=-—2
ForT,—3—20—2c =0 Soe=—4

. Hence WD—2p-16-# is non-dimensional ;
p

or W is a constant, with the assumptions made above.
Here is a list of some of the results obtained in this way—
N,D, NID1
-—— = constant, or — S
\/ 6 Vo, Vo
\' v, \'A
—-— = constant, or —>- —.
Vo Vi Vo
! 0, M40
M = constant, or M, :/ 2= 12\/ 3
D?p D?p, D,?p,
1“2 :B‘l
D2,; == Constant, or D22P—2 lth/')-l
Wor Q = constant, or WeorQy W, or Q‘
D2py/0 Dypyy/0y  Dy2pyy/6)

Note. Fuel flow Q has the same dimensions as power W
because we regard fuel flow as work per unit time; the work
arising from the calorific value of the fuel, i.e. we consider the
fuel after combustion, not before.

The first consequence of this analysis is to provide us with
relations between some of the standard quantities. For instance,

D2
final nozzle conditions of a gas turbine engine where M’ is the
mass flow, D? the area and 0 and P are absolute temperatures
and pressures.

More generally the method leads us to look for relations
between the non-dimensional quantities and hence, when
searching for information, to draw graphs, between these
quantities. If F stands for jet thrust and « for aircraft attitude,
we can for instance show that these must be functional relations
of the type—

the relation

= constant is attained under the choked

D]‘:P =h (\‘/Ie Ij/Io) )
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i=(5 )
DPy/6  “2\V/6 /6’
Drag
D -fs( )

When a flight test is carried out, or an engine is run on a test
bed, the variations in local conditions of pressure and tempera-
ture will be ironed out if the results are plotted non-dimension-
ally. The best way to do this is usually obvious. Take, for
example, lift, as found in a wind tunnel. From the relation
F/D?P = consta.nt this might at first sight suggest that we

lift
plot - against incidence. But has
wing area X pressure pressure
. . lift  lift L. .
the same dimensions as — = --—, which is easier to measure,
p0  pV?

and we therefore plot Cf, = against o.

B lift
1pV2ES

Then the resulting curve of Cp, against « will be independent
of temperature and pressure variations. How far it will depend
on changes in viscosity is discussed later.

In many of the applications of the method, when we are
dealing with one particular aircraft or engine, the length dimen-
sion D can be omitted.

There is, of eourse, an alternative method of plotting test
results which does not require us to use the non-dimensional
form. This involves, broadly speaking, calculating each reading
as a ratio to the value of the quantity at standard conditions.
This has the effect of correcting the quantity for the existence
of non-standard conditions. In the table on page 279 are
shown some examples of—

(@) the non-dimensional form (second column),
(b) the corrected form (third column).

A more general application of the method is provided by
Rayleigh’s formula for aerodynamic force. If it is agreed that
this force must depend upon pressure variation (i.e. density
and velocity), the skin friction (i.e. viscosity and velocity),
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Quantity

Non-dimensional

Corrected form

form
Atmospherio temperature, 6§, . 50;&8 2880,
Barometric pressure, p, . % 30-0
288
Any temperature, 0 616, 0 x o
(]
30
Any pressure, r X —
Yy P P Pe p P
Speed, V VI8, v xA/%'S
(]
. 288
Angular velocity, N N/v6, N x N
]
Air mass flow, M . My, X 300 /8,
Po Po N 288
Force of thrust, F. F F x 30
Po Po
w 30 /288
Fuel fl LW - wx = /28
ue. OW or power Pe \/00 Pa 00

together with some representative length, then the independent

variables are (for a given angle of attack) now

Density p
Velocity V

Kinematical viscosity

Length D

Dimensions ML-3

4
)/_—__'i,_
P

LT
LT
L

and consequently the product of force (dimensions MLT-2) and
suitable powers of the four independent variables must be non-
dimensional. Hence MLT-2(ML-3)s(LT-!)*L¢(L?*T-1)¢ is non-

dimensional.

ForM:1-+a=0.
L:1—3a+b+¢c

4+ 2d = 0.

T: —-2—-b—d=0.
a=—1;b=—2—-d;c=—2—4d

Aerodynamic force

pV2+ apD2tdy,—d

= a constant, say K;
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ad
or aerodynamic force = KpV2D? (Y;P)

= vaznzf(

VD)
—
where f(VD)/» is some function of the ratio VD/». This ratio,
usually written as Vifv, is the “Reynolds’ Number.” If the lift
force on a wing is measured under two different conditions,
keeping pV2D? the same, the answers obtained will not be
identical unless the Reynolds’ Number also remains the same.
This explains why wind tunnel measurement of force and
moment are not always repeated in full-scale tests.

The most important force measurement which may be so
affected is drag. We have seen that

drag = 3pV3y x Cy

and it is possible to plot the drag coefficient C}, against incidence.
But Cp, although non-dimensional, will vary with Reynolds’
Number, and the amount of the variation will depend on the
size of the object whose drag is being measured. If, for instance,
external fuel tanks or a pannier are added to an aircraft whose
drag is already known, the Reynolds’ Number of the new parts
will be different from the Reynolds’ Number of the aircraft
without the parts; so that it is hazardous to rely on wind tunnel
results to estimate the full-scale value of drag.

Sometimes the drag is stated, not as a coefficient but as
D;g0, which means the drag in pounds at 100 ft/sec. This is a
way of comparing drags which eliminates the velocity effect
only. The value of D,y may have more meaning to an engineer
than a coefficient Cp,; but its use does not remove the difficul-
ties associated with differing Reynolds’ Numbers.

Returning to Rayleigh’s formula, the most general case
would be that in which we consider six independent variables,
V, D ’ g! v, a, P
where g is the local acceleration of gravity, and a is the local

velocity of sound.

By a method similar to that given above we can show that
aerodynamic force is expressible as

vz VD V)

apee (Y. Y2 ¥
KPVDf(gD’ v’ al
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The parameter g is known as the Mach Number; its effect on

life, drag, and moment is a matter of very great importance.
We have dealt with engine testing and aerodynamics. There
remains the general performance of the aircraft, which can be
weight
area ’
power of the engine; D’ the propeller diameter; n the r.p.m.,
then it can be shown in a similar way that the level speed is a
function of the type

w, (P [o ,A/; W = weight
A/ ;f (WA/ w nD E) (a = relative density)

regarded as a function of w =

the wing loading ; P the

-
where the parameters — J ‘_’_’ nD’ /2 are themselves non-
WAN w w

dimensional. There is thus a theoretical basis for the type of
plotting carried out in performance analysis and reduction. If
there is no variation in P, n or D’, this reduces to the result:

level speed = K / %’ which is sufficient to deal with simple

charges in loading and air density.



The [.C.A.N. Standard

APPENDIX II

Atmosphere (English Units)

A » o va | pab/es) ]p(m. He)|n = pfp,| £C | v x 108 | a(ft/sec)

0 | 0002878 1 2116 | 2002 | 10000 | 1500] 186 | 1117
500 | 0-002343 | 09855 | 0-9927 | 2079 | 2938 | 0-9821 | 14-01| 158 | 1115
1000 | 0-002309 | 0-9710 | 0-0854 | 2041 | 25-86 | 0-0644 | 13-02| 160 | 1118
1 500 | 0-002275 | 0-9568 | 0-0782 | 2004 | 28-33 | 09469 | 1203| 162 | 1111
2000 | 0-002242 | 0-9428 | 09710 | 1968 | 27-82 | 0-9298 | 11-08| 164 | 1109
2500 | 0-002209 | 0-9288 | 0-0633 | 1932 | 27:31 | 0-9120 | 10-05| 168 | 1107
3000 | 0-002178 | 0-9151 | 0-9566 | 1807 | 2681 | 0-8967 | 9-08| 168 | 1105
8500 | 0-002144 | 0-0015 | 09495 | 1362 | 2632 | 08798 | 07| 170 | 1108
4000 | 0002112 | 0-8881 | 0-0424 | 1828 | 2584 | 08638 | 708 172 | 1102
4500 | 0:002080 | 0-8748 | 0-9353 | 1794 | 2536 | 08477 | 609 174 | 1100
5000 | 0-002049 | 0-8616 | 09282 | 1761 | 2489 | 08320 | 509 177 | 1098
5500 | 0002018 | 0-8487 | 09218 | 1728 | 2443 | 08165 | 410/ 179 | 1096
6000 | 0:001983 | 0-8358 | 00142 | 1606 | 2393 | 08013 | 3-12| 181 | 1094
6500 | 0-001957 | 0-8232 | 0-0073 | 1664 | 23-53 | 0-7863 | 218 1.83 | 1092
7000 | 0001928 | 0-8106 | 00003 | 1633 | 2300 | 07716 | 1.14| 186 | 1090
7 500 | 0-001808 | 0-7982 | 0-8934 | 1602 | 2266 | 0-7571 | 0-14| 188 | 1088
8000 | 0-001369 | 0-7850 | 0-8365 | 1572 | 2222 | 07427 | — 0-84] 180 | 1086
8500 | 0-001840 | 0-7738 | 0-8707 | 1542 | 2180 | 07246 | — 1-83| 193 | 1084
9000 | 0-001812 | 0-7610 | 0-8728 | 1513 | 21-39 | 07147 | — 2:82] 1-95 | 1082
9500 | 0-001784 | 0-7501 | 0-8661 | 1484 | 2008 | 07011 | — 3-81| 198 | 1080
10000 | 0-001756 | 0-7384 | 0-8503 | 1455 | 2058 | 06876 | — 480| 200 | 1078
10 500 | 0001723 | 0-7260 | 0-8525 | 1437 | 2018 | 0-6743 | — 579 203 | 1076
11000 | 0:001702 | 0-7154 | 0-8458 | 1400 | 1979 | 06014 | — 678| 205 | 1074
11 500 | 0-001675 | 0-7042 | 0-8302 | 1373 | 19-41 | 06486 | — 7-77| 208 | 1072
12000 | 0-001648 | 0-6031 | 0-8325 | 1346 | 1008 | 06350 [ — 876| 211 | 1070
12 500 | 0-001622 | 0-0821 | 0-8259 | 1310 | 1365 | 06234 | — 975 213 | 1068
13000 | 0001596 | 0-6712 | 08193 | 1204 | 1328 | 06112 - 10-74| 218 | 1066
13 500 | 0001570 | 0-6685 | 0-8127 | 1263 | 17:93 | 05992 |— 11-73| 219 | 1064
14000 | 0-001545 | 0-6499 | 0-8062 | 1243 | 1757 | 06873 |— 12-72| 222 | 1062
14 500 | 0-001520 | 06894 | 07996 | 1218 | 1722 } 0-6757 |~ 13-73| 2:25 | 1060
15000 | 0001496 | 06291 | 07932 | 1194 | 1688 | 05642 |— 1470 2:28 | 1058
15 500 | 0001472 | 0-6189 | 0-7867 | 1170 | 16:54 | 05530 |— 1571| 2:31 | 1058
16 000 | 0-001448 | 06088 | 0-7803 | 1147 | 1621 | 0-5418 |— 16-63| 234 | 1054
16 500 | 0001424 | 0-5988 | 07738 | 1124 | 1580 | 0-5309 |— 17-69| 2:37 | 1052
17 000 | 0-001401 | 0-5891 | 0-7675 | 110L | 1557 | 0-5205 |— 13-68| 240 | 1050
17 500 | 0-001378 | 0-5793 | 0-7611 | 1079 | 1525 | 0-5007 |— 10-67| 244 | 1048
18000 | 0-001355 | 0-5698 | 0-7540 | 1057 | 14-04 | 0-4992 |— 20-64| 2:47 | 1048
18 500 | 0:001333 | 0-5603 | 07485 | 1035 | 1463 | 0-4801 |— 2165 250 | 1044
19000 | 0-001311 | 0-5509 | 0-7422 | 1014 | 1433 | 0-4790 |— 2262| 2:5¢ | 1041
19600 | 0-001289 | 0-5418 | 0-7361 | 993 | 1403 | 0-4601 |— 23-63| 257 | 1089
20 000 | 0-001267 | 0-6327 | 07291 | 973 | 1374 | 0-4594 |— 24.60] 261 | 1087
20 500 | 0:001246 | 0-5237 | 0-7237 | 953 | 1348 | 0-4600 - 26:60| 264 | 1085
21000 | 0001225 | 0-5148 | 0-7175 | 933 | 1319 | 0-4406 |— 2658 268 | 1088
21 500 | 0-001204 | 0-5061 | 0-7114 | 913 | 1201 | 04315 |— 2757 272 | 1081
22000 | 0-001183 | 0-4974 | 07053 | 894 | 12-64 | 0-4223 |— 28.66| 278 | 1029
22500 | 0-001168 | 0-4889 | 0-6902 | 875 | 12:37 | 0-4185 |— 20-55| 280 | 1027
23000 | 0:001143 | 0-4805 | 0-6932 | 8568 | 1210 | 0-4047 [ 30.64| 283 | 1025
500 | 0001123 | 0-4721 | 0-6871 | 838 | 11-85 | 0-3961 |— 31-53| 287 | 1028
24 000 | 0-001103 | 0-4640 | 0-6812 | 820 | 11-59 | 0-3876 - 3262 292 | 1021
24 500 | 0-001085 | 0-4569 | 06752 | 803 | 1185 | 0-3704 |— 33-51| 206 | 1019
25 000 | 0-001085 | 0-4480 | 0-8693 | 785 | 1110 | 0-3711 |— 84:50, 800 | 1017
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o o Vo | b/ |xin. Hg)|n== p/p.[ °C | v x 10‘| a(ft/sec)
25 600 | 0001046 | 0-4401 | 0-663¢ | 769 | 1087 | 03631 |- 3549| 304 | 1015
26 000 | 0-001028 | 0-4323 | 06576 | 752 | 1063 | 0-3552 |— 36-48| 300 | 1012
26 500 | 0-001010 | 0-4247 | 06517 | 735 | 1030 | 0-3475 |~ 37-47| 313 | 1010
27 000 | 0-000992 | 0-4171 | 0-64568 719 10-17 0-3399 |— 38-46| 3-18 1008
27 500 | 0-000974 | 0-4097 | 0-6401 704 10-00 0-8325 |-- 39-45| 3-22 1 006
28 000 | 0-000057 | 0-4023 | 06343 | 638 | 973 | 0-3251 |— 40-44| 327 | 1004
28 500 | 0-000040 | 0-3951 | 0-6286 | 673 | O-51 | 0-3179 |— 41-43] 332 | 1001
20000 | 0000022 | 0-3879 | 06228 | 658 | 930 | 0-3108 |- 4242 337 9909
29 500 | 0-000906 | 0-3800 | 0-6172 | 643 | 0-00 | 0-3030 |— 43-41| 342 907
30 000 | 0-000889 | 0-3740 | 0-6116 | 0620 | 889 | 02070 |— 44-40| 347 905
30 500 | 0-000873 | 0-3671 | 0-6050 | 614 | 868 | 0-2000 |- 45-39] 352 993
31000 | 0-000857 | 0-3603 | 0-6003 | 600 | 848 | 0-2337 |- 46-38 367 991
31 500 | 0-000842 | 0-3537 | 0-5047 | 587 | 820 | 0-2773 |- 47-37] 362 989
32 000 | 0-000826 | 0-3472 | 0-5892 | 573 | 810 | 0-2708 |- 48-36| 368 987
32 500 | 0-000811 | 0-3408 | 0-5838 560 7-92 0-2647 |-- 49-36| 8-73 985
33 000 | 0:000795 | 03343 | 0-5782 547 774 025806 [— 50-34] 3-78 982
33500 | 0-000780 | 0-3280 | 0-5727 | 5356 | 756 | 0-2526 |- 51-33| 3-84 950
84000 | 0-000765 | 0-3218 | 0-5673 | 522 | 7:38 | 0-2467 |- 52-32| 301 978
34 500 | 0-000750 | 0-3108 | 0-5575 | 510 | 7-21 | 0-2410 |- 53-31] 397 975
35 000 | 0-000736 | 0:3098 | 0-5566 498 704 0-2353 |— 54-30{ 4-04 973
35332 | 0-000727 | 0-3057 | 0-5529 | 490 | 692 | 0-2314 |— 55:00| 4-08 971
35 500 | 0-000722 | 0:3036 | 0-5510 432 6-82 0-2278 [-- 55-00| 4-09 971
36 000 | 0000704 | 0-2067 | 05442 | 474 | 671 | O0-2242 | 4 420 1
36 500 | 0-000687 | 0-2893 | 0-5379 463 6-55 0-2189 4-30
37 000 | 0-000671 | 0-2824 | 0-5314 452 6-39 0-2137 4-40
37 500 | 0-000855 | 0-2758 | 0-5252 442 6-24 0-2087 4-51
38000 | 0-000640 | 0-2692 | 0-5183 | 431 | 609 | 0-2037 462
38 500 | 0-000625 | 0-2629 | 0-5127 421 595 0-1990 573
30 000 | 0-000610 | 0-2506 | 0-5066 | 411 | 531 | 0-1943 184
30 500 | 0-000506 | 0-2506 | 0-5006 | 401 | 568 | 0-1899 408 i
40 000 | 0-000582 | 0-2447 | 04047 | 302 | 554 | 01852 |- 5500 508 971
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APPROXIMATE EQUATIONS FOR THRE STANDARD ATMOSPHERE

Altitude and Percoentage Error

5000 ft | 10 000 ft | 15 000 ft | 20 000 ft | 256 000 ft | 30 000 fv

a, Standard Value . .| o-8616 0-7884 06291 0-5327 0-4480 0-3740

1- ‘0%.00 . 08750 | 07500 | 06250 | 05000 | — -

Percenterror . . .|+ 155 |+ 155 |—066 |- 614 - =

1- 54—'%% + (5—5'(‘700)' .| oseos| 07360 | 06255 | 05202 04475 | 03800

Per cent error . . {— 009 - 033 - 057 — 066 - 011 + 1-60
_ (_lw)

e \38000/ 08600 | 07365 | 06408 | 05450 | 04683 | 0-4025

Per cent error . . =019 - 0-26 + 2:02 + 2:31 + 4-53 + 7-62

——
e \34160- 012 . 0-8615 07335 0-6290 0-56325 0-4483 0-3745

Per cent error . . .| - 001 + 0-01 - 001 — 0-04 + 0:07 + 013
83 600 — 0-53% 5 . . . ' '
33600 £ 047A ° 0-8612 0-7333 0-6308 0-5348 0-4486 0-3712
Per cent error . . .| =005 + 005 + 0-27 + 0-40 + 013 - 075
91 300 a4 X .
Log, (m . . 0-8616 0-7390 0-6304 0:5330 0-4440 0:3612

Per cent error . . . 0 I+ 0-08 + 021 + 0-08 - 089 — 343
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APPROXIMATE EQUATIONS FOR THE STANDARD ATMOSPHERE—(contd.)
Altitude and Percentage Error
5 000 ft 10000ft|15000ft 20 000 ft | 25 000 ft | 30 000 ft
e |
716 Standard Value 1-0773 1-1637 1-2608 1-3701 1-4940 1-6352

h . . 9n Q9 . —
1+ 0 000 1-0833 1-167 1:250 1-333 1-417
Per cent error .|+ 0:56 + 0-26 - 0-86 — 2:69 - 517 -—

h g K . . .
l+m 1-100 1-200 1-300 1-400 1-500 1-600
Per cent error + 211 + 2:36 + 3-11 + 2-18 + 0-40 —2:15

1 -—ﬂ sn t+ ( *L' ' 1-078 1-168 1:268 1-378 1-500 1-622
63320 T \as3 320) : ! v
Per cent error + 000 + 037 + 0-56 +0-60 + 0:40 — 0-81
63 320 + 0-2034 ey .16: 95 . . .
83320 70707k 1-0772 1-1634 1-2599 1-3691 1-4936 1-6363
Per cent error 0009 | 003 |-007 |-007 |-003 |+010
(ko)
€ 63,000 10079 1-164 1-255 1-354 1-461 —
Per cent error 03 0-00 — 0-43 - 117 - 221 -
(.. e )
€\66 000 1-083 1-172 1-269 1:374 1-487 1-610
Per cent error It 049 + 0-72 + 0-64 + 0-27 - 047 - 1-54
(s s30)
€ 63 320 — 0-244 1:0773 1-1639 1-2608 1-3704 1-494 1-635
Per cent error 0-00 + 002 0-00 + 002 0-00 0-00

68 000 — 0-14/ ~ . on ap . .
Log, (35 o0 —-iat) 1078 | 1164 | 1260 | 1368 | 1491 | 1637
Per cent error 4 006 0-00 - 0-07 015 - 020 4 0-13

!
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Standard Climates

A.R.B. Design Conditions

For those interested in an attempt at a precise definition of
standard climates, the following extract from the B.C.A.R.
may be of value.

The Temperate, Tropical, and Arctic climates are defined
by—

(1) The temperature envelopes enclosed by the appropriate
maximum and minimum temperature lines of Fig. 106, from
zero feet to the selected height (e.g. the temperatures appro-
priate to 0-30 000 ft in the Standard Temperate Climate are
those within the envelope A4, B, C, D, in Fig. 108).

(2) Every point included in these envelopes is associated with
a relative humidity range of 20 to 100 per cent; except that
in the conditions represented by the area K, F, G in Fig. 106
the relative humidities shall be assumed to vary from 100 per
cent maximum and 20 per cent minimum respectively at the
line EF to the value appropriate to the height at the line GF.
The value of relative humidity on the line GF shall be taken
to vary linearly from 100 per cent maximum and 20 per cent
minimum at F to some lower values at G (given here as 10 per
cent maximum and 2 per cent minimum).

(3) Every point included in these envelopes is associated with
the International standard pressure (I.C.A.N.) appropriate to
the height, as shown in Table I.

(4) Every point included in these envelopes is associated with
the density corresponding to the temperature, pressure and
humidity; extreme values are given in Table I.

These conditions do not cover variation of pressure from the
International standard. This shall be allowed for by assuming
a variation of pressure 5 per cent above and below the Inter-
national standard pressure (I.C.A.N.) associated with the
International standard temperature (I.C.A.N.).

The standard climatic conditions are intended primarily for
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TABLE I
RELATIVE PRESSURES AND DENSITIES
Air density at zero height (barometer, 290-92 in.; temp., 15°C)
i8 0-07652 1b/ft.3
Relative Densities Associated with Conditions Stated
Height, Relative -
Feet, Pressure | Pressures Inter- Temperate | Tropical .
Basis (LC.A.N.) | national | Tropical an and Arotic
Standard | Maximum Arctic Temperate | Minimum
(I.C.A.N.) Maximum | Minimum
0 1-000 1-000 0-905 0-950 1-14 1-29
1 000 0-964 0-971 0-880 0-923 110 1-23
2 000 0-930 0-943 0-855 0-896 1-08 1-17
3 000 0-896 0-915 0-828 0-868 1-02 1-11
4 000 0-864 0-888 0-803 0-843 0-982 1.08
5 000 0-832 0-862 0-778 0-818 0-955 1-01
68 000 0-801 0-836 0-754 0-794 0-923 0-970
7 000 0-771 . 0-810 0-730 0-768 0-893 0-932
8 000 0-743 0-786 0-709 0-746 0-867 0-900
10 000 0-688 0-730 0-664 ‘ 0-700 ! 0-813 0-832
12 000 0-636 0-693 0-622 0-655 0762 0-778
14 000 0-587 0-650 0-583 0-615 0-714 0-727
16 000 0-542 0-609 0-5456 0-575 0-657 0-680
18 000 0-499 0-570 0-509 0-537 0-622 0-632
20 000 0-459 0-532 0-475 0-502 0-582 0-589
22 000 0-422 0-498 0-444 0-469 0-543 0-551
24 000 0-387 0-464 0-413 0-437 0-503 0:509
26 000 0-355 0-432 0-383 0-406 0-468 0-473
28 000 0-325 0-402 0-355 0-377 0-435 0-437
30 000 0-297 0-374 0-331 - 0-351 0-403 0-406
32 000 0-271 0-347 0-306 ; 0325 0-374 0-376
33 000 0-258 0-334 0294 1 0312 0-358 0-360
34 000 0-247 0-322 0-284 0-301 0-348 0-347
35 000 0-235 0-310 0-272 0-290 0-333
36 000 0-224 0-298 0-263 0-278 0-319
37 000 0-214 0-284 0-252 0-264 0-303
38 000 0-204 0-271 0-243 0-252 0-289
39 000 0-194 0-258 0-233 0-240 0-276
40 000 0-185 0-246 0-224 0-229 0-262
41 000 0-176 0-234 0-215 0-217 0-249
42 000 0-168 0-223 0-207 0-208 0-238
44 000 0153 | 0203 | 0188 0-217
46 000 0-139 0-184 0-172 0-197
48 000 0-126 0-167 0-1565 0-178
50 000 0-114 0-152 0-140 0-162
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use in designing aeroplane structure and equipment which
should remain airworthy when subjected to the appropriate
conditions.

Aeroplane performance will vary considerably within the
defined climates. It is not intended that any one stated per-
formance should be achievable throughout the whole envelope
of conditions, but rather that sufficient performance data
should be scheduled for an operator to determine the perform-
ance which will be achieved in particular conditions.

The climatic conditions given are conditions of the free
atmosphere. The temperatures achieved in an aeroplane in
these atmospheric conditions may be considerably higher. In
the absence of precise information as to surface finish, ventila-
tion, and type of engine, etc., the following maximum ambient
temperatures should be assumed—

Temperate
and Tropical
Arctic

In the interior of an aeroplane . . . . 45°C 60°C
For portions of the outer covering liable to be in the

sun and parts attached directly to such covering. 55°C 80°C
In an engine compartment for parts not attached

directly to the engine. Parts connected to the

engine may attain higher temperatures . . 100°C 100°C
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Cruising Speed

SEVERAL alternative methods have been suggested for finding
the T.A.S. for cruising.

Barthe’s Method
Consider the equation of § 2.4.1, slightly modified,
bw?
— 3 [
550nP = (aaV + 5 >

when P is the b.h.p. supplied to the propellers, V is the T.A.S. in
feet per second, and W is the instantaneous weight, and

a = }pSwCy,, b = 1peSyrAe’ as before.
2P0PwW

The power equation is equivalent to the quartic

2
aoV4 + bW _ 550PV = 0
g

or TV oV 4 82=0
5 -46¢ 6.
where o — 550nP _ ~ 5509P _ 0:1?_{5__)_( 108yP
ac 3pSwCp,0 Cp, - 0.Sw
1YX72 T T w2 T 0 7
and p— [PV _ A/,-W,JY.V?,. L 00a74d X 10W
ag? 3mpe*Sw?AeCp ,0? oSwV. AeCp,

The solution can now be shown in the form of a chart (Fig.
107) giving the value of V for different values of « and B.
The method is amenable to changes in the parameter. If we
are using Constant Power, at a given height, we can estimate
the mean weight for the trip from the fuel flow; hence « and g
are known, and the answer found for V will be the mean T.A.S.
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Methods Introducing n and p

We have seen in § 2.8.7 how to find the indicated speed for
minimum drag

Veu= (i) () = (5) vim e

0 that the T.A.S. for minimum drag, at a height given by g, is

1

u = \/a< >\/W ft/sec

CRUISING SPEED — M.P, H
[<¥=4 o
835938 338 | B |8

1

=

340
I\aso

A
LR

0 20 40 60 80 " 100 120 140 160
a/io

»N

F1a. 107, CHART SHOWING VALUES OF V FOR DIFFERENT VALUES OF
o AND f}

We can use § 2.4.1. to find the thrust power P, required for
this speed. Suppose that V is the actual T.A.S. ftfsec and
By the actual b.h.p.; and define the ratios p and = by

1By
P‘“ P“
-V
n = —
“ u

related by the equation p = } (n“ + %)
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If w and v are taken in miles per hour, the procedure is as
follows—
Fig. 108 shows a chart for finding u,

20
310
300
290
260
" AN
&0V
T 250 S
x
240
2230 NN
- 23V J ~ )
¢ N TN N
S0 N S
o N N ™~ _
= R TN R T T T
z on ™N \\ T~ \\\N !
1% J ] ™ 90
« N N I~ T~ |
%180 - Sl 80
I ™ s I |
al? < -
£ 10 N . B Y
2 150, \\1 ’\\ T 60
<Y N \\\ ] |
w140 ] - 50
130 M~ L |
30 =N
20| L 4] R
|mr \\\\ T | .
o N~ &
100 ] I
90 = 20
80
& 0 0415 02 0-28 03
4 Cp, x Ae
F1g. 108. VARIATION OF MINIMUM DRAG SPEED WITH CDz X Ae AND
Wyfo
. . w
where W, = wing loading = _—.
Sw
Wau
Now calculate P, = —————
Ae\!
332 é——-—
Dz

and hence find p==.
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Now use Fig. 109 to find #n. The T.A.S., in m.p.h. can then
be found from

V = nu.

20
'.9 s e
18 /
117 A
1°6
15 BN & RO R T S S
" /
13 4
]
Il

i :
0 1 12 113 4 s 16 1T s 19
SPEED RATIO (=V/u)

F16. 109. VAriaTiON oF DRAG Power RaTiO, p, WiTH SPEED RATIO, N

This method is extremely tedious and would only be tolerable
in cases when %, n, and p were required for other purposes. To
obtain an answer that means anything at all in practice, we
have again got to start with By and estimate W .
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Elementary Questions for the
Student

SoME of the answers to the elementary questions which follow
can be found in the preceding text; the remainder are put in to
remind the reader of certain facts in basic aerodynamics and
piston-engine theory, which should be general knowledge.

1. Theory of Flight
(a) Lift

(1) Explain why all sections of a finite aerofoil operate at less than the
geometrical angle of attack.

(2) Explain the term ‘‘downwash,” and the effect of downwash on the
setting of the tail-plane of a conventional aircraft.

(3) Explain the object and function of—

(a) slotted flaps, at take-off;
(b) split flaps, on the approach ;
(¢) wing-tip slots;
(d) spoilers, on the upper surface of the mainplane.
(4) What is likely to be the effect of the propeller slip-stream on—
(a) rudder effectiveness;
(b) engine-off stalling speed ?

(5) Explain what is meant by the ‘‘aerodynamic centre” of an aerofoil

section.
(b) Drag

(1) Explain what is meant by ‘‘skin friction drag,” and how it may be
lessened.

(2) Explain the meaning of: («¢) ‘‘form drag”’;

(b) ‘‘interference drag.”

(3) Draw a rough graph to show how total drag varies with indicated speed.
What is the effect of (a) height, (b) weight, on the true speed for
minimum drag ?

(4) Give examples of how the drag of an aircraft may be intentionally
increased, and describe their effects on the ‘‘gliding angle.”

(6) Explain the terms: (a) ‘‘cooling drag”:

(b) ‘“‘intake momentum drag’’ ;
and describe under what conditions each is liable to increase.
(¢) Performance

(1) Explain what is meant by the ‘‘critical speed” of an aircraft taking off
with one engine dead.

(2) What considerations are required to fix the ‘‘safety speed ” of an airoraft ?

(3) What extra precautions are necessary at take-off—

(¢) on a wet, grassy runway ;
(b) on an aerodrome in a tropical climate;
(c) on an aerodrome several thousand feet above sea-level ?

204
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(4) The best forward speed of an aircraft on the climb varies between the
minimum-drag speed at sea-level and the minimum-power speed near
the ceiling : explain the reasons for this.

(5) What is meant by the ‘“‘minimum speed for comfortable cruising”?
Under what conditions may the aircraft be flown at a lower speed ?

2. The Atmosphere
(a) The Qas Laws

(1) Distinguish between isothermal. isentropic, and polytropic expansions.

(2) State the relation between pressure, density, and temperature on any
consistent system of units (which must be clearly defined).

(3) Explain the statement: ‘‘the standard density of dry air is 0-002378
slugs per cubic foot.”

(4) Explain how to convert a manifold pressure in inches of mercury into a
plus or minus boost pressure in 1b per square inch, and give an example.

(5) Explain why the temperature of the air on the bulb of a thermometer
in & moving aircraft is liable to be greater than the temperature of
the surrounding air.

(b) The I.0.A.N. Atmosphere

(1) Give the I.C.A.N. lapse rate of temperature (a) in the troposphere; (b)in
the stratosphere; and sketch curves to show how I.C.A.N. pressure
and density vary with height.

(2) Give reasons for the necessity for ha.ving a standard atmosphere.

(3) Explain the term ‘‘relative density,” and why it is important in aircraft

performance investigations.

4) Explam the difference between ‘‘pressure height” and ‘‘density height,”
and for what purposes each is used.

(6) Explain the term ‘‘Mach Number,” and why the local velocity of sound

depends upon temperature.
(c) Speeds
(1) Explain the difference between ‘‘true air-speed” and ‘‘equivalent air-
’ speed.”
(2) Explain the cause of ‘position error,” and what must be done to allow
for it.

(3) State in general terms the effect of compressibility on the A.S.I. reading
and briefly explain the reasons.

(4) Give suitable conversion factors for turning feet per second, miles per
hour, kilometres per hour, and knots into each other.

3. Power Plants

(a) Piston Engines

(1) Explain what is meant by the statement: In the ideal four-stroke petrol
engine oycle, heat is supphed and rejected ‘‘at constant volume.”

(2) Explain *‘thermal efficiency,” and how it depends upon compression
ratio. What considerations set an upper limit to compression ratio ?

(3) Explain what is meant by the ‘“‘octane rating” of a fuel. How can the
octane number be raised ?

(4) Give a brief explanation of: (a) detonation;

(b) pre-ignition.

(6) Give a brief explanation of the object and operation of single-speed
supercharging.

(8) State the requirements of an aircraft carburettor. Indicate those where
the choke-type carburettor is unsatisfactory.
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(7) Give exact definitions of: (a) rated boost;
(b) international r.p.m.;
(c) rated altitude;
(d) rated, or international, power.

(8) Give reasons why specific fuel consumption is lowered by using low r.p.m.
and high boost.
(9) Explain the main objects of a two-speed supercharger, and the probable
effects of using the higher gear on fuel consumption.
(10) Explain why air miles per gallon depend upon (a) aircraft drag; (b) pro-
peller efficiency; (c) engine specific fuel consumption.
(11) Explain the advantages and disadvantages of cruising—

(a) at constant power;
(b) at constant indicated air-speed ;
(c) at maximum air miles per gallon.

(12) Explain what is meant by the ‘‘mean weight’ of an aircraft, and how
its use facilitates range calculations.

(b) Gas-turbine Engines

(1) Explain what is meant by saying that the ideal gas-turbine engine
operates on the ‘‘constant pressure” cycle.

(2) Explain the object of the compressor; and indicate briefly what limits
the practicable pressure ratio.

(3) Give a list of the more important advantages of the gas-turbine engine,
when compared with the piston engine.

(4) Explain the term ‘‘propulsive efficiency,” and on what mein factors it
depends; and sketch a rough graph comparing the propulsive
efficiency of jet and propeller as speed varies.

(56) Sketch a typical combustion chamber, and indicate how it deals with
the large air/fuel ratio involved.

(6) Explain the function of the turbine assembly; and indicate briefly the
main manufacturing difficulties in its production.

(7) State and explain the effect of aircraft height on specific fuel con-
sumption.

(8) Explain the meaning of ‘‘ram,” and how it is utilized in the gas-turbine

engine.
(9) State the effects of forward speed on jet thrust; and of climbing on
specific fue] consumption.
(10) State the operating conditions best suited to the gas-turbine engine, to
ensure maximum fuel economy.
(11) Give a list of the main engine controls and engine instruments required
in the cockpit of a gas-turbine-engined aircraft.

4. Propellers

(1) Fill in the blanks in the following statements—
‘“‘Constant speed airscrews incorporate a mechanism which insures that

the.....ccei of the airscrew is maintained at a predetermined
value, whatever the forward speed,............c.cccoocrrriris v yand.....cooieiennnes
ml:()i' be; and this is achieved by adjusting the................. .............c...... of the
blades.”

(2) Describe the main features of a constant speed unit.

(3) Give reasons why there exists an optimum diameter of blade for a
particular aircraft.

(4) Explain why a reduction gear is necessary between engine and propeller.

(5) State some of the advantages of contra-rotating airscrews.
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5. Flying Controls and Stability

(1) Cross out the incorrect statements in the third and fourth columns of

the following table—
Control Aircraft Movement of Movement of Control
Surface Movement Control Surface Column or Pedal
Aileron Turn to 1. Port aileron up, 1. Wheel clockwise
port stbd. aileron down

2. Port aileron down, 2. Wheel anti-clockwise
stbd. aileron up

Elevator Climb 1. Elevator down 1. Column forward
2. Elevator up 2. Column backwards
Rudder Turn to 1. Rudder(s) to port 1. Left pedal down
port 2. Rudder(s) To stbd. | 2. Right pedal down

(2) Explain the object of a large fin area, and what bearing this has on the
area of the rudder. (Consider in particular an aircraft flying with one
engine dead.)

(3) Explain what is meant by the ‘‘hinge moment’ on a control surface,
and describe how the hinge moment can be reduced to zero by means
of & ‘“‘trim tab.”

(4) Explain the working of three of the following methods of lightening the
control loads by means of aerodynamic balance: nose balance, horn
balance, geared tabs, spring tabs.

(5) Explain the object of: (a) ‘‘ frise” ailerons,

(b) ailerons with differential gearing.

(6) Explain the reason for a control surface being mass-balanced dynamic-
ally, and how this can be achieved in practice.

(7) Define the term “static longitudinal stability,” and explain what is
meant by the ‘‘neutral point.”

(8) Distinguish between *‘stick-fixed” and *stick-free” conditions of an
aircraft; and explain why an aeroplane flying at high speed is approxi-
mately in the stick-free condition.

(9) Explain the meaning and cause of ‘“‘auto-rotation.”

(10) Explain the effect of dihedral during a sideslip.

(11) Explain the meaning and origin of “tail-buffeting.”

(12) What corrective measures would you apply if an aircraft tended to fly
with one wing low ?

6. Loading

(1) Explain the necessity for a forward limit to c.g. position, and the probable
effects of exceeding the limit.

(2) Explain the necessity for a rear limit to c.g. position, and the probable
effects of exceeding the limit. '

(3) At what periods during a flight, between take-off and touch-down, will
incorrect loading be most noticeable to the pilot

(4) What steps must be taken to make sure that the aircraft will be correctly
loaded at the end of a flight, as well as at the beginning ?

(6) What do you understand by static longitudinal stability ?

(68) In the absence of a loading diagram or slide rule, how would you verify
that the distribution of the loads will retain the o¢.g. within the
limits laid down in the C. of A., for & complete flight ?
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(7) If the o.g. of an airoraft is correct, what effects would you expect if you
(a) exceeded the maximum permissible take-off weight ?
(b) exceeded the maximum permissible landing weight ?
(8) A weighbridge is large enough to take (a) the main wheels, (b) the nose
wheel or tailwheel, but not all three together. Explain how (for either
a tno{ole or conventional landing gear, but not for both) you would
find the c.g. position, tail down.
(9) Explain how to convert 1 gal of—
(a) 100 octane petrol,
(b) kerosene,
(¢) engine oil,
into (i) pounds, (ii) kilograms; at standard temperature and pressure.
(10) Explain the terms: (a) ‘‘disposable load,”
(b) ‘‘wing loading,”
(c) “power loading,”
(@) *‘volumetric restriction on loading.”
(11) What considerations have to be borne in mind when fixing—
(a) the maximum take-off weight,
(b) the maximum landing weight.
(12) Give a rough sketch showing how payload may be expected to vary
with range, and explain why the maximum payload is constant over
the shorter ranges.
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A. anp A.E.E,, Boscombe Down, 149
Accelerate and stop, distance to,91, 93
Acceleration, 4
at take-off, 97
of gravity, b
Accountability, temperature, 102
Adiabatic, the, 15
expansion, 19
Aerodrome, high altitude, 102
conditions, adverse, 87 et seq.
gize of, 93, 230
Air intakes, 80
navigation directions, 113
temperature, 89
Aircraft, cost of, 228
size of, 240
Aircrew fatigue, 271, 272
relief, 270
Airframe depreciation, 189
Air-fuel ratio, 44, 256
Airline operation, economic aspects
of, 228 et seq.
Air-miles per gallon, 140 et seq.
per pound, 259 et seq.
Airport traffic control, 113 ez seq.
Air-speed—
calibrated, 30
equivalent, 27
indicated, 27
rectified, 30
true, 27
Allowances, 110, 188 et seq., 205
All-up weight, choice of, 221
All-wing aircraft, 224
Altitude, 89, 126
A.R.B,, 87, 92, 96, 98, 286
Arm of dead engine, 87
Armstrong Siddeley, 65
Atmosphere control, 271
I.C.A.N,, 20, 282, 284
Augmenter, 78
Australia, 82

BAkER, F. B., 229

Barostat, 256

Barthe, 290

Baulked landing, 99

Bernoulli’s theorem, 15, 28

Boats, flying, 240

Boost control, automatic, 51
pressure, 18, 44, 45, 51, 56

Brabazon, 241, 270

Brake horse-power, 33, 37

Brake mean effective pressure, 61

Braking, differential, 89

Bristol Aeroplane Company, 66, 77,
230, 265

Brown-Boveri, 75

CARBURETTOR maladjustment, 189

Certificate of Airworthiness, 94, 113,
234

Characteristic curves for pure jet,
248

Clearance, air traffic, 126

Climate, standard, 286 et seq.

Jlimatic conditions, adverse, 100 et

seq.
Climb—
allowances for, 178
gradient of, 96
rate of, 96, 108
Climbing speed, 107, 267
Clyde, 68
Combustion, 271
chambers, 79, 81
Comet, 230, 245, 270
Comfort, passenger, 271
Compressibility—
effects, 272
error, 28
Compressor power, 252
Compressors, 66 et seq.
axial, 77 et seq.

Constant—
air-speed flying, 150, 158 et seq., 169
€t seq.
power flying, 150, 156 et seq., 164
et seq.

pressure cycle, 68
Constellation, 107, 108
C'ontrol—

air traffic, 132

zones, 134
Corporations, British Airline, 229
Correction chart, 23
Costs per ton mile, 214
Critical point, 90, 91, 96

speed, 88, 90, 91
Croydon, 101
Cycle—

closed, 75

constant pressure, 68

D.C. 3, 101

D.E.D. corrections, 54
de Havilland, 65, 27
De-icing, 271
thermal, 233
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Density, 19

height, 23

relative, 19, 22
Derwent, 66, 74
Design, m.ma] 229
Development cost, 229
Dimensions, 8, 275 et seq.
Discharge velocity, 76
Disposable load, 207 et seq.
Distance-speed chart, 165
Diversions, 197
Drag, 11

airframe, 141

coefficient, 31

curve, 31, 34

induced, 32 ¢

intake momentum, 57

parasitic, 32

power curves, 73

ratio, 292

speed for minimum drag, 35, 142

Drill, need for, 87

Economic aspects of airline opera-
tion, 279
Edwards, G. R., 228
Efficiency—
adiabatic, 79
factor, N.A.C.A,, 31
Froude, 76
propeller, 33, 37, 63
propulsive, 251, 253
thermal, 253
Energy, 13
conservation of, 14
kinetic, 13
potential, 14
Engine failure, 87, 185, 197
Engine power—
charts, 46
variation of, with atmospheric den-
sity, 103
Entropy, 69
Equivalent—
brake horse-power of propelled jet,
249 et seq.
geographical mileage, 111
still air mileage, 193
Exhaust—
area, 82
thrust, 53
Expansion ratio, 76

Fax, ducted, 78

Fire risk, 232

Flaps, 106, 230, 233

Flight graphs, 198
manual, 94
plans, 118, 121, 127, 128, 195, et seq.
testing, 32
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Force, 9
Friction, coefficient of, 89
Froude efficiency, 76
Fuel—
allowances, 188 et seq.
charts, 166, 171, 173, 180 et seq.,
211
consumption of jet engines, 79, 245
of piston engines, 108
costs, 211
effect of temperature on s.g. of, 52
flow, 82, 140, 277
power, 252
Full throttle height, 45, 46, 52

Gas—

laws, 16

turbine engines, 64 et seq.
Gearing, reduction, 78
Geographical mileage, equivalent, 111
Goblin engine, 65
Gradient—

of climb, 96

take-off, 89
Ground miles per gallon, 147
Gusts, 271

HanbLEY-PAGE, 245, 270
Head—
dynamic, 15
pressure, 15
Headwinds, 146, 160, 174, 176, 188
Heat exchangers, 76
Heating losses, 75
Height—
choice of, 204, 261
density, 23
eﬁ'ectof 100, 143, 199, 247, 251, 261
pressure, 22
Hercules engines, 47
Hermes, 32, 230, 245, 270
High lift devices, 106
Holding, aircraft, 131
Horse-power, 12
indicated, 44, 56, 57
shaft, 71
thrust, 12, 152
Hufton, P.H., 100

I.C.A.N. atmosphere, 20, 103, 282
et seq., 286
I.C.A.0., 87, 92, 95, 98, 98, 99, 103,
230 .
Icing conditions, 54
Indicated—
horse-power, 44, 56, 57
speed, 27
Inspections, 234

Instrument error, 27
flight rules, 125, 132
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Inte, method per range ecalcu-
ation, 164
Intercommunication, 116

Isothermal, 19

Jawnus, 77
Jot—
engines, 64 et seq., 84, 245 et seq.
pipe, 83
velocity, 71
Jets—
propeller, 65
pure, 656
Joule’s equivalent, 15, 252

LANDING, 87 et seq., 114
Landing weight, 206 et seq.
Lapse rate of temperature, 20
Lift, 11

coefficient, 31

devices for high, 106

drag ratio, 37

maximum, 106
Loading, power, 105

wing, 105

MaAcH number, 28, 74, 82, 272, 281
Maintenance, 234 et seq.
Manifold pressure, 18, 56
Masefield, P. G., 228
Mass, 6
Maximum—
range flying, 148, 159 et seq., 172
et seq.
spoed increased to fixed percen-
tage, 176
Mean effective pressure, 44
weight, 156
Meteorological questions, 271
Minimum—
control speed on ground, 88, 89
on climb, 95
drag speed, 35, 262
power speed, 38
speed for comfortable cruising, 149
Ministry of Civil Aviation, 113
Momentum, 6
conservation of, 7
Morgan, M.B., 105

N.A.C.A—

aerofoils, 31

efficiency factor, 31
Nacelles, overhung, 231
Navigational deviation, 189
Newton's—

first law, 3

second law, 9

third law, 7
Night stops, elimination of, 270
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Noise considerations, 230

No-lift angle, 31

Non-dimensional—
plotting, 102
quantities, 276

Nose wheel steering, 232

PASSENGER—
response, 239
weight, 208
Payload, 188, 206 et seq.
m.p.h., maximum, 224
Performance estimation, 40, 101
Petrol load, 194
Pierson, R. K., 194
Polar curve, 31
Position error, 27
Power, 12
absorbed by friction, 56
by supercharger, 56
at take-off, 77
available, 43
charts, engine, 46
curve, 37
loading, 105
required, 43
spoed for minimum, 38
Pressure, 18
boost, 18
head, 15
height, 22
in a gas-turbine engine, 73
manifold, 18
ratio, 70, 71, 76, 80
standard, 18
Pressurization, 232, 271
Propeller—
diameter, 230
efficiency, 33, 37, 63, 141
jets, 65, 249 et seq.
turbine, 74
Propellers, reversible pitch, 245
Propulsion efficiency, 251, 253
Python, 65

Q-copk, 136
RADIO-TELEPHONE communication,

Ram effects, 53, 78, 2556
Range—
choice of, 211 et seq.
formulae, 154, 156 et seq., 164 et seq.
optimum, 212
Rayleigh's formulae, 280
Receipts per ton mile, 214
Records, value of, 235 et seq.
Refrigeration, 233
Re-fuelling, 218 et seq.
Reliability, 234
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Relief aircrew, 270

Replacement, 229

Reports en route, 128

Revolutions per minute, 44, 58, 257
Reynolds’ Number, 280

Rolls Royce, 66, 68, 77

Route analysis, 190

Rowe, N. E., 233

SA¥ETY speed, 88, 90, 98, 105
Salisbury, S. Rhodesia, 100
Saunders-Roe, 270
Scaling-up jet engines, 83
Servicing, 234
Shaft horse-power, 71
Signals, 115
Slug, 6
Sound, speed of, 28
Span, wing, 230
Specific air range, 140
consumption, 44, 45, 56, 57, 58, 70,
140, 141, 255, 257
heat, 16
thrust, 71
weight, 65
Speed, 3
best climbing, 39, 40
choice of, 219, 246, 249
critical, 88
engine-off stalling, 95, 96
for maximum endurance, 39
L/D, 37
range, 37, 149
indicated, 27
minimum control on ground, 88,
89
for comfortable cruising, 149
minimum drag, 35, 262, 291
power, 38, 107
ratio, 291 -
safety, 88
true, 27
Spencer, K. T., 102
Standard mean chord, 231
State, equation of, 16
Stops en route, 217, 270
Supercharger, 45, 56
two-speed, 60

TAKE-OFF, 87 et seq., 114
power, 77
safety speed, 98
weight, 206 et esq.
alteration in, 185
Tanks, fuel in, 190
Taxying, 114

PERFORMANCE OF CIVIL AIRCRAFT

Temperature, 18
accountability, 102
effects on engine power, 52
equivalent of a velocity, 17
in gas-turbine engine, 73
working, 64
Thermometer, compressibility correc-
tions to, 29
Theseus, 66, 68
Thrust—
exhaust, 53
horse-power, 12, 252
of pure jets, 246 et seq.
specific, 71
Thrustmeter, 33
Time of flight, 179 et seq., 188
Time-speed chart, 166
Torquemeter, 32
Trattic control, airport, 113 et seq.
Trent, 77
Tricycle undercarriage, 87
Tropical conditions, 54, 100
Tudor, 32, 229, 233, 239
Turbine, 64 et seq.
Two-stage compressors, 79

UNDERCARRIAGE retraction, 98
Units, 5

Utilization, 238, 270
Uxbridge, 134

VECTOR, 3
Velocity, 3
temperature equivalent of, 17
Vickers, 228, 230, 245, 270
Viking, 108
Viscosity, 279
Viscount, 230, 245, 270
Visual Flight Rules, 121

WAKE power, 252
Weak mixture range, 44
Weight, 12
effect of, 266
mean, 156
specific, 65
Whittle, 64
Wind—
components, 148
tunnel, 31, 43
velocity, 89, 90
Wing loading, 105, 292
Work, 12
Working conditions, 73

Zongs, 195 et seq.
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