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When it was time to take my private pilot written examination in 1955, my flight instructor
handed me a pocket-size booklet. It was published by the Civil Aeronautics Administra-
tion (FAA’s predecessor) and contained 200 true/false questions (including answers).

“Study these well,” he cautioned with a wink, “because the test consists of 50 of these.”

As I flipped through the dozen or so pages, my anxiety about the pending examination
dissolved into relief. Nothing could be easier, I thought. One question, for example, stated
“True or False: It is dangerous to fly through a thunderstorm.” Really. (I passed the test
with flying colors —but so did everyone else in those days.)

The modern pilot, however, must know a great deal more to hurdle today’s more-
challenging examinations. This has resulted in a crop of books developed specifically
to help pilots pass tests. Unfortunately, some do little else, and the student’s education
remains incomplete.

An exciting exception is The Pilot’s Manual series. These voluminous manuals provide
far in excess of that needed to pass examinations. They are also chock-full of practical
advice and techniques that are as useful to experienced pilots as they are to students.

The Pilot’s Manuals are a refreshingly creative and clever approach that simplifies
and adds spice to what often are regarded as academically dry subjects. Reading these
books is like sitting with an experienced flight instructor who senses when you might
be having difficulty with a subject and patiently continues teaching until confident that
you understand.

Barry Schiff
Los Angeles

Barry Schiff has over 27,000 hours in more than 320 types of aircraft. He is retired from Trans World
Airlines, where he flew everything from the Lockheed Constellation to the Boeing 747 and was a check
captain on the Boeing 767. He has earned every FAA category and class rating (except airship) and
every possible instructor’s rating. He has received numerous honors for his contributions to aviation.
An award-winning journalist and author, he is well known to flying audiences for his many articles
published in some 100 aviation periodicals, notably AOPA Pilot, of which he is a contributing editor,
and ASA publishes several of his titles.
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Forces Acting on an Airplane

Like all things, an airplane has weight, the force of gravity that acts through
the center of the airplane in a vertical direction toward the center of the earth.
While the airplane is on the ground, its weight is supported by the force of the
ground on the airplane, which acts upward through the wheels.

During the takeoff roll, the task of supporting the weight of the airplane is
transferred from the ground to the wings (and vice versa during the landing).
While in level flight, the weight of the airplane is supported by the lift force,
which is generated aerodynamically by the flow of air around the wings. In
addition, as the airplane moves through the air it will experience a retarding
force known as drag, which, unless counteracted, will cause the airplane to
decelerate and lose speed.

Thrust counteracting drag

er:ﬁ\i’
E

e Drag

Thrust <& Drag

Figure 1-1 Drag counteracted by thrust.

In steady (unaccelerated) straight-and-level flight, the drag (or retarding
force) is neutralized by the thrust (figure 1-2). In most smaller airplanes, thrust
is produced by the engine-propeller combination; in pure-jet airplanes, the
thrust is produced by the gas efflux, without the need for a propeller.

In figure 1-3, the forces are equal and opposite, canceling each other out, so
that the resultant force acting on the airplane is zero, and it will neither accel-
erate nor decelerate. In this situation the airplane is in a state of equilibrium:

 weight is equal to lift, and acts in the opposite direction; and

o dragis equal to thrust, and acts in the opposite direction.

During steady (unaccelerated) flight the four main forces are in equilibrium
and the airplane will continue in level flight at the same speed.

For the type of airplane you are likely to be flying during your training,
the amount of the lift (and therefore the weight) during cruise flight will be
approximately 10 times greater than the drag (and thrust). This relationship
of lift to drag is very important and is referred to as the lift/drag ratio. The L/D
ratio in this case is 10 to 1.

If the airplane is to accelerate in level flight, the thrust must exceed the
drag; if the airplane is to be slowed down in level flight, the thrust must be
less than the drag. A state of equilibrium does not exist during acceleration
or deceleration.

Weight

%rﬁﬁ

Ground reaction

Lift

Weight

Figure 1-2
The airplane is supported by the
ground, and in the air by lift.

L Lift
(2,000 pounds)

(200 pounds
(200 pounds)

Weight
W (2,000 pounds)

Figure 1-3 The four main
forces are in equilibrium during
unaccelerated flight.
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Li GRAVITATIONAL FORCE (WEIGHT)

Gravity is the downward force attracting all bodies vertically toward
the center of the earth. The name given to the gravitational force
is weight, and for our purposes it is the total weight of the loaded
airplane. This weight is called gross weight, and it may be considered
to act as a single force through the center of gravity (CG).

Center of gravity

ﬁ/

)

g/ l The CG is the point of balance. Its position depends on the weight
and position of the various parts of the airplane and the load that it
Balancingforce g carrying. If the airplane were supported at its center of gravity, the

The position of the CG is airplane would be balanced.
S B The weight of an airplane varies depending on the load it has to

Weight ymbol: - &

carry (cargo, baggage, passengers) and the amount of fuel on board.
Figure 1-4 Airplane gross weight will gradually decrease as the flight progresses
Weight acts downward through and fuel is burned off. The magnitude of the weight is important and

the center of gravity (CG). T . . .
gravity (CG) there are certain limitations placed on it—for instance, a maximum

takeoff weight will be specified for the airplane. Weight limitations
depend on the structural strength of the components making up the
airplane and the operational requirements the airplane is designed
to meet.

The balance point (center of gravity) is very important during flight because of its
effect on the stability and performance of the airplane. It must remain within carefully
defined limits at all stages of the flight.

The location of the CG depends on the weight and the location of the load placed in
the airplane. The CG will move if the distribution of the load changes, for instance by
transferring load from one position to another by passengers moving about or by transfer-
ring fuel from one tank to another. The CG may shift forward or aft as the aircraft weight
reduces in flight, such as when fuel burns off or parachutists jump out.

Wing Loading

Both weight and balance must be considered by the pilot prior to flight. If any limitation
is exceeded at any point in the flight, safety will be compromised. (A detailed study of
weight and balance appears in chapter 11.) A useful means of describing the load that the
wings carry in straight-and-level flight (when the lift from the wings supports the weight
of the airplane) is wing loading, which is simply the weight supported per unit area of wing.

Wing loading = weight of the airplane

wing area

Example 1-1

An airplane has a maximum certificated weight of 2,600 pounds and a wing area of 200
square feet. What is its wing loading at maximum weight?

weight 2,600
wingarea 200

Wing loading = = 13 pounds/square foot

Ground School Aerodynamics



AIRFLOW AND AIRFOILS

An airfoil is a surface designed to lift, control, and propel an airplane.
Some well-known airfoils are the wing, the horizontal stabilizer (or tail-
plane), the vertical stabilizer (or fin), and the propeller blades. A wing is
shaped so that as the air flows over and under, a pressure difference is
created—lower pressure above the wing and higher pressure below the
wing—resulting in the upward aerodynamic force known as lift. The wing
also bends the free stream of air, creating downwash. The total reaction
has a vertical component to lift the aircraft or change its flight path, and
it has a rearward component, drag, which resists the movement of the
wing through the air.

The airplane’s control surfaces—ailerons, elevator, and rudder—form
part of the various airfoils. You can move these to vary the shape of each
airfoil and the forces generated by the airflow over it. This enables you
to maneuver the airplane and control it in flight. These control surfaces
also operate based on Newton’s Third Law of Motion, which says that
every action has an equal and opposite reaction. By deflecting the free
stream of air that flows over them, control surfaces cause the airplane to
roll, yaw or pitch as the reaction.

The wing shape can also be changed by extending the flaps to provide
better low-speed airfoil characteristics for takeoff and landing.

Airflow Around an Airfoil

The pattern of the airflow around an airplane depends on the shape of
the airplane and its attitude relative to the airflow. There are two airflow
types: streamline flow and turbulent flow.

Laminar Flow

If successive molecules or particles of air follow the same steady path in
a flow, then this path can be represented by a line called a streamline.
There will be no flow across the streamlines, only along them. There is
no turbulence or mixing, hence the name laminar (layered) flow. At any
fixed point on the streamline, each particle of air will experience the same
speed and pressure as the preceding particles of air when they passed
that particular point. These values of speed and pressure may change
from point to point along the streamline. A reduction in the speed of
streamline flow is indicated by wider spacing on the streamlines, while
increased speed is indicated by decreased spacing of the streamlines. The
existence of streamline flow is very desirable around an airplane because
streamlined flow offers the least drag.

Figure 1-9 Laminar flow.

Figure 1-5
Airfoil shape.

Figure 1-6
Left aileron.

Figure 1-7
Vertical stabilizer and rudder.

Figure 1-8
Wing flaps.
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Turbulent Flow

_>—/¥
e — NN D RN
Q e In turbulent flow, the airflow does not follow a streamlined pattern.

Q‘j}u'rbuleit_ IIO\'/D

—>—\//}°}%5>gj Succeeding particles of air may travel a path quite different to the
- preceding parcels of air. This turbulent flow is also known as unsteady
Separation point . . ot tlow, vortices or eddying, and is an undesirable feature in most phases of

—/\
ﬁ\ flow flight. The point where the airflow around a surface becomes turbulent
20

N is called the transition point. The point where the turbulence is so severe
X that the airflow separates from the surface of an airfoil is known as the
separation point (see figure 1-10).

Figure 110 Turbulent flow. The wing of an airplane pushes and induces the air downwards and
forwards, because of its shape, angle of attack, and speed. The reac-
tion is an upward/rearward force called the total reaction. The upward
component of this reaction lifts the airplane (i.e. it overcomes gravity),
and the rearward force (drag) is the force that must be overcome by the

it g g o engine and propeller.
' How the wing generates the action and total reaction has been a subject
E of theoretical debate for many years. You may hear theorems oflift due to:
o Bernoulli’s principle (pressure inequalities);
« circulation theory (vortices); and
o Coanda effect (downwash).

The end result of these is that the passage of the wing causes down-
Figure 1-11 Total reaction. wash, and the reaction causes lift and drag (Newton’s third law). The
most common explanation of lift is given by Bernoulli’s principle, but
this theorem is by no means the whole story.

Energy and Pressure

There are two types of mechanical energy:
« potential energy (due to height—for example, the pressure in a faucet is a function
of the relative height of the water tank); and
« kinetic energy (due to speed).

Energy management The sum of potential energy and kinetic energy when combined is mechanical energy;,
s thetpr;/apess OC’; which is a direct measure of the total energy available to the aircraft (for the purposes
controlling an .
monitoring aircraft of this textbook).
altitude and airspeed. Flight controls (specifically the throttle and elevator) play a significant role in the

management of aircraft mechanical energy. You can think of the throttle as the total
energy controller and the elevator as the total energy distribution controller. The throttle
is used to set engine thrust to match the total energy demanded for a specific flight
profile (vertical flight path and airspeed) and the elevator is used to set the vertical pitch
to maintain the distribution of total energy for that profile.

An airplane at 10,000 feet has the potential to dive and accelerate. An airplane at low
altitude and high speed has the capacity to zoom up to a higher altitude. Thus any body
has a total bank of energy that can be exchanged as speed or height (with some losses in
the exchange process).

For a gas, mass equates to density and energy equates to pressure. The pressure forces
exerted by air are caused by:

« static pressure (a function of height); and

o dynamic pressure (due to speed).

6 Ground School Aerodynamics



Static pressure is caused by gravity. The stack of air molecules in the earth’s atmosphere
causes the lower molecules to be squashed (less volume, greater density) and the upper
molecules to be relaxed (more volume, less density). Dynamic pressure is caused by air
moving against an object (wind and turbulence) or by an object trying
to move through the air.

The forces experienced by an aircraft are a combination of staticand | caging-edge

: : : : : : : stagnation point
dynamic pressure. If the aircraft is stationary, it experiences only static

pressure is equal in all directions—up, down, and all around. As soon ~»——

as the airplane moves through the air, the static and dynamic pressures

Area of reduced
static pressure

T

atmospheric pressure (and any dynamic pressure due to wind). Static g

——

Downwash

> Area of increased —™——
e

change, while the total pressure remains constant. Thus for any place pressure
on the aircraft when the dynamic pressure increases, the static pressure Figure 1-12
drops. If the dynamic pressure reduces, the static pressure increases. This Pressure around an aitfoil.

is reflected around an airfoil, as shown in figure 1-12.

The dynamic pressure of a parcel of air moving relative to an object is
a function of its density. This density (and velocity) generates a force on
any object that tries to move through it. This force, when calculated per unit of surface
area, is called dynamic pressure. If you hold your hand up in a strong wind or out of the
window of a moving automobile, air pressure is felt because of the air striking your hand
and flowing around it. This pressure is dynamic pressure—pressure caused by the relative
movement between your hand and the air.

Dynamic pressure (represented by the symbol “q.”) involves air density (mass per unit
volume) which is denoted by the Greek letter rho (p). The more dense the air, the greater
the dynamic pressure:

Dynamic pressure (q) = ¥2p x velocity-squared = ¥2pV?

The strength of dynamic pressure therefore depends on:
o the velocity (speed in a particular direction) of the body relative to the air; and
o the density of the air.

Bernoulli’s Principle

The production of the lift force by an airfoil may be explained by Bernoulli’s principle
—also known as the venturi effect. Daniel Bernoulli (1700-82) was a Swiss scientist who
discovered this effect. A fluid in steady motion has a total energy. Air is a fluid, and if
we assume it to be incompressible, it behaves as a so-called “ideal” fluid. Bernoulli’s
principle states that for an ideal fluid the total energy in steady streamline flow remains
constant. Therefore:

Potential  kinetic

= constant total energy
energy energy

Within any steady streamline flow the total energy content will always remain constant,
but the relative proportions of pressure energy and kinetic energy can vary. If kinetic
energy increases because of a greater speed of flow, then potential energy will decrease
accordingly. This is explained by Bernoulli as fluid flowing through a tube. The mass
flow (total energy) is constant. If the opening is restricted (like the nozzle in a garden
hose), the velocity is increased.

Bernoulli’s principle

is the easiest
non-mathematical
way to understand the
production of lift (and
drag) by an airfoil.

Total energy in a
steady streamline flow
remains constant.

Chapter 1 Forces Acting on an Airplane



10 knots,
low
dynamic
pressure

40 knots,
high dynamic
pressure
(x16!)

Figure 1-13
Dynamic pressure increases with airspeed.

40 knots,
low air density
low
dynamic
pressure

40 knots,

high air density
high
dynamic
pressure

Figure 1-14
Dynamic pressure is greater in dense air.

The faster an automobile drives or the stronger the wind blows,
the stronger the dynamic pressure that you feel on your hand. This
is because of the greater number of air molecules that impact per
second.

Note. It is the relative velocity of the airplane and the airflow that
matters. The force is the same whether it is the airplane moving
through the air or the air is flowing over the airplane.

At the same speed, the denser the air, the more molecules per
second that will strike your hand and so the greater the dynamic
pressure. Density changes with altitude and temperature.

Note. Bernoulli’s principle may be used to explain many aspects
of aerodynamics, but only if it is assumed that air is incompress-
ible. At the private- and commercial-pilot level, such an assump-
tion is valid because we are mainly concerned with airplanes that
operate at relatively slow speeds and at altitudes below 10,000 feet.
At higher speeds and altitudes, compressibility of air must be
accounted for, but this is only applicable when you are studying
at the Airline Transport Pilot (ATP) level.

Lift and Thrust

Pressure is force per unit area—pounds per square inch (psi). This
force around an airplane is significant. Static pressure alone acts
on all sides of the airplane and thus cancels itself, until we use
dynamic pressure and the resultant differences in static pressure to
our advantage. It is an imbalance of forces that allows the airplane to
tly. The propeller causes reduced static pressure ahead and increased
static pressure behind. The force is called thrust and drives the
airplane forward. The airfoil section of the wing accelerates the air;
this causes a downwash and a change in static pressure between the
lower and upper surfaces. This is sufficient to carry the aircraft and
to maneuver it (change its flight path). The control surfaces cause
the change in flight path.

Airspeed

Dynamic pressure (q) and the term %:pV?2 are very important in avia-
tion. The airspeed indicator shows indicated airspeed (IAS), which is
not a real speed but a measure of dynamic pressure. Since dynamic
pressure is related to air density, the real speed of the airplane rela-
tive to the airflow can only be calculated if the change in density
due to altitude or temperature is recognized. This corrected speed
is known as true airspeed (TAS or V). Although indicated airspeed
is of most concern to you when flying, you will need to calculate
true airspeed for measuring time, fuel, and distance.

Ground School Aerodynamics



AIRFOILS

All parts of the airplane contribute positively or negatively to the total forces of lift and
drag, but it is the airfoil of the wing that is specifically designed to provide the lift needed
to support the weight of the airplane in flight. If a thin, flat metal plate is oriented parallel
to a streamline airflow, it causes virtually no alteration to that airflow, and consequently
experiences no reaction (aerodynamic force). If, however, the plate is inclined with respect
to the airflow, it will experience a reaction that tends to both lift it up and drag it back.
This is the same effect that you feel if you hold your hand out the window of a moving
vehicle. The amount of reaction depends on the relative speed and the angle between the
flat plate (or your hand) and the airstream.

Because of the angle of the plate to the airflow, the straight-line streamline flow of the
air is disturbed. A slight upwash is created in front of the plate, causing the air to flow
through a more constricted area, almost as if there was an invisible venturi above the
plate. As it passes through this constricted area, the air speeds up. The velocity increase
produces a decrease in static pressure (Bernoulli’s principle).

The static pressure above the plate is now lower than the static pressure beneath the
plate, causing a net upward and rearward reaction. After passing the plate there is a
downwash of the airstream. Note that if the angle of the flat plate to the airflow becomes
too large, the streamline airflow breaks down resulting in less lift and more drag. See
figure 1-15.

Total reaction
Total reaction

No reaction

Y 'y

Angle of attack Downwash

Y|y

Figure 1-15 Airflow can lift a flat plate (but not efficiently).

The reaction, or aerodynamic force, on the plate caused by its disturbance of the airflow
has two components:

« one at right angles to the relative airflow, known as ift; and

o one parallel to the relative airflow, opposing the relative motion, known as drag.

Airfoil Shape

A flat plate is not the ideal airfoil shape because it breaks up the streamline flow, causing
eddying (turbulence), with a loss of lift and a great increase in drag. In addition, it is
difficult to construct a thin, flat wing (no strength, no internal structure).

Leading Leading
e ( T — oS
edge g

A cambered airfoil A symmetrical airfoil

Figure 1-16 Examples of various airfoil shapes.
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A cambered airfoil surface not only generates more lift and less drag compared to a flat
plate, it is also easier to construct in terms of structural strength. Airfoils can have many
cross-sectional shapes. Airplane designers choose the shape with the best aerodynamic
characteristics to suit the role of the airplane.

Camber

Camber is curvature. Aviation pioneers, such as Wilbur and Orville Wright, experimented
with different curved (cambered) shapes and found that the degree of curvature, the
point of maximum curvature, and the ratio of thickness to length were critical. Later
designers found that the shape of the upper curvature was more important than the lower
curvature, and therefore they could have a thicker, lighter, stronger wing with internal
storage capacity for fuel and structure with no aerodynamic penalty. Thick wings with a
large camber have a good lifting ability, making them suitable for low-speed flight. The
position of greatest camber is usually about 30 percent back from the wing leading edge.
As camber increases, the airflow path lengthens, resulting in the airflow speeding up,
static pressure reducing and lift and drag increasing.

Mean camber line Same camber,
different thickness )
Symmetrical
i ———
/ ? :_ —
Camber Chord line

Figure 1-17 A cambered airfoil with internal structure.

Lift

Lift

A

-

J.\ —/—\

F520

Rw
——————

Figure 1-18 More camber, more lift, less drag.

equal Wings with less camber give a better cruise performance but a higher takeoff and
éf%g landing speed (and distance). Aircraft and airfoil design is a compromise to suit customers’
Mean camber line requirements.
Figure 1-19 .
Mean camber line. Mean Camber Line

The mean camber line is the line drawn halfway between the upper and lower surfaces of
the airfoil cross-section. This line gives a picture of the average curvature of the airfoil.

Camber

FigUfeb1'20 The camber is the maximum distance between the mean camber line and the chord line.
amoper.
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Chord Line
The chord line is the straight line joining the leading edge and the trailing edge of the  /~ chordline” ~~~=—

airfoil or, in other words, the straight line joining the ends of the (curved) mean camber | Chord
line. .
Figure 1-21
Chord line.
The Chord

The length of the chord line is called the chord of the wing. It varies from the wing root
to the wing tip, so we use the average (mean) chord.

AERODYNAMIC FORCES

In normal flight, the static pressure over most of the upper surface of the airfoil is slightly
reduced when compared with the normal static pressure of the airflow well away from the
airfoil. The static pressure beneath much of the lower surface of the airfoil is greater than
that on the upper surface, because a greater number of air molecules are impacting the
airfoil’s lower surface and the airflow is being slowed down. This pressure difference is the
origin of the total aerodynamic force exerted on the airfoil, with the greater contribution
coming from the upper surface.

7 — Loy >3 Relative
s -
I Statje < airflow
» \

Figure 1-22 The production of lift and drag.

Aerodynamic
force

In the same way that the total weight of an airplane can be considered to act through a
single point—the center of gravity—the aerodynamic forces on an airfoil can be consid-
ered to act through a single point known as the center of pressure (CP) or center of lift.

It is convenient for us to consider the aerodynamic force (total reaction) in its two
components: lift and drag:

o lift is the sum total of the components of the aerodynamic force at right angles, or

perpendicular, to the relative airflow; and

o drag is the total of the component of the aerodynamic force parallel to the relative

airflow and opposing motion.

Total

Pressure - Same airfoll, reaction (TR)
distribution same situation
0 AN
N
AN
A
A i
I I
) —
> —

Center of
pressure

Figure 1-23 The aerodynamic force acts through a point on the wing called the center of pressure.
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reaction
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Angle of !
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Relative air flow = -

Figure 1-24 Relative airflow (measured relative to the “free-stream” airflow).

The center of pressure is the point through which the equivalent single force (TR)
would act to cause the same effect as all the component forces distributed over the wing.

The relative airflow, or relative wind, refers to the relative motion between a body and
the remote (free stream) airflow—that is, the airflow far enough away from the body not
to be disturbed by it. The relative airflow is the direction opposite to the flight path of
the airplane.

The angle of attack is the angle between the chord line of an airfoil or wing and the
remote relative airflow. It is represented by the Greek letter o (alpha).

Note the following.

1. Do not confuse the pitch attitude of the airplane (relative to the horizontal) with the

angle of attack of the airfoil (relative to the remote airflow). See figures 1-25 and 1-26.

Flightpath (and

Different pitch attitude ‘/% rela“"f airflow) ) ;Z] -
Same angle TZQ\

of attack -

Figure 1-25 Same angle of attack, but different pitch attitudes.

Flightpath (and

Same attitude -~ t& relative airflow) « -

Different angles
of attack \\‘\O‘s

Figure 1-26 Same pitch attitude, but different angles of attack.
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2. Do not confuse angle of attack with angle of incidence—the angle at which the wing
is mounted onto the fuselage, relative to the longitudinal axis. The angle of incidence
is fixed at construction (figure 1-27), while the angle of attack changes in flight.

Chord line of wing

Angle of incidence

Longitudinal axis
of airplane

Figure 1-27 The angle-of-incidence is fixed during design and construction.

Lift and Drag from a Typical Wing .
The amount of lift that a wing can produce depends on: S
« the lifting efficiency of the wing (angle of attack, shape, airfoil section, camber, 3
and flaps); g.
+ dynamic pressure; and -
« wing area. )
.. lifting efficiency of the .
Lift = wing and its angle of attack x dynamic pressure x surface area
L = C, X LapV?2 X S
The equation shows that for constant lift, a reduction in airspeed must be countered
by an increased lifting ability of the wing (increase in angle of attack). Conversely as
airspeed is increased, to maintain level flight the pilot will need to lower the airplane’s
nose to reduce the angle of attack and decrease the wing’s lifting ability. Also notice that
if the lifting ability and area of the wings remain constant, and the airspeed doubles, the
lift will increase four times (two squared).
The drag depends on the shape, angle of attack, and smoothness, the square of the
true airspeed:
Drag = shape x dynamic pressure x surface area
D = G x YapV? X S
Experimentally, it can be shown that the aerodynamic force, and therefore the lift,
depends on:
« wing shape (airfoil section and flap position);
« angle of attack;
« air density (p);
o velocity—true airspeed (V xV, or V2); and
« wing surface area (S).
Chapter 1 Forces Acting on an Airplane 13
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Lift depends on the
angle of attack and
indicated airspeed.

-

Usual angles of
flight (0-16°)

Velocity of the airflow and air density (p) are combined in the expression for dynamic
pressure: ¥2pV?, which is related to indicated airspeed. Putting this together with the wing
surface area (S) we obtain the equation:

Lift = (some efficiency factor) x %2pV? x S

We use the efficiency factor to cover the other variables, especially the wing shape
and the angle of attack. This factor is called the coefficient of lift (C,), which is really the
lifting ability of the wing at that particular angle of attack. Therefore:

Lift = Cy x %pV? x S

Apart from the extension of flaps, the wing shape is fixed, and any change in C, can
only be caused by a change in angle of attack. At cruise speed, most of the lift is due to
dynamic pressure, as the angle of attack is low. To fly slowly, the dynamic pressure is low,
and so a high angle of attack is needed to generate the same lift. This interrelationship
between angle of attack and airspeed is very important.

By using the equation:

L=C.x%xpV:xS$

and measuring L, V, p, and S, we can calculate the value of C, and develop a graph or
curve of C; versus angle of attack, known as the lift curve (figure 1-28), or C, /a curve.

For a given wing, the angle of attack is the major controlling factor
in the distribution of the static pressure around the wing. This deter-
mines the lift force that is generated. The actual value of C; will
therefore differ according to the angle of attack.

Each airfoil shape has its own particular lift curve which relates
its C; to angle of attack. We will consider an average cambered wing
like that found on a typical training airplane such as a Cessna 172:

« at 0° angle of attack the cambered wing creates some lift and
has a positive C;
at about -4° angle of attack the lift is zero; and
as the angle of attack increases, the C; increases proportionally
up to about 12° or 13° angle of attack and then falls off as the
airflow separates before the stall.

twj

Slow

stall angl
(about 16°)

73/ .
W/

%

N
N\

Angle of attack

Figure 1-28
Coefficient of lift versus angle of attack; each
angle of attack produces a particular C, value.

At higher angles of attack, the curve starts to lean over, until at
the stall angle (about 16° in this case) the C; begins to decrease. This
occurs when the airflow is unable to remain streamline over the
wing’s upper surface, separates from the wing surface, and breaks
up into eddies. Notice that the maximum C, (the maximum lifting
ability of the wing) occurs immediately prior to the stall.

14
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Lift from a Symmetrical Airfoil

An equally symmetrical airfoil is chosen for a surface that has to generate positive or
negative forces. Typical symmetrical airfoils are the vertical stabilizer and some horizontal
stabilizers. The mean camber line of a symmetrical airfoil is a straight line because both
surfaces have identical curvature. Therefore the chord line and mean camber line are
identical.

The lift curve for a symmetrical airfoil will give a C; = 0 (and zero lift) at 0° angle of
attack, see figure 1-30. This is because the streamlines follow mirror-image paths and
therefore the airflow on both sides of the airfoil has the same velocity and static pressure.
The center of pressure will not move as the angle of attack of a symmetrical airfoil is
increased (whereas it moves forward on a cambered airfoil).

Mean camber line (curved) y
— / N
A G R Aerofoil /-\\
) cross-section
Chord line lift coefficient
Cambered airfoil C.
Chord line and mean camber line
(co-linear) /
4 : -
== -4 "0° 4 8 120 16°
Symmetrical airfoil Angle of attack
Figure 1-29 Figure 1-30
A cambered and a symmetrical airfoil. Lift curve for a symmetrical airfoil.

Changing Wing Area

Another factor that can alter lift is the wing area, S. If we could increase S, then we would
obtain the same lift at a slower air-speed. Some flaps, such as Fowler flaps, increase the
wing area as they are extended. Other basic flaps simply change the cross-section of the
wing as they are extended. All flaps cause changes in lift and drag, and consequently have
an effect on the value of the L/D ratio. Some flaps create slots that enhance the airflow
and improve efficiency at low speed.

Pressure Distribution and CP Movement

Bernoulli’s principle links a decrease in static pressure with an increase in velocity, which
means a decreasing static pressure goes hand-in-hand with an accelerating airflow. The
shape of the airfoil and its angle of attack determine:
« the acceleration of the airflow above and below the wing; and
« the distribution of the static pressures over the surface and the lifting ability of the
airfoil.

If we reduce speed while flying straight-and-level, and we progressively increase the
angle of attack, two important things occur.
1. The lifting ability of the wing increases, allowing the wing to produce the same
amount of lift (required to counteract the weight) at a lower airspeed.
2. The center of pressure (CP) moves forward—the furthest forward is about 5 of the
chord (20 percent) back from the wing leading edge.

10]id |e1oJawwo) |
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Lift

dCWDD
&)

—ECP

CG

Weight

Figure 1-32
The elevator keeps the attitude constant.

Frost on a wing
disturbs the airflow,
reduces its lifting
ability, and can prevent
an airplane from
becoming airborne.

At normal cruise speeds (about 4° angle of attack), the CP is located approximately '
of the chord back from the wing’s leading edge. As the angle of attack increases with the
reduction in airspeed, the CP moves forward until a point is eventually reached where
the airflow over the wing upper surface cannot follow the curved surface, but separates
and becomes turbulent, and produces significantly less lift. This is known as the critical
or stall angle of attack. At the critical angle of attack—about 16° where the streamline
airflow over the wing upper surface breaks down—the CP moves rearward.

Center of
pressure

Stall

Angle of attack increases as airspeed reduces - N

to generate the same lift

Figure 1-31
The size of the aerodynamic force and the CP position change at various angles of attack.

Changes in the size and location of the aerodynamic force produce a
different moment (or rotating effect) in the pitching plane of the airplane,
(this means that the airplane will want to rotate nose-up or nose-down to
anew pitch attitude). The extent of this pitching moment depends on both
the size of the aerodynamic force and the distance between the CP and the
CG. You can normally neutralize this moment, and prevent the airplane

>//¥ from pitching nose-up or nose-down, by varying the aerodynamic force

Aerodynamic
force

generated by the horizontal stabilizer. This is achieved by the forward and
rearward movement of the control column, which controls the elevator
(see also chapter 2).

Past the stall angle, the significant rearward movement of the CP and
the changed airflow over the horizontal stabilizer cause a nose-down
pitching moment, and the nose of the airplane will drop, even with the
control column held fully back (nose-up). This is a good safety feature
because the nose-drop reduces the angle of attack below the stall angle.
With appropriate stall recovery actions by the pilot, the angle of attack
will remain below the critical (or stall) angle.

Contamination of the Wings

Any contamination or damage to a wing, especially to its main lifting
surface (the upper third rearward from the leading edge), will disrupt the
smooth airflow over the airfoil and cause it to separate from the wing ata
lower angle of attack than usual. This will cause decreased lift, increased
drag, and may make it difficult, or even impossible, for the airplane to
become airborne on takeoff.

If there is frost, ice, or any other contamination (such as the remains
of insects or a build-up of salt from sea-spray, for example) on the wings,
remove this contamination before flying.

16
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Aerodynamic

o Aerodynamic
LiftA  force

A smooth wing The same wing, but contaminated

Figure 1-33
Contamination on the wings can seriously affect the lifting characteristics.

DRAG

Drag is the aeronautical term for the air resistance experienced by the airplane as it moves
through the air. It acts in the opposite direction to the motion of the airplane, and is the
enemy of flight. Streamlining of shapes, flush riveting, polishing of surfaces and many
design features are all attempts to reduce the drag force.

The function of the thrust produced by the propeller is to overcome the drag. The lower
the drag, the less the thrust required to counteract it. The advantages of a lower thrust
requirement are obvious: smaller (and possibly fewer) engines, lower fuel flow, less strain
on the engine(s) and associated structures, and lower operating costs.

T
e
. . ! ’
Indicated airspeed Indicated airspeed
120 knots 120 knots
Figure 1-34 Low drag requires only low thrust to counteract it.
Total Drag

The total drag is the sum total of the various drag forces acting on the airplane. A conve-
nient way of studying these various types of drag forces is to break them up into two
basic groups.

1. Those drag forces not directly associated with the development of lift—known as
parasite drag, which includes form drag, skin friction and interference drag. (Form
dragand skin friction are sometimes classified together under the name profile drag.)

2. Those drag forces associated with the production of lift, known as induced drag
(manifested as vortices at the trailing edge of the wing and especially at the wing-
tips).

Drag opposes motion.

Total drag is the sum

of induced drag
and parasite drag.

Chapter 1 Forces Acting on an Airplane
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Parasite Drag

Parasite drag comprises skin friction, form drag, and interference drag.

Skin-Friction
Friction forces between an object and the air through which it is moving produce skin-
friction drag. The magnitude of this component of parasite drag depends on:
o the surface area of the airplane—the whole surface area of the airplane experiences
skin-friction drag as it moves through the air;
« roughness on a surface (including ice-accretion)—flush riveting and polishing are
attempts to smooth the surface and reduce skin-friction drag; and
o airspeed—an increase in airspeed increases skin-friction drag.

Form Drag

When the airflow actually separates from the airfoil, disturbing the streamline flow
and forming eddies, a turbulent wake is formed which increases drag. This is form drag.

Perhaps the easiest way to distinguish form drag from skin-friction drag is to consider
a flat plate in two different attitudes relative to the airflow. At zero degrees angle of attack,
the drag is all skin friction. When the flat plate is perpendicular to the airflow, the drag
is all form drag.

» 4>—/‘\ L
—7 SO RR UNY O
— = Skin friction drag Cﬁ\/ :::_\ k Form drag
E)—

> C
— 551

Figure 1-35 Skin friction and form drag.

»
>

The point at which the streamline airflow separates from the airfoil and becomes
turbulent is known as the separation point. As the wing’s angle of attack increases, the
separation point moves forward and the turbulent wake becomes deeper. The size of the
wake (caused by an airfoil, or indeed the entire aircraft) indicates the magnitude of the
form drag—the larger the wake the greater the form drag.

Separation point Separation point

Transition

Figure 1-36 A stalled wing increases form drag substantially.

Streamlining reduces form drag by decreasing the curvature of surfaces. This delays
the separation of the airflow, and thereby reduces the size of the turbulent wake. The
designer may choose an airfoil of different fineness ratio (wing thickness/chord) to achieve
better streamlining.

18
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Note:
Same frontal area

0 5% 15% 50% 100%

Figure 1-37 Streamlining, especially behind the shape, greatly reduces form drag.

Streamlining of other parts of the airframe can be achieved by adding fairings—parts
of the external surface of an airplane that encourage streamline flow, thereby reducing
eddying and decreasing drag (figure 1-38).

1 : Landing gear fairings

Reduced
~ ——_—— drag
—~— =\

——
opvreney

Figure 1-38 Streamlining reduces form drag.

Remember, streamlining may be ineffective if ice is allowed to form (figure 1-39).

Laminar Flow

_>/—\ —m bulent Flow

‘ ; Dr 05 %09 S lur n
_»_/—: ag \ OOQQ Zm % ——=
N3~ S —k_\.\,\__\,\/ﬂ\/\

N .
Ice accretion

Figure 1-39 Ice accretion on the airframe will increase drag.

Chapter 1 Forces Acting on an Airplane



Parasite
drag
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Interference Drag

The total parasite drag produced by an airplane is greater than the sum of the skin friction
and form drag. Additional drag is caused by the mixing, or interference of airflows, which
converge at the junction of various surfaces, such as at the wing-fuselage junctions and the
tail section-fuselage junctions. This additional drag is referred to as interference drag. As
it is not directly associated with the production of lift, interference drag is a component
of parasite drag. Smooth fairings at surface junctions reduce interference drag.

&

B

Airspeed

Slow
(high angle of attack)

D=}

Long-range cruise

Fast

(low angle of attack)

Doy

High-speed cruise

Figure 1-40
Parasite drag increases with airspeed.

Induced drag occurs
when lift is produced
and is closely related
to the angle of attack.

Parasite Drag versus Airspeed

At zero airspeed there is no relative motion between the airplane and
the air. Therefore there is no parasite drag. As the airspeed increases,
the skin friction, form drag, and interference drag (which together
make up parasite drag) all increase.

Airspeed has a powerful effect on parasite drag. Doubling the
airspeed gives four times (2-squared, or 2 x 2 = 4) the parasite drag,
while tripling the airspeed would give 3 x 3 =9 times the parasite drag.
Parasite drag is therefore of greatest significance at high speeds and
is small at low speeds. However, there is another form of drag called
induced drag, which increases with reducing airspeed (increasing angle
of attack). An airplane flying at a speed just above the stall may have
only 25 percent of its total drag caused by parasite drag, with most of
the total drag caused by induced drag.

Induced Drag

By definition lift is said to act at right angles to the remote free stream of air. It is the
vertical component of the total reaction. At lower airspeeds, the angle of attack is higher,
and the total vector is tilted rearwards. The increasing horizontal component is induced
drag. It is an unavoidable cost for the generation of lift.

Vortices

Same
lift

Figure 1-41 Induced drag increases as angle of attack increases.

To produce lift, the static pressure on the upper wing surface will be less than that on the
lower wing surface. The air flowing over the bottom surface of the wing tends to flow
outward as well as rearward. The air flowing over the top surface of the wing has a lower
pressure and tends to flow inward, toward the aircraft fuselage, as well as rearward.

20
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When the two flows meet at the trailing edge they are flowing across, or at different
angles to each other and a sheet of trailing-edge vortices rotating clockwise (when viewed
from the rear) is formed. At the wingtips, where the spanwise flow is greatest, the stron-
gest vortices are formed. These are known as wingtip vortices. A vortex is a whirling or
twisting flow of air or some other fluid. Wingtip vortices are also discussed under Wake
Turbulence on page 226.

Airflow over Airflow over Spanwise flow
lower surface upper surface upper surface

Lower pressure

Wingtip
vortices

T R — |
R P T

Higher pressure

Spanwise flow
lower surface

Trailing-edge
o - =
. /,,/ V

Wingtip vortices ———>

Figure 1-42 The production of lift creates wingtip vortices and induced drag.

Angle of Attack

The greater the lift produced, the greater the induced drag. Induced drag is therefore most
significant when the wing is at high angles of attack, such as during low-speed flight or
maneuvering. Near the stall speed in level flight, induced drag could account for 75%
of the total drag (parasite drag making up the rest), yet at high speed in level flight the
induced drag might provide only 1% of the total drag.

Induced
Drag

»
-

0 Slow Airspeed Fast
(high angle (low angle
of attack) of attack)

Figure 1-43 Induced drag is greatest at low speeds and high angles of attack.

Chapter 1 Forces Acting on an Airplane
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Figure 1-44
High aspect ratio.

Slow Fast

Total
Drag

Minimum
drag

Slow Airspeed Fast
(high angle (low angle
of attack) of attack)
Figure 1-46

Total drag versus airspeed.

Indicated airspeed 60 knots

<= Parasite

TOTAL DRAG W

== |nduced
Mainly induced drag

Low speed, high drag

Wing Design

Induced drag is affected by the span-to-chord ratio, known as the
aspect ratio. Wings with a high aspect ratio (such as those on sailplanes)
produce significantly less induced drag than short, stubby wings.

Wings of

Wings of
low aspect ratio

high aspect ratio

Figure 1-45 Aspect ratio.

The Total Drag on an Airplane

Total drag is the total of all the drag forces. As we have seen, total drag
has two components:

o parasite drag; and

o induced drag.

If we combine the graphs of parasite and induced drag as they vary
with airspeed, we end up with a graph that illustrates the variation
of total drag with airspeed (for a given airplane in level flight at a
particular weight, configuration, and altitude). This total drag graph
(figure 1-46) of drag versus airspeed (angle of attack) illustrates an
extremely important relationship. It is a summary of all we need to
know about drag.

The parasite drag increases with speed. The induced drag decreases
as the speed increases. The graph shows how induced drag is predomi-
nant at low speed, while at high speed the parasite drag predominates.
The total drag is least at the point where the parasite drag and the
induced drag are equal. Many aspects of airplane performance are
related to this minimum drag speed.

Indicated airspeed 90 knots Indicated airspeed 120 knots
<= Parasite == Parasite
Guembommct ooy
<= Induced <= Induced
Minimum drag Mainly parasite drag
Minimum drag speed High speed, high drag

Figure 1-47 Minimum drag speed.
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Drag from an Airfoil

Atlow speeds the total drag from the airfoil is high (because of induced drag) and at high
speeds the total drag is high (because of parasite drag). A formula (similar to that for lift)
can be developed for the drag produced by an airfoil:

Drag = C, x %pV? x S

Where:

« coefficient of drag (Cp,) represents shape and angle of attack;

o Y%pV?is dynamic pressure; and

« Sis the size of the object.

A drag curve for the airfoil relating C, to angle of attack can be developed. This is
useful for comparison with the lift curve (C; versus angle of attack). Note that at high
angles of attack near the stall angle, the coefficient of drag for an airfoil is high and is a
large factor in the formula:

D = C, x %pV? x §

At low angles of attack, as during normal cruise, the coefficient of drag for the airfoil
is small, but the airspeed (V) is high, which has a large effect in the formula. This is why
the drag force (D) is high at both extremes of angle of attack (and airspeed). In between
these extremes is an angle of attack (and airspeed) where the drag force is a minimum.
The minimum C, for a typical airfoil occurs at a small positive angle of attack.

Fast Slow

0° 4° Angle of 16°
attack
Figure 1-48

Coefficient of drag versus angle of attack.
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Design Features that Minimize Induced Drag

Induced drag increases as the difference in pressure above and below the wing increases.
This causes greater spanwise flow and larger vortices at the wingtips and trailing edges.
In the history of airplane development, designers have made great advances in reducing
induced drag by decreasing the amount of spanwise flow close to the wingtips. Design
features to achieve this include the following (see figure 1-49):
o tapered or elliptical-shaped wings;
« wings of high aspect ratio (high span/chord ratio, as evident on sailplanes);
« wing washout (built-in twist that causes a lower angle of attack at the wingtips
compared with near the wing root); and
« winglets (upper and lower wingtip extensions—as seen on Boeing 737 MAX or
Diamond DA-42 aircraft).

Commercial Pilot |

Cross-section
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EEE—— A( at wing tip

>
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/7“77__:—.—7— at wing root
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Wing washout

Yo
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Tapered wing

Winglet

High aspect ratio Split scimitar
winglet

e Figure 1-49 Design features that minimize induced drag.

Lift/Drag Ratio
The lift curve shows a steady increase in the coefficient of lift as the angle of attack is
increased, up to the stall angle, beyond which C, decreases.

The drag curve shows that drag is least at small positive angles of attack and increases
either side as angle of attack is increased or decreased. As the stall angle is approached

Fast Slow Fast Slow

CL

Critical or
stall angle
(about 16°)

AN

A >
0° Angle of 16° 0° Angle of 16°
attack attack
Figure 1-50 C, versus angle of attack. Figure 1-51 C versus angle of attack.
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the drag increases at a greater rate. At the stall the separation of streamline airflow and
the formation of a turbulent wake causes a large increase in drag.

To determine the performance and efficiency of an airfoil at a particular angle of attack
(and airspeed), both the lift and the drag need to be considered. The size of lift compared
to drag is the lift/drag ratio and is very important.

The most efficient angle of attack is the angle that gives the maximum or best lift/
drag ratio, typically 10:1. In most airplanes you do not have an instrument to indicate
angle of attack, but the airspeed indicator is a good guide because airspeed is related to
angle of attack. High angles of attack in steady flight are associated with low air-speeds
(and vice versa).

Fa}st S|9W
A . In-flight angle .
<«—— of attack range —> °
12 : |2
| : [
10 I :.‘=‘5
Lift/Drag ‘GE): e o
or 8 i ‘
Lo =3
Co 85
4 =5
2 : i
‘ Figure 1-52
0 ‘ ‘ > Lift/drag ratio versus
—4 0 4 B 12 18 angle of attack.

Angle of attack

The angle of attack (and airspeed) for the best lift/drag ratio gives the required lift (to
counteract the weight) for the minimum cost in total drag. At any other angle of attack
there is a greater cost in terms of increased drag to obtain the same lift.

Indicated Indicated Indicated
airspeed airspeed airspeed
NI
e
S——

“ > e oy —— >
Drag Thrust Drag I Thrust Drag Thrust
2° angle of attack 4° angle of attack 8° angle of attack
l Weight ! Weight v Weight

Figure 1-53 Same lift at a different cost in total drag.

In steady flight drag is counteracted by thrust. If the lift required to counteract the
weight is obtained at the minimum cost in drag, then thrust can be kept to a minimum
with the resulting benefits—smaller powerplant, better economy through lower fuel and
maintenance costs, and so on.

The L/D ratio is greatest when the drag is least—this occurs at about 4° angle of attack.
For a propeller-driven airplane some important in-flight performance characteristics are
obtained at the best L/D ratio, such as the maximum cruise range and the maximum
power-off glide range.

Minimum drag means

maximum L/D.

Chapter 1 Forces Acting on an Airplane
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Variation of the L/D Ratio with Angle of Attack

Lift is the benefit you obtain from an airfoil and drag is the price you pay for it. Efficiency
is measured by how much lift you can gain for what cost of drag. If you require 2,400
pounds of lift and the cost is 200 units of drag from the airfoil, then /b = 2409490 = 12,
which means the lift is 12 times greater than the drag from the airfoil.
/N%j If the 2,400 pounds of lift come with 400 units of drag from the airfoil,

™ then the lift/drag ratio = 24%%00 = 6 (the wing is much less efficient).
An airfoil has the greatest lifting ability (C,) at a high angle of
attack, just prior to the stall angle of attack—approximately 16° (figure
1-54). Unfortunately, near the stall angle, the airfoil generates a lot of
induced drag. The minimum C, occurs at a fairly low angle of attack,
in this case at about 0° angle of attack. Unfortunately, at low angles of
attack, the lifting ability (C,) of the wing is low. Neither of these situa-
: tions (high angle of attack or low angle of attack) is really satisfactory,
., because the ratio of lift to drag at these extreme angles of attack is low.

" “Stallangle

0 4°

Angle of attack

8 120 16°  Whatis required is the greatest lifting ability compared with the drag
at the same angle of attack.

Figure 1-54 To find the lift/drag ratio we can divide the two equations:
Lift/drag ratio versus angle of attack.

Lift _ G x %pV? xS _C
Drag C, x %pV* x § C,

For any angle of attack we can calculate the L/D ratio by dividing C; by C,. Developing
a curve for L/D versus angle of attack shows that L/D increases rapidly up to about 4°
angle of attack, where the lift is typically between 10 to 15 times the drag, depending on
the airfoil used. At angles of attack higher than about 4° the L/D ratio decreases steadily.
Even though the C, is still increasing, the C increases at a greater rate. At the stall angle
of attack the L/D ratio for this particular airfoil is about 5.

The curve shown in figure 1-54 clearly shows the specific angle of attack at which the
L/D ratio is a maximum, and this angle of attack is where the airfoil is most efficient—it
gives the required lift for the minimum cost in drag. In most airplanes you do not have
an instrument to indicate angle of attack, but you can read airspeed, which is related to
angle of attack. High angles of attack in steady flight are associated with lower airspeeds
(and vice versa).

The angle of attack (and airspeed) for the best lift/drag ratio gives the required lift (to
counteract the weight) for the minimum cost in drag. At any other angle of attack there
is a greater cost in terms of increased drag to obtain the same lift.
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WING FLAPS

The type of wing flaps fitted to most airplanes are those mounted on the trailing edge
of the main wings. They serve two purposes: to increase the lifting ability of the wing,
and to increase drag:

« sometimes it is desirable to fly slowly, for instance when taking off and landing. The
usual method to do this safely is to use the flaps to increase the lifting ability of the
wing, enabling it to produce the required lift at a lower airspeed; and

o atother times it is useful to have increased drag—to help reduce the airspeed, or to
increase the rate of descent and allow a steeper descent angle without increasing
the airspeed.

Figure 1-56 Typical flap installation—a Cessna wing-flap system.

In straight-and-level flight the weight is counteracted by the lift:

lift
L

lifting ability of the wing x dynamic pressure x wing area
C, X YapV? X S

Wing flaps allow the pilot to change the basic airfoil shape to one which has an
increased lifting ability (and also an increased wing area, in the case of Fowler flaps),
enabling the required lift to be generated at much lower speeds.

Wing with
trailing-edge flaps

Thin Thicker

Figure 1-57 Same airspeed: increased camber and/or wing flaps give higher lift.

Plain flap
Split flap

A .
AN

Slotted flap

@&

Fowler flap

T

Slotted Fowler flap

%

Figure 1-55
Common types of
wing flaps.
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Trailing-edge flaps
decrease the lift/
drag ratio, and
reduce glide range.

When the wing is near the stall angle of attack, the required lift with flaps extended
will be generated at a much lower airspeed. When the stall angle is finally reached, the
airspeed is much lower than that for flaps up. This means that all the other speeds which
are factored from the stall speed, such as takeoff speed, approach speed, and landing
speed, can be lower—a safer situation that allows shorter takeoff and landing distances.

40 KIAS
Stall speed clean Stall speed with full flaps

Figure 1-58 Flaps lower the stall speed (and nose attitude).

Lift/Drag Ratio

When the flaps are extended the lift increases, but so too does the drag. When we consider
the angle of attack giving the best lift/drag ratio, the drag increase is proportionately
greater than the lift increase, therefore the lift/drag (L/D) ratio decreases once the flaps
are extended. As a result of a lower L/D ratio, the airplane will not glide as far with flaps
lowered as it would when clean (flaps up)—nor will it climb at as steep an angle. Also,
if you cruise with flaps lowered, more fuel will be required to travel the same distance.

Think of the trailing-edge flaps at their early extension as lift flaps (when the lifting
ability of the wings is increased significantly for a moderate cost in drag), and when fully
extended as drag flaps. The latter stages of trailing-edge flap extension give only a small
increase in lifting capability for a large increase in drag. In both cases the L/D ratio will
reduce, however the L/D ratio will decrease greatly with full flaps extended. When the
flaps are extended, because the drag increases, the speed will decrease unless power is
added or the rate of descent increased—or both.

High
L/D ratio —
shallow
descent
\ Reduced
L/D ratio — A=s-
steeper =
descent / k2 )
Clean
= © glide

Glide with
flaps extended

Figure 1-59 Effect of flaps on lift/drag ratio.

Approach

When flaps are extended the L/D ratio reduces, which enables the pilot to make a steeper
approach without increasing airspeed.
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Takeoff and Landing

One of the main functions of flaps, as previously stated, is to provide the same lift at a
lower airspeed. This not only reduces takeoff and landing speeds (which is safer), but also
shortens the length of runway required.

Ballooning

The initial effect of lowering the trailing-edge flaps is to produce an increased aerody-
namic force because of the increased camber. With flaps extended, a lower pitch attitude
is required to decrease the angle of attack, and prevent a short-lived climb called a balloon.
It is only short-lived because the increased drag soon slows the airplane down, reducing
the aerodynamic force. Conversely, raising the flaps can cause the airplane to sink, unless
you raise the pitch attitude.

Balloon

Trailing-edge flaps
extended here

Trailing-edge flaps extended along
with a change in the pitch attitude

Figure 1-60 Lowering the flaps can cause the airplane to balloon
unless you simultaneously adjust the pitch attitude.

Pitch Attitude

Because the increased camber resulting from extending the trailing-edge flaps occurs
at the rear of the wing, the center of pressure moves rearward as the flaps are extended.
The resultant pitching effect will vary between airplane types. Elevator pressure will
be required to hold the desired pitch attitude, but you can trim this steady pressure off.

Longer moment arm

Figure 1-61 Extending the flaps may cause the nose to pitch.
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C—
Moves back \
and down

Figure 1-62 A Fowler flap.

Fixed slot

Figure 1-63
Slats and slots delay the stall.

Spoilers

Spoilers increase
drag and reduce
the L/D ratio.

Changing Wing Area

Increasing the wing area allows the same lift to be produced at an
even lower airspeed. Some flaps, such as Fowler flaps (which extend
rearward as well as downward), increase the wing area as they are
extended. Other less complex flaps simply change the cross-section of
the wing, increasing camber, as they are extended. All types of flaps

change lift and drag, and consequently have an effect on the value of
the L/D ratio.

Leading-Edge Devices

At high angles of attack, the airflow separates from the wing’s upper
surface and becomes turbulent. This leads to a stalled condition that
destroys much of the lifting ability of the wing.

Some airplanes have leading-edge devices that allow some of the
high energy air from beneath the wing to flow through a slot and
over the upper surface of the wing, thereby delaying separation and
the stall, allowing the airplane to fly at a higher angle of attack and a
lower airspeed. This can be achieved with slats which form part of the
upper leading edge of the wing in normal flight, but can be extended
forward and/or down to form a slot.

Some wings have fixed slots built in to the wing leading edge, but
this is less common because they generate high drag at cruise speeds.
On a high performance airplane this would be unacceptable, so the
more complicated extendable slat would be fitted.

Most advanced jet transports and most gliders have spoilers on the upper surfaces of their
wings. These are hinged control panels which, when extended, disturb the airflow over

the upper lift-producing part of the wing, thereby decreasing lift and increasing drag.
Pilots use spoilers to reduce airspeed and/or steepen the descent path without increasing
airspeed. On large jet airplanes, pilots deploy the spoilers after touchdown to dump the
lift and get all of the weight onto the wheels, thus making the wheel brakes more effective.

Plane of
rotation

Direction
of flight

Spinner

Figure 1-64 Propeller terminology.

7

THRUST

Thrust is one of the four main forces that act on an airplane. To main-
tain a steady straight-and-level speed, the thrust must equal the total
drag of the airplane. To accelerate the airplane in level flight, thrust
must be greater than drag; conversely, to decelerate in level flight,
thrust must be less than drag.

A piston engine uses a propeller to convert the power output of
the engine into thrust. Engine power is transmitted by a shaft to the
propeller as torque or turning effect. This power is used to rotate the
propeller, which converts most of the torque supplied by the engine
into an aerodynamic force called thrust.
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The propeller blades are airfoils that generate aerodynamic forces in a similar way to
other airfoils, such as the wings, by modifying the airflow around them. Notice how the
cross-section of a propeller blade resembles the cross-section of a wing.

As the propeller blade rotates through the air, the acceleration of the airflow over the
front cambered surface of the blade causes a reduced static pressure ahead of the blade
(Bernoulli’s principle). The result is a forward thrust force on the propeller blade which
pulls the airplane along. Air density affects the efficiency of a propeller, as it does a wing.
In addition, the less dense the air, the less the mass of air accelerated rearward, and the
less effective the propeller, such as at high altitudes or on very hot days.

Consider just one blade section, or blade element as it is sometimes called, at some
radial distance from the hub or the centerline of the propeller rotation. The blade section
is an airfoil and it has a leading edge, a trailing edge, a chord line, and a camber just like
any other airfoil.

The angle which the chord line of a propeller section makes with the plane of rotation
is called the propeller blade angle. As we shall soon see, the blade angle varies from a
large angle at the root near the hub, and gradually becomes less toward the propeller tip.
However, the rotating blade creates not only thrust but also many unbalanced forces.
These are considered later in this chapter.

Propeller Motion

Rotational Velocity

If the airplane is stationary, the motion of the propeller section under consideration is
purely rotational. The further out along the blade the section is, the faster its rotational
velocity. Also, the higher the RPM (revolutions per minute) of the propeller, the faster
the rotational velocity of the section.

Forward Velocity

As the airplane moves forward in flight, the propeller section will have a forward velocity
as well as its rotational velocity. When this forward motion is combined with the rota-
tional velocity, the overall resultant velocity of the propeller blade section through the
air is obtained, as shown in figure 1-66. The angle between the resultant velocity (and
therefore relative airflow) of the propeller blade and the plane of rotation is called the
helix angle or the pitch angle or the angle of advance.
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Figure 1-66 Each propeller blade-section follows its own path.

[

l

1,200 rpm

2,400 rpm

Figure 1-65
The speed of the blade
section depends on the
radius and RPM.
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A propeller has blade

twist to maintain
the same angle of
attack along the
length of the blade.

Helical Motion

Each propeller blade section follows a corkscrew path through the air—called a helix—as
a result of the combined rotational and forward velocities. The easiest way to picture it is
to consider the helix as the path which the trailing edge of the propeller section follows.

The blade section experiences a relative airflow directly opposite its own path through
the air. The angle between the chord line of the propeller blade section and the relative
airflow is its angle of attack. Notice that the angle of attack plus the helix angle (pitch
angle) make up the blade angle.

When the airplane is in flight each propeller blade section will have the same forward
velocity component. What will differ, however, is the rotational component of velocity—
the further each blade section is from the propeller shaft the faster it is moving. If the
blade angle was the same along the whole length of the propeller (which we know is not
the case), then the angle of attack would be different at all points.

For a propeller with the same blade angle along its length, the angle of attack would
vary with distance from the propeller shaft, causing thrust to be produced in an inef-
ficient manner.

Like all airfoils, there is a most efficient angle of attack. If the propeller is designed to
be most efficient at a certain airspeed of the airplane and RPM of the propeller, then the
designer will aim to have this most efficient angle of attack along the whole length of the
propeller blade when it is operating under the design airspeed and RPM conditions. To
achieve this, the blade angle at the hub needs to be much greater than the blade angle at
the tip. This is known as blade twist or helical twist.

How blade cross-section
is set at tip

How blade cross-section
is set at this position

N Relative airflow for
————+ ———————————————— section near hub
Forward velocity

in half a revolution Relative airflow
+ for tip section

Figure 1-67 The propeller blade angle is made progressively larger from tip to hub
to provide efficient angles of attack along its full length.

Forces on a Propeller Blade

When considering a wing, the total aerodynamic force is resolved into a lift compo-
nent perpendicular to the relative airflow, and a drag component parallel to the relative
airflow. For a propeller airfoil, however, each blade section has a different oriented relative
airflow because of the different rotational velocities. It would therefore be complicated
to resolve the aerodynamic forces into components parallel and perpendicular to the
relative airflow. Therefore when considering the forces on a propeller blade it is much
more convenient to resolve the total reaction into two components:
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« one in the plane of rotation called propeller torque (which is resis-
tance to motion in the plane of rotation); and

« another in the direction perpendicular to the plane of rotation called
thrust.

For a wing, drag must be overcome to provide lift. For a propeller,
the propeller torque must be overcome or balanced by the engine for the
propeller to provide thrust. Opening the throttle increases the engine
power, overcomes the propeller torque, causes the propeller to rotate faster
and generate more thrust.

Propeller Efficiency

An efficient propeller can convert a lot of the power produced by the
engine (the brake horsepower) into thrust (that is, to thrust horsepower).
A less-efficient propeller converts less of the engine power (brake horse-
power or BHP) to thrust (thrust HP). Therefore:

) thrust horespower
Propeller efficiency =

brake horespower

Variation of Propeller Efficiency

Only part of the propeller blade is capable of producing thrust efficiently—
this usually lies at some distance from the hub between 60 and 90 percent
of the blade radius, with the greatest useful thrust produced at approxi-
mately 75 percent of the blade radius. Reference to blade angle, angle of
attack, and so on, will refer to this most effective part of the propeller
blade.

Now consider a well-designed fixed-pitch propeller blade. The term
fixed-pitch means that the blade angle is fixed and unable to be changed,
as on most training airplanes. If the propeller RPM is constant, then the
direction of the relative airflow and the angle of attack will be determined
by the forward speed.

As the forward airspeed increases, the angle of attack of a fixed-pitch
propeller turning at a constant RPM will decrease. At some high forward
speed, the angle of attack of the blades will be such that little or no thrust
will be produced. For a given RPM, there will only be one airspeed at
which the fixed-pitch propeller will operate at its most efficient angle of
attack.

The designer chooses a fixed-pitch propeller whose most efficient
airspeed/RPM combination fits the tasks for which the airplane is
designed. For an airplane whose primary purpose is to lift heavy loads
off short runways and operate at low airspeeds, a low-pitch propeller (small
blade angle) is most suitable. Airplanes designed for agricultural spraying
or fire-bombing are typical examples. For an airplane whose primary
purpose is cruising long distances at high speeds, a propeller of higher
pitch (large blade angle) is more suitable.

Although the fixed-pitch propeller can be designed for a specific role,
its maximum efficiency is limited to just one airspeed/RPM combination.

Propeller
torque
reaction

) Thrust

Relative
airflow

Figure 1-68
Forces on a propeller blade.

Different airspeed
same RPM

At low forward speed
high angle of attack

¥~ At high forward speed
low angle of attack

Low forward speed

\High forward speed

Same airspeed
different RPM

At high RPM

high angle of attack

<3— Atlow RPM

N low angle of attack
N

*Low RPM

High RPM

Figure 1-69

Fixed-pitch propelle—the angle of attack
varies with forward speed and RPM.

A fixed-pitch propeller
is most efficient at only
one airspeed and RPM.
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Low forward speed —

Faster or slower than this speed/RPM, propeller efficiency will reduce markedly. The
constant-speed propeller overcomes this problem by varying the blade angle so that it
operates at an efficient angle of attack at any airspeed. Most pilots will fly constant-speed
propeller airplanes early in their careers.

Variable-Pitch Propellers

An early development in improving propeller efficiency was the
two-pitch propeller, which enabled the pilot to select a low pitch for
takeoff and low-speed operations, and a high pitch for the higher

Same angle of attack, . . .
blade anéﬂe changed airspeeds on the cruise and descent. More recently, the automatic

constant-speed propeller was developed, with a blade angle that could
take up any position between two in-flight limits at the low and high
pitch ends of its range. This allows the propeller blade to maintain
its most efficient angle of attack at all airspeed/RPM combinations.
At low airspeeds, the blade angle needs to be small for the angle
High forward speed - of attack to be optimum. This is known as fine pitch. As the forward

high pitch (e.g. cruise) . . .
speed increases, the blade angle needs to increase toward coarse pitch

low pitch (e.g. takeoff) for the angle of attack to remain optimum. The device used to achieve

this is the governor, whose function is to regulate the propeller RPM

Figure 1-70 A constant-speed propeller to that selected by the pilot. It does this by automatically adjusting the

maintains an efficient angle of attack over a
wide speed/RPM range.

blade angle so that the RPM is maintained irrespective of the airspeed
and the power delivered by the engine, hence the term constant-speed
propeller.

The pilot sets the recommended RPM for the operation (climb, cruise, or descent)
with the propeller control. The aim is to have the propeller working close to its best
angle of attack and maximum efficiency throughout its operating range, as advised by
the manufacturer’s operating procedures. In the extreme case of low engine power, the
blade angle will reduce until it reaches the minimum limit, known as the low-pitch stop.
From then on, the propeller acts as a fixed-pitch propeller, with further power reductions
causing a drop in RPM because the governor cannot reduce the blade angle any further
to maintain the RPM.

Takeoff

Fine pitch is used for takeoff so that the blade angle of the constant-speed propeller is at
a small angle of attack. This enables the propeller to operate at maximum RPM as the
throttle is advanced to the takeoff position, and so enable the engine to deliver maximum
power.

Cruise

The throttle is mid-range and the propeller is set to medium pitch (low RPM) for best
cruise fuel consumption.

Approach and Landing

When the airspeed and power are low, as on approach to land, the propeller blades are
hard against the fine-pitch stop, and the RPM changes with throttle movements. However,
in case a go-around is necessary, it is good airmanship to advance the prop control to
high RPM on final approach so that the propeller can quickly and efficiently achieve
maximum thrust when the throttle is advanced.
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Constant-Speed Propeller Controls

The pitch-changing mechanism is usually operated hydraulically by
governor-regulated oil pressure. In contrast to fixed-pitch propellers,
where the throttle alone is used to control RPM with a constant-speed
propeller there are two controls:

o the propeller control to control propeller RPM; and

o the throttle to control the manifold pressure in the engine.

The desired power is achieved by selecting certain combinations of
propeller RPM and manifold pressure (see also chapter 5).

Advantages of the Constant-Speed Propeller

A constant-speed (or variable-pitch) propeller enables the propeller to be
at its most efficient angle of attack over a wide range of RPM and airspeed.
In comparison, a fixed-pitch propeller only operates efficiently under the
one set of RPM and airspeed conditions.

More complex constant-speed propellers used in multi-engine or

turbine airplanes have other significant features, including:

o beta range, which is a range of very low pitch angles that reduce thrust
and produce more drag for ground operations;

o reverse thrust—some propeller mechanisms can rotate the blades
into reverse (or negative) pitch, which results in the propeller’s thrust
acting backwards; and

o feathering—on multi-engine airplanes, propellers can be feathered in
flight to stop a windmilling prop, reduce drag, and prevent further
engine damage following an engine failure.

Unbalanced Effects of Propellers—Left Turning
Tendencies

Slipstream Effect

A clockwise-rotating propeller (as seen from the cockpit) will impart a
clockwise rotation to the slipstream as it flows back over the airplane,
following a corkscrew path. This causes an asymmetric airflow over the
vertical stabilizer and rudder. In the case of a single-engine airplane at
high power, the slipstream will strike the left of the vertical stabilizer at
an angle of attack, generating an aerodynamic force which pushes the tail
to the right and makes the airplane yaw left. Some airplanes have an offset
vertical stabilizer to help overcome this effect. It is most noticeable at high
power and low airspeed.

Propeller Torque Effect

If the propeller rotates clockwise (when viewed from behind), the torque
reaction will tend to rotate the airplane counterclockwise, which means the
airplane will roll left. This effect is most pronounced under conditions of
high power and high propeller RPM, and at low airspeeds when fixed-pitch
propeller blades have a large angle of attack—for example, during takeoff.

On the takeoff ground run, the tendency to roll left is absorbed by the
left mainwheel, which will have to support more load. This will increase

Tachometer
(engine RPM)

Manifold pressure
(inches of mercury)

Throttle Mixture
Propeller
\] pitch r
control
Figure 1-71

Constant-speed propeller controls.

A constant-speed
propeller is efficient
over a range of
RPM and airspeed
conditions.

Airflow

Y

Offset
vertical
stabilizer

Aerodynamic

Slipstream force

effect

Figure 1-72 An offset fin helps
counteract propeller-slipstream effect.
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Gyroscopic effect

is significant on

the takeoff run in a
tailwheel airplane as
the tail is raised.

P-factor is present
at high angles of
attack (low airspeed)
and high power.

the friction force, tending to slow it down, and consequently the airplane will yaw left.
Notice that on the ground run this effect yaws the airplane in the same direction as the
slipstream effect. Use right rudder to keep straight. A high-powered airplane, such as a
P-51 Mustang, can roll uncontrollably if full power is applied suddenly at low airspeed
(e.g. for a go-around).

Gyroscopic Effect

Early in the takeoff run of a tailwheel airplane, the tail is lifted off the ground to place the
airplane into a low drag and flying attitude. As the tail is being raised, a force is applied
to the rotating propeller to tilt the rotating propeller disc forward. Because a rotating
body tends to resist any attempt to change its plane of rotation, when such a change is
imposed on it, a gyroscopic precession will be superimposed. See chapter 7 for more on
gyroscopic precession.

Gyroscopic effect causes any force applied to a spinning object to be displaced 90° in the
direction of rotation. The action of raising the tail of the airplane on the takeoff run is like
applying a forward force to the top of the rotating propeller disc. Gyroscopic precession
causes an equivalent force to be applied 90° degrees in the direction of propeller rotation.
With clockwise rotation, there will appear to be a force acting on the right side of the
rotating propeller disc, causing the airplane to yaw left. The direction of yaw depends on
the direction of propeller rotation. Right rudder must be applied to counteract this effect.

The extent of the gyroscopic effect depends on the propeller’s moment of inertia. The
moment of inertia depends on the mass of the propeller, how the mass is distributed
along the blades, and how fast the propeller is rotating. It also depends on how fast you
try to change the plane of rotation—if you raise the tail quickly, the tendency to yaw left
will be greater.

Raising the tail of a high-powered airplane like a P-51 Mustang on takeoff produces a
much greater gyroscopic effect than raising the tail of a Piper Cub.

Asymmetric Propeller Blade Effect (P-Factor)

P-factor occurs for tailwheel airplanes on takeoff and for all airplanes when flying at
high angles of attack (low speeds). During the first part of a tailwheel airplane’s takeoff
run, the tail is still on the ground, the propeller shaft is inclined upward, and the plane
of propeller rotation is not vertical. Because the airplane is moving horizontally, the
down-going propeller blade has a greater angle of attack than the up-going blade. In
addition, the down-going blade also travels further (and therefore faster) through the
air than the up-going blade.

Relative L \
airflow to argl;e / Downgoing
upgoing angee oly blade
blade attack/
// —

. i / Yaw = —
Relative ] Y (o]
airflow to [/ ™
downgoing // /.
bladeg g//’// Sm?ll ) -

i/ angle o Ubgoi
v pgoing
attack blade

Figure 1-73 The down-going propeller blade produces more thrust
when the airplane is in a nose-high attitude, causing P-factor.
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These two effects (greater angle of attack and higher blade velocity) combine to produce
more thrust on the down-going half of the propeller disc than on the up-going half and
the airplane will yaw left. P-factor is strongest at high power settings and high angles of
attack, both on the ground and in flight. In normal cruise flight, the P-factor is insignifi-
cant because the up-going and down-going propeller blades produce similar amounts of
thrust when the angle of attack is low.

Summary

On the takeoff ground run, the above four effects cause the airplane to yaw left. You can
remain on the runway centerline by counteracting the yaw with right rudder. However,
be cautious if there is any crosswind from the left. During flight, an increase in power
will cause the airplane to yaw left due to slipstream effect and roll left due to the torque
reaction. In addition, when flying slowly at a high angle of attack the airplane will yaw
further left because of asymmetric blade effect.

Pitch

Earlier in the chapter reference was made to “low pitch” and “high pitch” in constant-
speed propellers. In summary, low pitch is associated with a small blade angle and slow
flight, while high pitch is associated with a large blade angle and fast flight.

However, pitch is not a blade angle but a distance—the distance the propeller moves
forward in one complete revolution. Normally during flight at low speeds you select low
pitch to ensure the propeller is at the most efficient angle of attack. However the pitch
(distance moved forward in one revolution) would have been small whether “low” or
“high” pitch had been selected.

Propeller Efficiency

There is a certain amount of slippage as a propeller blade moves through the air and pulls
the airplane along, in the same way as a swimmer’s hands or a rower’s oars slip backward
through the water. A propeller will therefore not advance as far through “fluid” air as a
corkscrew would through a solid cork, where there is no slippage.

Geometric pitch is how far the propeller would theoretically advance in one revolution
with no slippage. Effective pitch is how far the propeller actually advances through the
air in one revolution. It is equal to geometric pitch minus propeller slippage. A propeller
is more efficient in dense air than in thin air, because there is less slippage.

As a result of propeller slippage through the air, not all of the power generated by
the engine will be converted to thrust by the propeller. We describe this as propeller
efficiency, the ratio of useful power output (from the propeller) to actual power output
(from the engine). Typical propeller efficiency varies between 50 percent and 85 percent
lift-to-weight, depending on slippage.

Prevent unwanted
yaw with rudder.
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Propeller efficiency
is the ratio of
thrust horsepower
(propeller) to brake
horsepower (engine).
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REVIEW 1

Forces Acting on an Airplane

Four Forces in Flight

1.

2.
3.

Which force produced by the wings sup-ports the
airplane in flight?

Which force is produced by the engine—propeller?
Which force resists the motion of the air-plane
through the air?

Lift and weight are generally how much greater
than thrust and drag in straight-and-level flight
at a constant airspeed?

. What relationships exist between lift and weight,

and between thrust and drag, when the airplane
is flying straight-and-level at a constant airspeed?

Airfoil Lift

6.

7.

Which surface is designed to create an aerody-
namic lifting force as air flows over it?

What do you call a steady airflow around an
airfoil in which succeeding parcels of air follow
each other?

. Where on an airfoil does the smooth boundary-

layer flow separate from the airfoil surface and
become turbulent?

17.

18.
19.

20.

21.

22.

23.

24.

Describe how the relative airflow relates to the
flight path of an airplane.

Define the term angle of attack.

If the angle of attack is gradually increased in
normal cruise flight, what will happen to the
lifting ability of the wing?

On a wing, the force of lift acts perpendicular to
and the force of drag acts parallel to the:

a. chord line.

b. flight path.

c. longitudinal axis.

What does the angle of attack of a wing control
directly?

What happens to the center of pressure as the
angle of attack is gradually increased in the
normal flight range?

True or false? Beyond the stall angle of attack, the
lifting ability of the wing decreases significantly and
the center of pressure moves rearward on the wing.

How will frost on the wings of an airplane affect
takeoff performance?

9. Static pressure in the air is exerted in which Drag

direction(s)? 25. What is drag?

10. Which pressure is caused by motion? 26. True or false? If drag can be kept low, thrust can

11. What is total pressure energy the sum of? be kept low.

12. Instreamline flow, if dynamic pressure increases, 27. Describe the two basic groups of total drag.
what happens to the static pressure? 28. True or false? As airspeed increases, drag caused

13. What does the expression “Y2pV2” represent? by skin friction decreases.

14. What line is drawn half-way between the upper 29. How can form drag be reduced?
and lower surfaces of the wing to give an indica- ~ 30. True or false? The spanwise flow of air on the
tion of its curvature? upper wing surface is toward the wing root.

15. The wing shape and the angle of attack determine ~ 31. When is the formation of wingtip vortices and
the profile that the airfoil presents to the airflow. induced drag greatest?
What else do they determine? 32. When is the total drag at a minimum?

16. True or false? The forces acting on an airfoil in ~ 33. Why is the thrust requirement greater at high
flight, as a result of the changes in static pressure speeds and low angles of attack?
around it, may be considered to act through the 34 Trye or false? Minimum drag means minimum
center of pressure. thrust to maintain airspeed.

35. What does the lift/drag ratio describe?
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Wing Flaps
36.

37.

38.

39.

40.

41.

What effect does extending the flaps have on the
camber of the wing?

Aside from lift, what do trailing-edge flaps
increase?

The percentage increase in drag usually exceeds
that in lift when the flaps are extended. Do flaps
therefore increase the lift/drag ratio?

True or false? The extension of flaps on a glide
approach allows a steeper approach path at a
constant speed.

True or false? With flaps extended, the nose atti-
tude of the airplane is higher.

True or false? Slots increase the angle of attack at
which the wing stalls by delaying the separation
of the smooth airflow over the upper surface of
the wing.

Thrust from the Propeller

42.
43.

44.
45.

46.

47.

48.

49.

What does a propeller convert engine torque into?

True or false? At high altitudes, when the air is
less dense, a propeller will be more efficient.

Why is a propeller blade twisted?

True or false? A fixed-pitch propeller is efficient
at only one set of RPM and airspeed conditions.

True or false? A constant-speed propeller has a
variable pitch angle and is efficient over a wide
range of RPM and airspeed conditions.

As the forward speed of an airplane with a fixed-
pitch propeller increases, with the RPM remain-
ing constant, the angle of attack of the propeller
blades:

a. decreases as forward speed increases.

b. increases as forward speed increases.

c. remains unaltered as forward speed increases.

In an airplane with a clockwise rotating propel-
ler, what does P-factor, or asymmetric blade effect
cause the airplane to do?

During the takeoft roll in a single-engine airplane,
the left tire will carry more load. Why?

50.

51.

When is torque effect greatest in a single-engine
airplane?

How can you keep the airplane tracking straight
down the runway during the takeoff roll in a
single-engine airplane?

Commercial Review

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

If airflow velocity increases, what happens to the
static pressure?

Write down the lift formula and identify each
term.

When the angle of attack of a symmetrical airfoil
is increased, what will happen to the center of
pressure?

Define wing loading in straight-and-level flight.

An airplane weighs 3,000 pounds and has a wing
area of 150 square feet. What is its wing loading?

An airplane has burned off 150 pounds of fuel.
a. What does it now weigh?
b. What is its wing loading?

What sort of wings help minimize the formation
of wingtip vortices and induced drag?

True or false? A high aspect ratio wing has a short
span and a long chord.

Does a wing with washout have a lower angle of
attack at the wingtip?

If you require 3,000 pounds of lift to support the
airplane and the drag is 250 pounds, what is the
L/D ratio?

Refer to figure 1-46 (page 22)
for questions 62 and 63.

The total drag is greater when flying faster than
the minimum-drag airspeed. Why?

The total drag is greater when flying slower than
the minimum-drag airspeed. Why?

True or false? Propeller efficiency is affected by
propeller slippage.

Which ratio describes propeller efficiency?
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66. You are flying an airplane with a constant-speed
propeller. What would you select for high-speed
cruise compared with takeoff?

67. What does a constant-speed propeller automati-

cally adjust?
Refer to figure 1-74 for questions 68 to 70.

Note. The graphs here apply to a military fighter
with swept wings. The angles of attack at which
L/D and C, are maximum are therefore higher than
those you would expect for a training airplane.

68.

69.

70.

At 4° angle of attack, what is:

a. the C?
b. the Cp?

c. the ratio C,/Cy?

d. the L/D?

a. The airpseed for the best L/D ratio occurs at

what percentage of angle of attack?

b. What is the L/D at this point?
a. What is the L/D at 2° angle of attack on the

low-airspeed side?

b. What percentage of angle of attack on the high-

airspeed side is this the same as?

.2000
.1800 // 1.8 18
.1600 / m 1.6 16
1400 / \

L/D

MAX

\ 1.4 14

3 -
S 1200 12 3 —12 §
g . = 3
S Z 0
- 5 2
S  .1000 10 = ——10 £
E / s 2
— o 1=
2 L/D / £ s
8 .0800 08 § —— 8 43
o //
0600 //// 06 6
s | Sl
0400 —— \ 04 4
/ 7
.0200 02 2
0 0 0
0 2 4 6 8 10 12 14 16 18 20 22

Angle of attack (degrees)

Figure 1-74 Questions 68 to 70.

Answers are given on page 669
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Stability and Control

STABILITY

Stability describes the initial response and subsequent behavior of an aircraft when it
is disturbed from its trimmed condition by atmospheric effects, such as wind gusts or
thermals. There are two stages:

o the initial response, which is called static stability; and

o the subsequent behavior, which is called dynamic stability.

Static Stability

If an aircraft tends to return to its trimmed condition, it has positive static stability or
is statically stable, like a marble in a saucer (figure 2-1). If an aircraft has neutral static
stability, it will tend to stay in its new condition, like a marble on a flat surface (figure
2-2).If an aircraft has negative static stability, it is unstable and will diverge further when
disturbed, like a marble on a convex dish (figure 2-3).

Dynamic Stability
Dynamic stability describes the behavior of the aircraft after the disturbance. An aircraft
is subject to many external forces. These are balanced in trimmed, steady flight. When the
aircraftis disturbed, the forces change, and the dominant ones determine the behavior. An
aircraft that is dynamically stable will experience an oscillation that is quickly damped.
An aircraft with neutral dynamic stability will follow a continuing, undamped oscil-
lation.
An aircraft that is dynamically unstable will have increasingly divergent oscillation.

et

/\/\/w
A

Figure 2-1
Tends to return to center.

o

Figure 2-2
No tendency to return.

Figure 2-3
Tends to diverge.

Figure 2-4
Damped oscillation—
dynamically stable.

Figure 2-5
Undamped oscillation—
dynamically neutral.

Figure 2-6
Divergent oscillation—
dynamically unstable.

Chapter 2 Stability and Control

41



There is a trade-off
between stability and
maneuverability.

L Lift
(2,000
pounds)

Drag
(200 pounds)
D

Neutralizing
moment
(100 pounds)

Weight
W (1,900

pounds)

Figure 2-7
Lift counteracts weight,
thrust counteracts
drag in straight-and-
level flight (moments
neutralized by
stabilizers and trim).
Total weight includes
download on the tail.

A couple is a pair of
equal, parallel forces
acting in opposite
directions which tends
to cause rotation
because the forces
are acting along
different axes.

Stability and Maneuverability

An airplane with some positive stability is much easier to fly than an unstable airplane
that shows a tendency to diverge from the trimmed flight attitude. The stability must
not be so great, however, as to require unacceptably high control forces for maneuvering.
An unstable airplane is difficult, if not impossible, to fly because of the continual need
to apply control corrections. A stable airplane can almost be flown hands-off and only
requires guidance rather than second-to-second control inputs by the pilot. The designer
must achieve a compromise between stability and maneuverability, bearing in mind the
qualities most desirable for the airplane’s planned use. For instance, a passenger airplane
would require more stability, whereas a fighter requires greater maneuverability.

Our examples so far have been drawn from the pitching plane, but stability in the other
planes and about the other axes is just as important.

Airplane Equilibrium

An airplane is in a state of equilibrium when the sum of all forces and moments is zero.
This means it will fly in a straight line at a steady airspeed. The airplane is in trim if all
the moments in pitch, roll and yaw are zero.

As explained in the previous chapter, four main forces act on an airplane in flight: lift,
weight, thrust and drag. For the airplane to remain in equilibrium in steady straight-
and-level flight, the opposing forces must be equal so that they balance out, leaving an
overall force of zero acting on the airplane.

Therefore:

o lift is equal to weight and acts in the opposite direction; and

o thrustis equal to drag and acts in the opposite direction.

There is usually a considerable difference between the two pairs of forces, with lift
and weight being much greater in magnitude than thrust and drag in normal flight.
For example, lift and weight may each be 2,000 pounds, with thrust and drag each 200
pounds (that is, a lift/drag ratio of 29°%00 = 10:1). The weight will gradually decrease as
fuel is burned off, meaning that the lift required will also decrease. Thrust and drag will
vary considerably depending on the angle of attack and airspeed.

Pitching Moments

The positions of the lift force acting through the center of pressure (CP), and the weight
force acting through the center of gravity (CG), are not constant in flight. The basic
CG position is established when the airplane is loaded, but will move as passengers or
crew move around (noticeable in airliners as flight attendants walk down the cabin), if
unsecured freight moves, and as fuel burns off. The CP changes position according to
the angle of attack (and therefore airspeed).

Under most conditions of flight the CP and CG are not at the same point. The outcome
is that the opposing forces of lift and weight, even though approximately equal in magni-
tude, will set up a couple, causing a nose-down pitching moment if the lift (CP) is behind
the weight (CG), or a nose-up pitching moment if the CP is in front of the CG.

The different lines of action of the thrust force and the drag force produce another
couple, causing a nose-up pitching moment if the drag line is above the thrust line, or a
nose-down pitching moment if it is below the thrust line.
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The pitching moments from the two couples should neutralize each other in level
flight so that there is no residual (remaining) moment that would cause the airplane to
pitch nose-up or nose-down.

Nose-up

Thrust

Thrust

Nose-down

Figure 2-8 Thrust and drag form a pitching couple.

Ideally, the lines of action of the two couples are designed to be as shown in figure
2-9. With this arrangement the thrust-drag couple produces a nose-up pitching moment
which approximately cancels the nose-down pitching moment of the lift-weight couple,
and little or no elevator deflection or trim is required.

There is a very good reason for the lift-weight couple to have a nose-down pitching
moment balanced by the thrust-drag nose-up pitching moment. If thrust is lost after
engine failure, the thrust-drag nose-up couple is weakened and therefore the lift-weight
couple will pitch the airplane nose-down, without any action by the pilot. The airplane
will then assume a glide attitude without a tendency to lose flying speed.

Itis rare to have the sum of moments exactly zero. The force generated by the horizontal
stabilizer and elevator provides the final balancing force.

The Horizontal Stabilizer

The horizontal stabilizer counteracts the residual pitching moments from the two main
couples. It is simply an airfoil that can generate an aerodynamic force by being positioned
at an angle of attack relative to the local airflow. The lift component of the aerodynamic
force can act upward or downward as required by the pilot, and because of this the
horizontal stabilizer usually has a symmetrical section.

If the residual moment from the four main forces is nose-down (as is most common),
the horizontal stabilizer provides an aerodynamic force with a downward component on
the tail section, which generates a nose-up pitching moment to balance the nose-down
moment.

Thrust-drag

Thrust-drag couple
couple (padices
nose-up -
moment) Drag moment)
A Lt s ol A
1 4- 1
1 1
. . ) [}
Lift-weight Y
couple 1y
(nose-down *
moment) Lift-weight
couple
(nose-down
moment)

Weight

Figure 2-10 Following a loss of thrust the lift—-weight couple pitches the airplane nose-down.

Lift

Thrust-drag
couple

nose-up

Lift-weight
couple

nose-down Weight

Figure 2-9
The lift—-weight couple
and the thrust—drag
couple may be
balanced.
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Balancing
aerodynamic
force

Weight ¥
Figure 2-11

The horizontal stabilizer provides
the final balancing moment.

Lift &

. | brag
Downward
aerodynamic force
) on horizontal
Weight ¥ stabilizer

Because the horizontal stabilizer is situated some distance from the
center of gravity, its moment arm is quite long. The aerodynamic force
provided by the horizontal stabilizer therefore needs only to be small to
have a significant pitching effect. Consequently its size and aerodynamic
capabilities are small compared with the wings.

Many airplanes are designed to operate most efficiently at cruise speed.
By designing the couples to be at least in approximate equilibrium during
the cruise, only small balancing aerodynamic forces are required from the
horizontal stabilizer, thereby minimizing drag. Generally an airplane’s
center of pressure is designed to be aft of the center of gravity, with the
horizontal stabilizer producing a small downward aerodynamic force.

The airplane will also pitch whenever the engine power setting is
altered, because the speed of the slipstream over the horizontal stabilizer
will change. When power is reduced, the slipstream over the horizontal
stabilizer weakens, reducing the downward force and causing the nose
to pitch down. Conversely, if the power is increased the slipstream over
the horizontal stabilizer strengthens, increasing the downward force and
causing the nose to pitch up. Therefore whenever power is changed you
will need to retrim.

Lift Lift

. e [l
Reduced slipstream____ NCreaseq Slipstream

[ Dra ] - Dra\
——Thrust| . Q"? Thrust —

Reduced
Reduced thrust downward Incr(ena::gjgrust
(nose-down force tendency) Increased
tendency results) (nose-down) tail-down force
Weight Weight (therefore nose-up)

Figure 2-12 Propeller slipstream affects the force generated by the horizontal stabilizer.

Center of
gravity (CG)

Vertical -
axis

Figure 2-13
Angular movement can occur
about three axes.

Angular Movement

We may consider the motion of the airplane to occur about each of three
reference axes. Each axis passes through the center of gravity and is mutu-
ally perpendicular, or at right angles, to the other two.

The longitudinal axis runs from front to rear through the center of
gravity. Movement around the longitudinal axis is known as rolling.
Stability around the longitudinal axis is known as lateral stability, because
it is concerned with movement in the lateral or rolling plane. See figure
2-14. The lateral axis passes through the center of gravity across the
airplane from one side to the other. Movement around the lateral axis is
called pitching (nose-up or nose-down). Stability around the lateral axis
is called longitudinal stability, because it is concerned with stability in the
longitudinal or pitching plane. See figure 2-15. The vertical axis passes
through the center of gravity and is perpendicular (normal) to the other
two axes. Movement around the vertical axis is called yawing. Stability
around the vertical axis is directional stability, because it is concerned
with stability in the directional or yawing plane. See figure 2-16.
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Longitudinal
. axis
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—
axis _—
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Rolling plane of motion Pitching plane of motion
/
Yawing plane
of motion M
Figure 2-14 Figure 2-15 Figure 2-16
Rolling about the longitudinal axis. Pitching about the lateral axis. Yawing about the vertical axis.

Longitudinal Stability

Longitudinal stability is in the pitching plane and occurs about the lateral axis. To be
longitudinally stable, an airplane must have a natural tendency to return to the same
attitude in pitch after any disturbance. A longitudinally stable airplane tends to maintain
the trimmed condition of flight and is therefore easy to fly in pitch.

The position of the center of gravity (CG) and the size of the horizontal stabilizer
determines an airplane’s longitudinal stability characteristics.

Let us consider a situation that is constantly occurring in flight, referring to figure
2-17. If a disturbance, such as a gust (1), changes the attitude of the airplane by pitching
it nose-up, the airplane, because of its inertia, will initially continue on its original flight
path and therefore present itself to the relative airflow at an increased angle of attack (2).
This will cause the horizontal stabilizer to produce a greater upward force (or decreased
downward force) than before the disturbance. The increased aerodynamic force acting
about the CG will produce a nose-down pitching moment, causing the airplane to return
to its original trimmed condition (3).

As shown in figure 2-18, the horizontal stabilizer has a similar stabilizing effect
following an uninvited nose-down pitch. In this way changes in the horizontal stabilizer’s
aerodynamic force lead to longitudinal stability.

Restoring Nose-down
aerodynamic pitching moment
force
Airflow
Figure 2-17
: Longitudinal stability
2) Angle of following an uninvited
attack nose-up pitch.
Angle of
Gust T Airflow
— : — AEﬂ_ow
—— b - .
, ) ol = Figure 2-18
Nose- Restoring Nose-up Longitudinal stability
down aerodynamic P'tCh'”gt following an uninvited
momen

force nose-down pitch.
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A good example of the stabilizing effect of a horizontal stabilizer is the flight of a
dart or an arrow through the air, where the tail feathers act as a horizontal stabilizer to
maintain longitudinal stability.

Aerodynamic
force

%icfen}z B = B “———

Center of
gravity

Figure 2-19 Longitudinal stability is provided by the tail feathers of a dart.

The CG and Longitudinal Stability

The longitudinal stability of an airplane is determined by the size of the horizontal
stabilizer and its distance from the airplane’s CG. The pilot has a lot of control over the
CG position when the airplane is being loaded. The further forward the CG, the greater
the moment arm of the horizontal stabilizer, and therefore the greater the leverage effect
of the horizontal stabilizer aerodynamic force, and the greater the horizontal stability.

Limits are laid down for the range within which the CG must be located for safe
flight. You must always load your airplane so that the actual CG position falls within
the allowable CG range. If the CG is behind the legally allowable aft (rear) limit, the
restoring moment of the horizontal stabilizer in pitch may be insufficient for satisfactory
longitudinal stability, and the airplane may be difficult, or even impossible to control.
The further forward the CG, the greater the longitudinal stability.

Also, the more stable the airplane, the greater the control force you must exert to
maneuver it, which can become tiring. If the CG is even further forward, beyond the
allowable limit, the elevator may not be sufficiently effective at low speeds to flare the
nose-heavy airplane for landing.

Aerodynamic Aerodynamic

force Forward CG — more stable force Aft CG - less stable

_--_@D

Moment
arm b

Smaller restoring moment

Figure 2-20 A forward CG—greater longitudinal stability.

Design Considerations

Tailplane design features are very important to longitudinal stability. Horizontal stabilizer
area, distance from the center of gravity, aspect ratio, angle of incidence, and longitudinal
dihedral are considered by the designer. The aim is to generate a restoring force that is
effective because of a long moment arm, leading to an airplane that is longitudinally
stable.
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At high angles of attack the wing may shield the horizontal stabilizer or cause the
airflow over it to be turbulent, decreasing longitudinal stability.

Note. Longitudinal dihedral is the difference between the angle of incidence of the wing
and the normally smaller angle of incidence of the horizontal stabilizer.

Directional Stability

Directional stability of an airplane is its natural tendency to recover from a disturbance
in the yawing plane about the vertical axis. It refers to an airplane’s ability to weathercock
or weathervane its nose into any airflow from the side.

If the airplane is disturbed from its straight path by the nose or tail being pushed to
one side (yawed) by turbulence or by the pilot, then, because of its inertia, the airplane
will initially keep moving in the original direction.

The airplane will now be moving somewhat sideways through the air, with its side
surfaces, or keel surfaces, exposed to the relative wind.

The vertical stabilizer is a symmetrical airfoil. As it is now positioned at an angle of
attack to the relative airflow, it will generate a sideways aerodynamic force that acts about
the CG and yaws the airplane back to its original position.

The position of the CG and size of the vertical stabilizer (fin) determine the directional
stability. The greater the vertical stabilizer area and keel surface area behind the CG, and
the greater the moment arm, the greater the directional stability of the airplane. Therefore,
the further forward the CG, the greater the directional stability.

As well as being caused by turbulence, a yawing effect will also result from power
changes, which cause changes in the slipstream over the vertical stabilizer and can lead
to large changes in rudder requirements.

Uninvited yaw

Restoring,
aerodynamic

Airflow
—— g
——— ——

Airflow

Figure 2-21 Directional stability following an uninvited yaw.

Lateral Stability

Lateral stability is the natural ability of the airplane to recover from a disturbance in the
lateral plane (that is, rolling about the longitudinal axis) without any pilot input.
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Wing dihedral.

Sideways component
of relative airflow

Dihedral corrects an uninvited roll.

Wing Dihedral

The wings can add lateral stability to an airplane if they have dihedral—a
design feature where each wing is inclined upward from the fuselage
to the wingtips. When an airplane is disturbed in roll, the lift force is
inclined and causes the airplane to sideslip. This sideslip combines a
sideways and downward motion, which results in the relative airflow
having a small upward and sideways component, as shown in figure 2-23.

As the airplane sideslips, the lower wing, because of its dihedral,
will meet the upcoming relative airflow at a larger angle of attack and
produce increased lift. The upper wing will meet the relative airflow
at a smaller angle of attack and will produce less lift. The upper wing
may also be shielded somewhat by the fuselage, causing even less lift to
be generated. The rolling moment so produced will tend to return the
airplane to its original wings-level position.

Negative dihedral, or anhedral (where the wing is inclined downward
from the fuselage) has a destabilizing effect and is used when an airplane
would otherwise be too stable (more difficult to maneuver).

Wing Sweepback and Lateral Stability

The wing can increase lateral stability if it has sweepback. As the airplane
sideslips following a disturbance in roll, the lower sweptback wing gener-
ates more lift than the upper wing. This is because in the sideslip the
lower wing presents more of its span to the airflow than the upper wing.
Therefore the lower wing generates more lift and tends to restore the
airplane to a wings-level position.

Lesser effective —
span — less lift

| -

Relative
airflow -
due to
sideslip

Greater effective -
span — more lift

Figure 2-24 Sweepback corrects uninvited roll.
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High Keel Surfaces and Low CG

In the sideslip that follows a disturbance in roll, a high sideways drag
line caused by high keel surfaces (high vertical stabilizer, a T-tail high on
the vertical stabilizer, or high wings) and a low CG will give a restoring
moment tending to raise the lower wing and return the airplane to the
original wings-level position. See figure 2-25.

High-Wing Airplanes

If a wind gust causes a wing to drop, the lift force is tilted, and the
airplane will sideslip. The airflow striking the upper keel surfaces,
including the high wings, will tend to return the airplane to the wings-
level condition.

The increased stability of a high-wing airplane also comes from the
pendulum effect when the airplane rolls. The CG is displaced from
vertically beneath the CP and so a couple is established which tends to
roll the airplane wings-level. Conversely, a low wing, below the airplane’s
CG, will be unstable. This is apparent when observing the difference in
dihedrals of high- and low-wing airplanes.

Figure 2-25
High keel surfaces and a low CG
correct uninvited roll.

High-wing airplanes have more lateral stability (by virtue of their wing position) than
low-wing airplanes. If the high wing also has sweepback, it may require zero or even
negative dihedral to achieve the required lateral stability. The McDonnell Douglas C-17,
Lockheed C-141 Starlifter and British Aerospace 146 regional airliner are examples of

high-wing airplanes with negative dihedral.

N |V

Weight

vy
N Resultant
| \‘\\ , force

Figure 2-26 A high wing tends to level the wings.

Lateral and Directional Stability Together
Roll Followed by Yaw

A roll is always followed by yaw. For lateral stability it is essential to have the sideslip that ~ Note that a roll causes

the disturbance in roll causes. This sideslip exerts a force on the side or keel surfaces of

a yaw and a yaw
causes a roll, and the

the airplane, which, if the airplane is directionally stable, will cause it to yaw its nose into 1, effects need to
the relative airflow. The roll causes a yaw in the direction of the sideslip and the airplane  be studied together.

will turn further from its original heading in the direction of the lower wing.

Note this interesting consequence: the greater the directional stability of the airplane,
the greater the tendency to turn away from the original heading in the direction of the

lower wing when the airplane is banked.
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Initial roll R —
— Side force
— due to bank

Airflow due
to sideslip

=

* * * Sideslip Yaw due to sideslip

Figure 2-27 Roll causes yaw.

The lateral stability characteristics of the airplane, such as those resulting from wing
dihedral, cause the lower wing to produce increased lift and to return the airplane to the
wings-level position. There are two effects in conflict here.

1. The directionally stable characteristics (large vertical stabilizer) want to steepen the

turn and drop the nose farther.

2. The laterally stable characteristics (dihedral) want to level the wings.

If the first effect wins, with directional stability overriding lateral stability, (large
vertical stabilizer and no dihedral), then the airplane will tend to bank farther into the
sideslip, toward the lower wing, with the nose continuing to drop, until the airplane is in
a spiral dive (and all this without any input from the pilot). This is called spiral instability.

Most airplanes are designed with only weak positive lateral stability and have a slight
tendency toward spiral instability. This is preferable to Dutch roll (see figure 2-28).

If the lateral stability (dihedral) is stronger, the airplane will right itself to wings-level,
and if the directional stability is weak (small vertical stabilizer) the airplane may have
shown no tendency to turn in the direction of sideslip and may even turn away from the
sideslip, causing a wallowing effect known as Dutch roll, which is best avoided.

Sideslip

i

Figure 2-28 Yaw causes roll.
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Yaw Followed by Roll

If the airplane is displaced in yaw, it will initially continue in the original direction of
flight because of its inertia, and therefore enter a sideslip. This sideslip will cause the
lateral stability features of the airplane’s wing such as dihedral, sweepback, or a high-wing,
to increase lift on the forward wing and decrease lift on the trailing wing. This causes a
rolling moment that will tend to raise the forward wing, resulting in the airplane rolling
toward the trailing wing and away from the sideslip. Yaw causes roll.

Also, as the airplane is actually yawing, the outer wing will move faster and produce
more lift than the inner wing, giving a tendency to roll toward the inner wing. The aircraft
then sideslips due to bank. The airplane’s inherent directional stability (from the vertical
stabilizer) will tend to weathercock or yaw the airplane in the direction of the sideslip.

Stability on the Ground
On the ground, the center of gravity (CG) of an airplane must lie somewhere in the area

between the three wheels at all times. The farther away the CG is from any one wheel,
the less the tendency for the airplane to tip over that wheel.

G\ }M

Center of ﬁ%\ ]
Tailwheel
@ (— : gﬁg )

Figure 2-29 The CG must remain within the area bounded by the wheels.

A low CG and widely spaced wheels reduces the tendency for the Track
airplane to tip over on the ground when turning, braking the airplane,  Apply left rudder Weathercocking
. . to counteract this tendency
or when applying high power on takeoff. crosswind and PN
Al h li d h d f irpl itch maintain the desired i
ow thrust-line reduces the tendency for an airplane to pitch OVer  irack along the runway. A

on its nose when high power is applied (especially with brakes on).
High keel surfaces and dihedral allow crosswinds to have a greater
destabilizing effect.

You move in a straight line on the ground by using the rudder pedals
to maintain directional control and using the control wheel to prevent

any crosswind from lifting the upwind wing. This is covered in chapter 9. Rudder deflected &=
to counteract yaw —>/

Figure 2-30 A destabilizing crosswind.
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Figure 2-32
The elevator is the pr|
pitching control.

CONTROL

All airplanes have a flight control system to allow the pilot to maneuver the airplane in
flight about each of the three axes. Airplanes normally have three primary control circuits,
each one is equipped with its own control surface(s):
o elevators for longitudinal (pitch) control, operated by forward and rearward move-
ment of the control wheel or stick;
o ailerons for lateral (roll) control, operated by rotation of the control wheel or by
sideways movement of the control stick; and
o rudder for directional (yaw) control, operated by movement of the two intercon-
nected rudder pedals.

Ideally, each set of control surfaces should produce a moment about only one axis, but
in practice secondary moments about other axes are often produced as well. For example,
if an airplane yaws it will then start to roll.

The control surfaces work by deflecting airflow and changing the pressure distribu-
tion over the whole airfoil, not just over the control surface itself. The effect is to change
the aerodynamic force produced by the total airfoil—control surface combination. The
effectiveness of moving these control surfaces will partially determine the airplane’s
maneuverability. As mentioned earlier, an airplane with too much stability is very resis-
tant to change and has poor maneuverability. Excessive stability opposes maneuverability.

Aileron
Rudder

Throttle for power

\
| -lll- Elevator for pitch

Figure 2-31 The primary flight controls: elevator, ailerons, and rudder.

m

levator

The Elevator

Up The pilot controls the elevator by forward and rearward movement of the
control column. A forward movement of the control column moves the

— elevator down which has the effect of pushing the nose of the airplane down.

aerodynamic force Rearward movement of the control column moves the elevator up, which

has the effect of pulling the nose of the airplane up. These movements will
become logical and instinctive to you.

When the control wheel is moved forward, the elevator moves down and
bown  the horizontal stabilizer section becomes cambered so that it provides an
elevator  ypward aerodynamic force. This creates an upward force on the tail section

of the airplane and a moment about the airplane’s CG that moves the nose
imary down. A further effect of pitching the nose down with the elevator is a gradual
increase in airspeed. When the control wheel is pulled back, the elevator
moves up and an extra downward aerodynamic force is produced by the
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horizontal stabilizer airfoil, causing the nose of the airplane to move up. The strength of
the tail moment depends on the force produced by it and the length of the moment arm
between it and the CG.

CG Position

To retain satisfactory handling characteristics and elevator effectiveness throughout the  /f the CG is too

airplane’s entire speed range, the position of the CG must be kept within the prescribed ~ 2/ forward, the
airplane will be too

range. If the CG is too far forward, the airplane will be too longitudinally stable because  ongituqinally stable.

of the long moment arm to the horizontal stabilizer. Even with the control column pulled  /fthe CG is too far aft
the airplane will be
longitudinally unstable.

fully back there will be insufficient up-elevator to reach the high angles of attack and low
speeds sometimes required in maneuvers such as flying slowly, taking off and landing.
Therefore, the forward allowable CG limit is determined by the amount of pitch control
available from the elevator. The aft (rear) limit of the CG is determined by the requirement
for longitudinal stability.

Usually, the most critical situation for a nose-up requirement is in the flare and landing.
A forward CG makes the airplane nose-heavy and resistant to changes in pitch. This may
make it difficult to raise the nose during a landing, especially since the elevator will be
less effective because of the reduced airflow over it due both to the slow landing speed
and weak propeller slipstream (low power).

The Stabilator

Some designers combine the horizontal stabilizer and elevator into one
airfoil and have the whole tailplane movable. A combined horizontal

stabilizer/elevator combination is called a stabilator. Other terms include Elr‘t\tft';'ﬁ'

all-moving tail, all-flying tail and slab tail. When the control column is

moved the entire slab moves. Forward movement of the control column Figure 2-33
increases the angle of attack of the stabilator, thereby generating a force A butterfly tail (early Beech
that causes the tail to rise). Some airplanes have a V-tail (butterfly tail), Bonanza model).

which combines the functions of the elevator and rudder.

Honzontal stabilizer

Elevator
Figure 2-34 Figure 2-35
Separate horizontal stabilizer and elevator. Stabilator.

The Ailerons

The ailerons are positioned on the outboard trailing edges of the wings. The ailerons actin  The primary control
opposing senses, one goes up as the other goes down, so that the lift generated by one wing 1 0/l is provided

. . . . . by the ailerons.
increases and the lift generated by the other wing decreases. The pilot operates the ailerons

with rotation of the control wheel or sideways movement of the control stick. A resultant

rolling moment is exerted on the airplane. The magnitude of this rolling moment depends

on the distance the ailerons are from the airplane’s CG (fixed at construction), and the
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magnitude of the differing lift forces (determined by the degree of aileron deflection and
airspeed). Note that the aileron on the up-going wing is deflected downward. Conversely,
the aileron on the down-going wing is deflected upward.

Reduced lift L Increased lift
L
e )
Left wing Right wing

Figure 2-36 The ailerons—one up, one down—provide a rolling moment.

Adverse Yaw Effect
J4 Nose yaws

wrong way Adverse yaw effect is caused by differential aileron drag. Deflecting an aileron
/ down causes an effective increase in the camber of that wing section and an
increase in the effective angle of attack. The lift from that wing increases, but
unfortunately so does the drag. As the other aileron rises, the effective camber
of that wing section is decreased and its angle of attack is less, therefore lift
and drag from that wing are decreased. The differing lift causes the airplane to
bank one way, but the differential aileron drag causes it to yaw the other way.
This is known as aileron drag or adverse yaw effect and is mainly a low airspeed
problem that you would most notice during a turn entry at low speed shortly
after takeoff or on final approach.

Figure 2-37 The rising wing
has increased aileron drag, . . . . .
causing adverse yaw effect. Adverse yaw effect can be reduced by differential ailerons, Frise-type ailerons,

or interconnecting the rudder to the ailerons.

Ditferential ailerons ~ Differential Ailerons. Differential ailerons are designed to minimize adverse yaw effect
over CO”;‘: ;‘é‘)’g ite by increasing the drag on the down-going wing. This is achieved by deflecting the upward
*aileron (on the descending wing) through a greater angle than the down-going aileron
(on the up-going wing). The greater aileron deflection means that drag is increased on
the down-going wing, reducing (but not eliminating) the adverse yaw. The remaining

unwanted yaw can be removed with rudder.

Left (adverse) yaw
Roll right V]
L =) i

.
Same amount of
aileron deflection

Rear view
High drag
(reduced)

Figure 2-38 Differential ailerons reduce adverse yaw.
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Frise-Type Ailerons. Frise-type ailerons are shaped so that the drag from the descending
wing is increased. The leading edge of the Frise aileron on the down-going wing protrudes
into the airstream beneath wthe wing causing increased drag on the down-going wing.
The leading edge of the up-going aileron does not protrude into the airstream, causing
no extra drag. Frise-type ailerons also can be designed to operate differentially, thereby
combining both effects.

Lift

Figure 2-39 Frise-type ailerons equalize aileron drag and reduce adverse yaw.

Interconnected Ailerons and Rudder. Interconnected ailerons and rudder cause the
rudder to move automatically and yaw the airplane into the bank, opposing the adverse
yaw from the ailerons. The primary effect of the ailerons is to roll the airplane, and the
secondary effect is to yaw it. The primary effect of the rudder is to yaw the airplane,
and the secondary effect is to roll it. Using the rudder to neutralize adverse yaw, with
the ailerons deflected and the airplane rolling is one of the most important elements of
airplane control by the pilot.

4 Yaw in the direction

- - ofroll
Left \
A\ rudder s

Drag

Aerodynamic
force

Figure 2-40 Aileron/rudder interconnect can reduce adverse yaw.

The Rudder

To control and eliminate unwanted yaw, the airplane has a rudder. The rudder does not
turn the airplane, it yaws it, which by itself, does not cause any change in flight path
direction. By pushing the left rudder pedal, the rudder will move left. This alters the
vertical stabilizer-rudder airfoil section and a sideways aerodynamic force is created that
moves the tail to the right and yaws the airplane to the left about the vertical axis. Left
rudder—the airplane yaws left.

Chapter 2 Stability and Control
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Yaw

Rudder effectiveness increases with airspeed, so large rudder deflec-

tions at low airspeeds and small deflections at high airspeeds are required

Left rudder to gain the same effect. In propeller-driven airplanes, any propeller slip-
stream tlowing over the rudder increases rudder effectiveness.

The primary effect of rudder is to yaw the airplane. This causes the outer
wing to speed up, generate increased lift, and cause the airplane to roll.
When it has begun to yaw, the airplane will continue on its original

applied
Iy
Center
of graiiy Yaw Is Followed by Roll
————Jp Yawing

Left rudder

Figure 2-41 Left rudder pressure—the
nose yaws left.

moment  flight path for a brief period because of inertia. Any dihedral on the
forward wing will cause it to be presented to the airflow at a greater angle
of attack and therefore generate more lift. Consequently, having first yawed

the airplane, the secondary effect of the rudder is to cause a roll.

Outer wing moves
faster = more lift

Yawing moment

More lift on outer wing =

Figure 2-42 Yaw is followed by roll.

Control Effectiveness

The size and shape of a control surface and its moment about the center of gravity
primarily determine its effectiveness. Since the size and shape are fixed by the designer,
and the CG (with the airplane loaded within limits) only moves a small amount, they

can all be considered constant.

The variables in control effectiveness are airspeed and control deflection. For a given
amount of control deflection, if the airspeed is doubled, the effect is squared (2 x 2 = 4),
so it quadruples. If the airspeed is halved, the same control surface deflection is only one-
fourth as effective. Therefore, at low airspeeds, achieving a nominal change in attitude
requires a much greater control-surface deflection but the forces are lighter (often referred
to as sloppy controls or less powerful controls).

=== S

=

Stabilator

Elevator

|
P —
Fast —

Controls stiff and small control
movements are very powerful

or

Controls sloppy and small control
movements are not very powerful

Figure 2-43 The controls are more powerful with increased airflow.
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Slipstream Effect

Any factor that increases the speed of the airflow over a control surface will
make it more effective. Such an increase in airflow does not necessarily have
to be achieved by an increase in the airplane’s forward speed. For instance,
with high engine power set, the propeller slipstream (or propwash) of a single-
engine airplane will flow strongly back over the empennage, making the
elevators and rudder more effective, even at low airspeeds.

Approaching the stall with power on, the elevator and rudder will be more
effective than the ailerons, because of the propeller slipstream flowing over
them. The slipstream helps when taxiing single-engine tailwheel airplanes
because power application increases rudder effectiveness.

Figure 2-44 The slipstream only
affects the elevator and rudder.

Control Forces Felt by the Pilot

When a control surface is deflected, the aerodynamic force produced by the control
surface itself opposes its own deflection. This causes a moment to act on the control
surface about its hinge line trying to return the control surface to its original faired
(streamlined) position, and the pilot must overcome this to maintain the selected position.
The pilot feels this as stick force.

Aerodynamic Balances Hinge line

The stick force (the amount of control force a pilot feels) depends on the A
turning moment at the hinge line of the control surface and the means (_\ & f )
by which the control wheel is linked to the control surface. If the control ~——————» _ \
surface is hinged at its leading edge and trails from this position in
flight, the stick forces required will be high, especially in heavy or fast _ Figure 2-45
airplanes. These forces can be made smaller by the designer adding an Hinge moment at the control surface.
aerodynamic balance, which reduces the stick load on the pilot.

The designer may use an inset hinge, a horn balance, or a balance tab to provide an  An aerodynamic
aerodynamic force during control surface deflection that partially balances or reduces feaﬂ;cei ?ﬁeasﬁggﬁ of
the hinge moment. The aerodynamic balance of a control surface is designed to reduce 554 on the pilot.

the control forces required from the pilot. The designer, however, must be careful not to
over-balance the controls, otherwise the pilot will lose the important sense of feel.

|

Hinge line ——_
AN

B
—_—
<« = Inset /
N A
v hinge Horn
balance

Figure 2-46 Inset hinge balance (at left) and horn balance (at right).
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An anti-balance tab
increases the control
force on the pilot to
prevent overcontrolling.

Figure 2-48
Anti-balance tab on
stabilator.

An inset hinge reduces the distance from the hinge line to the control’s center of pres-
sure, which reduces the moment that the pilot feels as stick load. In addition, the part of
the control ahead of the hinge protrudes into the airflow causing a balancing moment
which assists the pilot by reducing the stick load.

On conventional tailplanes, the elevator may have a balance tab incorporated. It is
mechanically connected to the elevator by a linkage that causes it to move in the opposite
direction.

1. Back pressure
on control
column

2. Elevator

goes up \

The balance tab.

3. Balance tab
t / goes down

4. Creates small aerodynamic
force which helps hold
elevator up

Main aerodynamic
force from horizontal
stabilizer and elevator

Figure 2-47

If the pilot exerts back pressure on the control wheel, the elevator is raised and the
balance tab goes down. The elevator balance tab unit now generates a small upward
aerodynamic force that acts to hold the elevator up, thereby reducing the control effort
required from the pilot.

Note. The balance tab acts automatically as the elevator moves. This movement should
be checked during the preflight inspection by moving the elevator one way and noting
that the tab moves the other way.

Anti-Balance Tab

Airplanes fitted with a stabilator often have an anti-balance tab (sometimes referred
to as an anti-servo tab) to increase control forces at higher airspeeds to reduce possible
overstress when maneuvering. Because of their combined function, stabilators have a
much larger area than elevators and so produce a more powerful response to control input.
Small movements can produce large aerodynamic forces. To prevent you from moving the
stabilator too far and overcontrolling the airplane (especially at high airspeeds), stabilators
are often designed with anti-balance tabs.

An anti-balance tab moves in the same direction as the stabilator’s trailing edge and
generates an aerodynamic force that makes it harder to move the stabilator further, as
well as providing feel for the pilot.

Aerodynamic moment
increases control force

aerodynamic
force

Figure 2-49 The anti-balance tab opposes further control deflection and provides feel.
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Correct operation of the anti-balance tab can be checked during the preflight inspec-
tion by moving the trailing edge of the stabilator and noting that the anti-balance tab
moves in the same direction.

Trim Tabs

Anairplaneis “in trim” in pitch, roll, or yaw when it maintains a constant attitude without
the pilot having to exert any steady pressure on the particular control surface. An airplane
that you have trimmed properly is far more pleasant to fly than an untrimmed airplane. It
requires control inputs only to maneuver and not to maintain an attitude or heading. The
function of the trim tab is to reduce the moment at the hinge line of the control surface to
approximately zero, so that the present condition of flight can be maintained hands-off.

Almost all airplanes have an elevator trim, many light single-engine and all multi-
engine airplanes have a rudder trim, and more sophisticated airplanes also have an aileron
trim. Trim tabs can differ in complexity. Some are metal strips that can only be altered
on the ground, or springs that can apply a load to the control column. Other trim tabs
can be operated from the cockpit by the pilot, usually by a trim wheel or trim handle
(this may be mechanical or electrical). Airplanes with stabilators may have the elevator
trim incorporated so that trimming moves the entire slab.

Elevator trim tabs

Figure 2-50 An elevator trim tab.

Mass Balancing

At high speeds some control surfaces have a tendency to flutter. This is a vibration that
results from the changes in pressure distribution over the surface as its angle of attack is
altered. If part of the airframe structure starts to vibrate—control surfaces are particularly
susceptible to this—then these oscillations can quickly reach structurally damaging
proportions. To avoid this flutter, the designer may need to alter the mass distribution
of the surface.

The mass balance is placed forward of the hinge line to bring the CG of the control
surface up to the hinge line or even slightly ahead of it. On the inset hinge or horn balance
this mass can easily be incorporated in that part ahead of the hinge line, but on others
the mass must be placed on an arm that extends forward of the hinge line. The distribu-
tion of mass on control surfaces is an important design consideration. The aim of mass
balancing is not for the control to be balanced in the sense of remaining level, but to alter
the mass distribution of the control to avoid flutter or vibration.

Trim tabs are designed

to remove the stick
load on the pilot.

A mass balance
prevents flutter.

Chapter 2 Stability and Control
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Center of gravity

Mass balance with mass balance

Original center
of gravity

Figure 2-51 A mass balance moves the control’s CG forward to prevent flutter.

Control on the Ground

Directional control on the ground is achieved by use of the rudder, nosewheel steering
(which may be connected to the rudder pedals), power, and brakes. Airflow over the
rudder increases its effectiveness. Use of the controls on the ground is covered in chapter 9.
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REVIEW 2
Stability and Control

Stability

1.

10.

11.

12.

13.

14.

15.

Following a disturbance, an airplane that returns
to its original position unassisted by the pilot is
said to be inherently stable. Is this sort of airplane
easier to fly?

If the center of pressure is behind the center of
gravity, what sort of pitching moment will the
lift-weight couple have?

If the thrust line is lower than the drag line, what
sort of pitching moment will the thrust-drag
couple have?

In questions 2 and 3, if there was a sudden loss of
thrust, what would the nose do?

Where is the center of pressure in relation to the
center of gravity in most training airplanes?

What sort of aerodynamic force does the hori-
zontal stabilizer produce?

When power is reduced, what will the reduced
propeller slipstream and reduced downwash over
the horizontal stabilizer cause the nose to do?

Longitudinal stability refers to the motion of the

airplane about its:

a. longitudinal axis.

b. lateral axis.

c. vertical axis (sometimes called the normal
axis).

What is rotation about the lateral axis known as?

What is rotation about the vertical axis known
as?

What is the most important factor contributing
to longitudinal stability?

Is longitudinal stability greater with a forward
CG?

True or false? An airplane loaded with the CG too

far aft will be stable at slow speeds, but if stalled
will be difficult to recover.

Will a forward CG location cause an airplane to
be more unstable at high speeds?

How can aircraft directional stability be
improved?

16.

17.

18.

If the airplane is loaded incorrectly so that the
CG is forward of the allowable range, the eleva-
tor force required to flare the airplane for landing
will be:

a. the same as usual.

b. greater than usual.

c. less than usual.

If a wing has dihedral or sweepback, which sort
of stability is increased?

If an airplane is yawed, it will sideslip. What will
the dihedral cause it to do?

Control

19.
20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

What primary control provides pitch?

Nose movement up and down occurs in which
plane?

Nose movement involves angular movement
around its CG as well as which axis?

In order to raise the nose and lower the tail of the
airplane, which direction does the trailing edge
of the elevator move in?

What are the consequences of loading the airplane

incorrectly with:

a. the center of gravity forward of the forward
limit?

b. with the center of gravity behind the aft limit?

What primary control provides roll?

Rolling is angular motion about which axis
running through the CG?

In which direction does the pilot move the control
column to make the right wing rise?

True or false? At normal flight speeds, for the
right wing to rise, the right aileron will go down
and the left aileron will go up.

True or false? If differential ailerons are used to
counteract the effect of adverse yaw effect, one
aileron will rise by an amount the same as the
other aileron is lowered.

Does the area below the wing have higher static
pressure than the area above the wing?
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30.

31.

32.

33.

34.

35.

36.

37.

38.
39.
40.

41.

42.

Yawing occurs about which axis that passes
through the CG?

An airplane is banking left for a left turn. What
effect will the extra drag on the right aileron have?

How can adverse yaw effect be reduced?
What primary control provides yaw?

Yawing increases the speed of the outer wing.
Does this cause its lift to increase? If so, what does
this lead to?

Yaw also generates a sideslip. Will the dihedral on
the more forward wing cause it to rise?

At high airspeeds, are the control surfaces more
effective than at low airspeeds?

Does slipstream from the propeller over the
rudder and elevators increase their effectiveness?

What is the purpose of aerodynamic balance?
Give three examples of aerodynamic balance.

If the stabilator is moved in the preflight external
inspection, the anti-balance tab should:

a. move in the same direction.

b. move in the opposite direction.

c. not move.

If the elevator is moved in the preflight external
inspection, the balance tab should:

a. move in the same direction.

b. move in the opposite direction.

¢. not move.

What is mass balance used for?

Commercial Review

43.

44.

What is the term for the initial tendency of an
airplane to return to its original attitude after
being disturbed?

How can longitudinal dynamic instability in an
airplane be identified?

45.

46.

47.

48.

If airplane attitude remains in a new position
after the control column is pressed forward and
released, the airplane is said to display:

a. negative longitudinal static stability.

b. neutral longitudinal dynamic stability.

c. positive longitudinal static stability.

d. neutral longitudinal static stability.

If airplane attitude oscillates about its original
position before gradually settling down after the
control column is pressed forward and released,
the airplane is said to display:

a. positive dynamic stability.

b. neutral static stability.

c. negative dynamic stability.

d. neutral dynamic stability.

The longitudinal stability of an airplane is deter-

mined by:

a. the location of the CG with respect to the
center of pressure.

b. the effectiveness of the horizontal stabilizer,
rudder and rudder trim tab.

c. the relationship of thrust and lift to weight and
drag.

d. the dihedral, sweepback angle, and the keel
effect.

An airplane remains in a new attitude after the
control column is pressed forward and released.
The airplane displays:

a. neutral longitudinal static stability.

b. positive longitudinal static stability.

c. neutral longitudinal dynamic stability.

Answers are given on page 670
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Aerodynamics of Flight

STRAIGHT-AND-LEVEL FLIGHT

Relationship Between Attitude, Angle of
Attack, and Airspeed

In straight-and-level flight, there is a fixed relationship
between attitude, angle of attack, and indicated airspeed. At
high speed, the dynamic pressure is high, and the required
value of lift can be generated at a small angle of attack. In
level flight, this is reflected by a lower nose attitude. At lower
airspeeds, the dynamic pressure is reduced, and the loss of
lift must be compensated by increasing the angle of attack.
The pitch attitude is directly affected also. At low airspeed,
the value of the dynamic pressure reduces significantly,
and the angle of attack must increase disproportionately.
At the minimum level flight speed, the pitch attitude is at
its highest. With this increase in angle of attack, there is an
associated increase in induced drag, and to sustain a very
slow airspeed, the power also has to be increased. Extending
the flaps allows a slower speed and a reduced pitch attitude.

For straight-and-level flight at constant weight, the lift
required will be constant. For a given airfoil, each angle of
attack has a particular lifting ability. At low speed a high
angle of attack (high lifting ability) is needed to maintain
altitude, while at high speed only a small angle of attack
(low lifting ability) is required. Since we are considering level
flight, the pilot sees the angle of attack as the pitch attitude of
the airplane relative to the horizon—nose-up at low speeds
and approximately nose-level at high speeds.

The Effect of Weight

In flight the weight gradually decreases as fuel is burned off.
If the airplane is to fly level, the lift produced must gradu-
ally decrease as the weight decreases. If there is a sudden
decrease in weight, say by parachutists jumping out, then to
maintain straight-and-level flight the lift must also decrease.
In chapter 1 we said that if the airplane wing shape and area
are kept constant by not using the flaps, then lift depends
only on angle of attack and airspeed. Therefore to reduce lift
either angle of attack or airspeed must be reduced.

In steady straight-
and-level flight, lift
equals weight and
thrust equals drag.

Thrust

—_—
Relative airflow

Pitch
moment

\
Weight

Figure 3-1
Balance of forces and moments.

Lift for level flight (= weight)

Lift component
due to Y2pV?

Total
Lift
Lift component
due to angle
of attack (o)
TAS (= IAS at lower altitudes)
Min level
flight speed

Figure 3-2
Indicated airspeed varies inversely with angle of attack.

Chapter 3 Aerodynamics of Flight 63



Suppose that an airplane is flying at a particular angle of attack, say at that for the best
L/D ratio (about 4°). As weight gradually decreases, lift must also be reduced to remain
equal to weight. If lift is to be reduced without altering the angle of attack, the airspeed
must gradually be reduced. The power (thrust) will also need to be reduced because drag
will decrease as lift decreases.

L T T
LA T ————
D T D T
- - — — - - - - - = — = — — - < S
Heavy Lighter
faster at same slower at same angle of attack
angle of attack (reduce power gradually)
wy ___———
wy T

Figure 3-3 At a constant angle of attack, a lighter airplane must fly slower.

If the power (thrust) is kept constant and you want to maintain altitude as the weight
decreases, the lift must be decreased by lowering the angle of attack. The speed will then
increase until the thrust produced by the engine-propeller is equal to the drag (which
increases as the speed increases). This is the normal technique for the cruise in small
training airplanes.

Ly T T T
A T ———
D T D T
- - - G — — - - - - - - - - G—— —fp - - - - -
Heavy — fast Light and same power
left on — faster
wy __———
wy T

Figure 3-4 Same power—lighter airplane has a lower angle of attack and flies faster.

If you want to keep the speed constant and maintain altitude, then as the weight
decreases you must reduce the lift produced, and you do this by decreasing the angle of
attack. In cruise flight this will mean less drag, and therefore the power required from
the engine-propeller is less. If the power is not reduced as the weight decreases, the
airspeed will increase.

If your aim is to maintain a constant airspeed without reducing power, then you would
need to slightly raise the nose to avoid the airspeed increasing. The airplane would then
commence a climb and gradually a new set of equilibrium conditions (balance of forces)
would establish themselves for a steady climb—no longer level flight. (This is covered in
the next part of this chapter where we deal with climbing and descending.)
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A very practical relationship to remember is that:

Power + attitude

performance (flight path + speed)

If you have excess power, you can adjust the pitch attitude so that altitude is maintained
and airspeed increases; or you can maintain the pitch attitude and airspeed and accept

a rate of climb.

Performance in Level Flight ol
)
As the thrust required for steady (unaccelerated) straight-and-level flight is equal to the g
drag (thrust equals drag), the thrust-required curve is identical to the familiar drag curve )
(tigure 3-5). g-
.
Slow cruise =4
A
— = —
D T
High thrust required;
high angle of attack
Increased drag
due to a
Normal cruise
Increased drag
'gc:;al due to Y2pV?
9 =g —
D T
min drag Less thrust required
Y min drag speed
TAS - Fast cruise
Figure 3-5 The thrust-required or drag curve. ¢ lﬁ :g )
D T
High thrust required;
low angle of attack
Points to be noted from the thrust-required or drag curve are: Figure 3-6
o high thrust is required at high speeds and low angles of attack to over- Both low speed and high speed
come what is mainly parasite drag; require high thrust.
« minimum thrustis required at the minimum drag speed (which is also
the best L/D ratio speed, since lift equals weight in straight-and-level
flight and drag is at its minimum value); and
o high thrust is required at low speeds and high angles of attack to overcome what is
mainly induced drag (caused in the production of lift).
The engine and propeller combination is a power producer (rather than a thrust
producer like a jet engine). The fuel flow (in gallons per hour) of an engine-propeller
combination is a function of power produced (rather than thrust produced). Power is
defined as the rate of doing work, or the speed at which an applied force moves a body.
Therefore the power required for flight depends on the product of:
o thrust required; and
o flight velocity (true airspeed or TAS).
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Power
required

Slow Airspeed Fast
iwj (TAS)

Figure 3-7
The power-required curve.

Power = thrust x TAS

We can develop a power-required curve from the thrust-required
curve (shown previously) by multiplying:

Thrust required at a point on curve x the TAS at that point

The graph of power required to maintain steady straight-and-level
flight is easy to understand if you take it slowly. If you want to fly at
a particular velocity (TAS) then, by reading up from that TAS on the
velocity axis, the power curve will tell you the power that the engine-
propeller must deliver. This power supplies sufficient thrust to balance
the drag and maintain the airspeed in straight-and-level flight.

These graphs may not be published for your airplane, and practically
you would not refer to them. To achieve the minimum drag airspeed
in straight-and-level flight, set the attitude for the selected airspeed
(different airspeeds require different angles of attack) and adjust the
power to maintain this speed.

Maximum Level-Flight Speed

If maximum power is applied, the airplane will accelerate and the drag
will increase (mainly parasite drag). When the drag equals the thrust
produced by the engine—propeller, the airplane will stop accelerating,
and it will have reached its maximum level-flight speed.

Minimum Level-Flight Speed

At low speeds (slower than the minimum drag speed), higher power
from the engine—propeller is required to provide thrust to counteract
the higher drag (mainly induced drag).

The minimum level-flight speed is usually not determined by the
power capabilities of the powerplant, but rather by the aerodynamic
capabilities of the airplane. For most light airplanes, as airspeed
reduces, the stall angle is reached, or some condition of instability or
loss of control effectiveness occurs prior to any power limitation of the
powerplant. This is the reason that the lines on the graph at left stop
on the low-speed side before they meet.

Maximum Range Speed
For propeller-driven airplanes maximum range in still air is achieved
at the TAS which allows:
« maximum distance for a given fuel burn-off (ratio of distance to
tuel burn-off); or conversely; and
o minimum fuel burn-off for a given air distance.

A
¢ available %
I powe 7
| /7 |
I /7 |
I // I
|
I //. eb I
| /7 \5\“ |
- | o |
[ | // ‘\ |
E ‘ - 0@& |
e ¢ |
| |
Minimum }
speed |
c=“} Maximum speed in

o/ straight-and-level flight
| I
' i

Airspeed
- Slow | (TAS) — Fast
Figure 3-8

Maximum level-flight speed.

Maximum range

speed occurs at the

TAS where drag is at

a minimum and the

L/D ratio maximum.
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As stated above the maximum range speed is achieved when the
ratio of distance to fuel burn-off is maximum. This occurs when drag is
minimum. On the drag curve (figure 3-9) the maximum range speed will
occur at the minimum drag point—which, as explained earlier—is also
the point for the maximum L/D ratio. Both the engine and propeller are
most efficient at low altitude where the air is more dense. However, for
the same IAS, TAS increases with altitude; therefore, a greater distance
can be covered at altitude.

To achieve the maximum ratio of distance to fuel burn-off, a compro-
mise is required and the airplane should be flown at full-throttle alti-
tude (about 4,000 to 7,000 feet altitude) for maximum range. Ask your
flight instructor how to achieve full-throttle altitude for your airplane
engine type.

Maximum Endurance Speed
Endurance refers to the time an airplane is airborne. The length of time
airborne depends on the amount of fuel in the tanks and the rate at which
it is used. Maximum endurance means:
o the maximum time in flight for given amount of fuel (ratio of time
to fuel used); or
« agiven time in flight for the minimum amount of fuel.

In both cases, for maximum endurance the rate of fuel use, which is
known as fuel flow, must be minimum.

It is appropriate to fly at maximum endurance speed when the speed
over the ground is not significant, for instance, when:

« holding overhead or near an airport waiting to land; or

o carrying out a search in a specific area.

The speed for maximum endurance occurs when the ratio of time
to fuel used is maximum and fuel flow is minimum. For a propeller-
driven airplane this occurs when power is minimum. At low altitude,
because the engine and propeller are more efficient, fuel flow will be
least. Therefore endurance is greatest at low altitude.

Speed Stability
Higher Speed Range

An increase in airspeed increases the total drag, as can be seen from the
drag curve, mainly because of an increase in parasite drag. This drag
increase is not counteracted by the thrust from the propeller, so the
airplane slows down.

A decrease in airspeed from a gust decreases the total drag (due mainly
to a decrease in parasite drag) and the thrust, which now exceeds the
drag, causes the airplane to accelerate back to its original speed.

In the normal flight range (above the minimum drag speed) you
do not need to be very active on the throttle since the airplane is speed
stable and, following any disturbance, tends to return to its original
equilibrium airspeed without further control inputs.

10]id |e1oJawwo) |

Minimum drag
(best L/D speed)

Thrust required or Drag

Airspeed
» (TAS)

Maximum range
speed (best L/D,
minimum drag)

Figure 3-9 Graph of drag versus TAS.

Maximum endurance speed
occurs at the TAS where
power is at a minimum.
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Airspeed
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Maximum
endurance speed
(speed for minimum power)

Figure 3-10 Graph of power versus TAS.
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Figure 3-11 Speed stability.

Chapter 3 Aerodynamics of Flight 67



Commercial Pilot |

To produce the same
lift as altitude increases,
fly at the same
indicated airspeed (true
airspeed increases).

Only at lower altitudes
and slower airspeeds
can we go straight
from IAS to TAS
without considering
calibration and
compression effects.

Lower Speed Range

At low airspeeds, when pitch is toward the stall angle of attack, it is a different matter.
If a gust causes airspeed to decrease, the total drag increases (because of an increase in
induced drag) and drag now exceeds thrust, causing the airplane to slow down even
further unless you respond with more power.

If a gust causes airspeed to increase, the total drag decreases (because of a decrease
in induced drag), and drag is now less than thrust, causing the airplane to accelerate
further away from the original speed unless you react by reducing power. Therefore, at
low speeds near the stall angle you need to be fairly active with the throttle to maintain
the required low speed accurately.

Straight-and-Level Flight at Altitude

Atany altitude, if the airplane is in steady straight-and-level flight the lift must counteract
the weight.

Lift = C, x %pV? x S

As altitude is increased, air density, p, decreases. One way to generate the required lift
and compensate for the decreased density, p, is to increase the true airspeed (V) so that
the value of %2pV? remains the same as before. This means that the decrease in density
with altitude can be compensated for with an increase in V (the TAS).

The term %pV?2 (dynamic pressure) is related to the indicated airspeed which you can
read in the cockpit on the airspeed indicator. If %pV? remains the same, the indicated
airspeed (IAS) remains the same and lift remains the same. (A further explanation of the
difference between IAS and TAS is given on page 170.) Therefore as altitude increases the
airplane has the same lift at the same IAS, but an increased TAS.

Note. As altitude increases the indicated stall speed also remains the same and the
true stall speed increases.

Higher altitude
Less dense air

IAS 125 kt
TAS 150 kt

bt

y

IAS = TAS at sea level
(under standard conditions)

bt I .

> Sea level

IAS 125 kt
TAS 125 kt

Figure 3-12 Same IAS (and lift) at a high altitude means higher TAS.
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CLIMBS

Asan airplane climbs, it gains potential energy (the energy of position, in this case because
of altitude). There are two ways an airplane can do this:

« by making a zoom climb; or

« by a steady, long-term climb.

Zoom Climb

A zoom climb exchanges the kinetic energy of motion for potential energy by exchanging
high velocity for an increase in altitude. Therefore, kinetic energy reduces while potential
energy increases, and (kinetic + potential) energy remains the same. It is only a transient
(temporary) process, as the velocity cannot be decreased below flying speed. Of course,
the greater the speed range of the airplane the greater the capability of the zoom. For
example, a jet fighter being pursued at high speed can gain altitude rapidly with a zoom,
or an aerobatic glider that converts the kinetic energy of a dive into potential energy at
the top of a loop. An airplane can zoom as long as it is above its stall speed.

H|gher potential energy (altitude)

Lower kinetic energy (velocity)
60 knots

/v‘
Reducing
speed e Steady

_— climb
(constant air speed
Zoom increasing altitude)

High kinetic energy (velocity)

_

Figure 3-13 A zoom and a steady climb.

Steady Climb

In a steady climb, kinetic energy remains constant while potential
energy increases. This increase in (kinetic + potential) energy is
provided by the additional fuel which is burned in the engine during
the climb. It is the steady climb that is of importance in day-to-day

flying. To enter a steady climb, raise the nose (which temporarily %

increases the angle of attack) and add power. The airplane quickly /
0

Relative
wind
1

-l

=
\
0%

settles into a steady climb.

Angle of N-— Component of W
eme PR e
Forces in the Climb Y
In a steady en route climb the thrust force acts in the direction of flight, W t%og;;;%gzn(tTOivl\Dl)
directly opposite to the drag force. The lift force acts perpendicular elona flatoath
to the relative wind and is no longer vertical. The weight force acts Figure 3-14

vertically, but note how, in the climb, it has a component that acts in
the direction opposing flight.

The four forces in equilibrium
in a steady climb.
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If you maintain a steady climb at a constant indicated airspeed, the engine—propeller
must supply sufficient thrust to:

« overcome the drag force; and

o help lift the weight of the airplane at a vertical speed (known as rate of climb).

In a steady climb there is no acceleration. The forces are in equilibrium, with the up
forces equaling the down forces, and the forward forces equaling the rearward forces.
Consequently, the resultant force acting on the airplane is zero.

Types of Climb

There are three types of climb, each with a different purpose.

Maximum Angle Climb

A maximum angle climb is used to clear obstacles, as it gains the greatest altitude for a
given horizontal distance. By definition it is the steepest climb (maximum gradient) and
is flown at a relatively slow airspeed, referred to as V. Because the slow airspeed results
in reduced cooling and higher engine temperatures, it should only be used for short
periods while clearing obstacles.

Maximum Rate Climb

A maximum rate climb is used to reach cruise altitude as quickly as possible, as it gains
the greatest altitude in a given time. Best rate of climb speed is known as V.. The airspeed
is faster than V at sea level and is usually somewhere near the speed for the optimum
lift/drag ratio. It is a shallower climb than the maximum angle climb. Rate of climb is a
vertical velocity and is indicated on the vertical speed indicator (VSI) in feet per minute
(FPM).

Cruise Climb

A cruise climb is a compromise climb that allows for a higher groundspeed (to expedite
your arrival at the destination) as well as allowing the airplane to gain altitude and reach
the cruise altitude without too much delay. It also allows for better engine cooling because
of the faster speed, and better forward visibility because of the lower pitch attitude. The
cruise climb is the shallowest climb at a higher airspeed compared with V and V. For
most airplanes it is the normal climb.

Vx
Maximum angle )
vy

. .

Altitude climb 4
gained in a
given time

Maximum
rate climb

% Cruise

climb

Distance traveled in a given time

Figure 3-15 Maximum angle climb, maximum rate climb, cruise climb;
use the one that suits the situation.
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Climb Speed Correct speed
: > . . . /
Refer to your Pilot’s Operating Handbook for the various climb speeds Wj Too fast

for your particular airplane. Typically, the best angle-of-climb speed V 7
is about 10-15 knots less than the best rate-of-climb speed V, at sea level M Too slow

for single-engine airplanes.

Figure 3-16
Fly at the correct climb speed for best
performance.

Climb Performance

Performance in the climb, be it angle or rate of climb, will:
o decrease when power is decreased;
o decrease when airplane weight is increased;
o decrease when temperature increases because of lower air density;
o decrease if you fly at the incorrect speed (either too fast or too slow); and
o decrease as altitude increases because of lower air density.

The power available from the engine and propeller decreases with altitude. The climb
performance, rate of climb, and angle of climb capabilities all decrease with altitude.

Absolute ceiling “\/f&.‘gl

————————— Service ceiling - —%ﬁ‘-wOFPM e
%zzoOFPM

e
300 FPM

500 FPM

Figure 3-17 Climb performance decreases with altitude.

The altitude at which climb performance falls close to zero and a steady climb can
no longer be maintained is called ceiling. The service ceiling is the altitude at which the
steady rate of climb has fallen to just 100 feet per minute (FPM). The absolute ceiling is
the slightly higher altitude at which the steady rate of climb achievable at climbing speed
is zero. It is therefore almost impossible to climb to the absolute ceiling, and the speed
you maintain at this altitude is at the point where Vy and V meet, as V increases and
V decreases with altitude.

The airplane’s Pilot’s Operating Handbook normally contains a table or graph with
climb performance information, see figure 3-18.
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SAMPLE o
MAXIMUM RATE OF CLIMB Not 0 be used n comumion i
9ht operations o flight planning,
CONDITIONS:
Flaps Up NOTE:
Full Throttle Mixture leaned above 3,000 feet for maximum rpm.
WEIGHT PRESS CLIMB RATE OF CLIMB - FPM
LBS ALT SPEED
FT KIAS -20°C 0°C 20°C 40°C
1,670 S.L. 67 835 765 700 630
2,000 66 735 670 600 535
4,000 65 635 570 505 445
6,000 63 535 475 415 355
8,000 62 440 380 320 265
10,000 61 340 285 230 175
12,000 /{ 60 245 \ 190 135 /{ 85
Climbing IAS for best Rate of climb Rate of climb
rate of climb decreases decreases with decreases with
with altitude. altitude increase.  temperature increase.

Figure 3-18 A typical climb performance table.

The Effect of a Steady Wind on Climbing

A headwind increases  Because rate of climb is a vertical velocity and wind normally acts horizontally, rate
tg/’;xﬁ dg;zgfc’zs_lf of climb is not affected by a steady wind. Angle of climb through the air also is not
Wind does not affect  affected by a steady wind. However, if we consider the angle (or gradient) of climb over
rate of climb, but does  the ground—the airplane’s flight path—a headwind increases the effective climb gradient
affect angle of climb  gyer the ground and a tailwind decreases it. Taking off into a headwind has obvious

over the ground. .
advantages for obstacle clearance—it improves your clearance of obstacles on the ground.

Headwind

No wind

Tailwind

T%

Figure 3-19 Wind affects the flight path achieved over the ground.
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Angle of Climb

The angle of climb (climb gradient) depends directly on the excess thrust (the thrust
force in excess of the drag force). The angle of climb therefore increases when thrust
increases or drag decreases. When a maximum angle of climb is required, you use full
power, climb at the correct speed for maximum excess thrust, and ensure the airplane
is in a low drag configuration with flaps and gear up (as indicated by the POH). This is

Angle of climb
depends on
excess thrust.

10]id |e1oJawwo) |

a very important consideration for the climb out after takeoff. Flaps for takeoff decrease
the takeoff run prior to liftoff, but once in flight the angle of climb may be less because

of the higher drag with flaps down.

Clean takeoff W

(no flaps)

with flaps
extended

A
I
| ~ /s
7| < Greatest
- excess
@ thrust
\ 7/
\ //\5\\?‘6
A 7S
7*"" \)9\ .
| The Less dlstance _______
‘ but less cllm_b ________
oy, TAS e IR
Figure 3-20 “Thrust required” and Figure 3-21
“thrust available” versus TAS. Climb gradient may be less with flaps extended.
Rate of Climb

The rate of climb depends directly on the excess power (power is the rate of
doing work which equals thrust velocity). Rate of climb increases when power
increases or the product of drag and TAS reduces. The maximum rate of
climb usually occurs at a speed somewhere near that for the maximum lift/
drag ratio, and is faster than the speed for maximum angle of climb (gradient).
The maximum rate of climb speed will give the greatest altitude gain in the
shortest amount of time.

Factors Affecting Climb Performance

Power

If full power is not used in a climb, the power (and thrust) available decreases,
which decreases the excess power and excess thrust and therefore the rate and
angle of climb. During the initial climb it is important that you ensure that
the correct climb power is set and maintained.

Weight
Compared to alight airplane, a heavy airplane requires more lift and therefore
produces more drag. Thrust and power required for straight-and-level flight is
therefore increased, and excess thrust and excess power is decreased.

A heavier airplane weight therefore reduces angle and rate of climb.

Rate of climb depends
on excess power.

Power

Figure 3-22
“Power required” and “power
available” versus TAS.
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A

No thrust but a
component of weight
along the flight path
counteracts the drag

Air Density

When temperature, humidity, or airplane altitude increase, the air density reduces. This
causes the piston engine to produce less power and the propeller to produce less thrust.
This reduction in thrust and power available results in excess thrust and excess power

decreasing.

A reduction in air density therefore reduces angle of climb and rate of climb.

Incorrect Airspeed

If you fly faster or slower than the recommended speeds (V and V), excess thrust and
excess power decrease, decreasing the angle and rate of climb respectively.

»
»

4
Excess ’
- - . b\e
21~ 5| power availd
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Figure 3-23 Figure 3-24

Flying the incorrect airspeed reduces
excess thrust and angle of climb.

y//@o/
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\
angle \ B g
\ e

Component of
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Figure 3-25
In a glide descent, a component of weight
counteracts the drag.

In a steady glide lift,
weight and drag are
in equilibrium.

Flying the incorrect airspeed reduces
excess power and rate of climb.

DESCENT

If an airplane is in a glide descent, with no thrust being produced by
the engine and propeller, only three of the four main forces will be
acting on the airplane: weight, lift, and drag. In a steady glide these three
forces are in equilibrium as the resultant force acting on the airplane
is zero. Suppose that the airplane is in steady straight-and-level flight
and the thrust is reduced to zero. The drag force is no longer opposed
with an equal and opposite force, and will therefore decelerate the
airplane—unless a descent is commenced where the component of the
weight force acting in the direction of the flight path is sufficient to
counteract the drag. This effect allows the airplane to maintain airspeed
by descending and converting potential energy because of its altitude
into kinetic energy (motion).

Resolving the forces in the direction of the flight path shows that a
component of the weight force acts along the flight path in a descent,
counteracting drag and contributing to the airplane’s speed. The
airspeed in the descent remains constant when this component of
weight is equal and opposite to the drag.

Resolving the forces vertically, you can see that, in a glide descent,
the weight is counteracted by the total aerodynamic force, which is the
resultant of the lift and drag. Notice that the greater the drag force, the
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steeper the glide. The shallowest glide is obtained at the maximum lift/drag ratio when,

for the required lift, the drag is least:

if the L/D ratio is high, the angle of descent is shallow—a flat glide angle—and the
airplane will glide a long distance; and

if the L/D ratio is low (a poor situation), with a lot of drag being produced for the
required lift, then the airplane will have a large angle of descent—a steep glide

angle—and the airplane will therefore not glide very far.

_-“A_Total reaction (TR)
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N
|
|
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|
|
|
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|

L/D ratio 6:1
shallower glide

L/D ratio 3:1
steeper glide

y

A

Figure 3-26 A smaller L/D ratio (increased drag) results in a steeper glide.

>

Two points can be made here:

1. an aerodynamically efficient airplane is one which can be flown at a
high lift/drag ratio. It is capable of gliding further for the same loss
of altitude compared with an airplane that is flown with a lower L/D
ratio; and

. the same airplane will glide furthest through still air when it is flown
at the angle of attack (and airspeed) that gives its maximum L/D ratio.

Lift/drag

-

Angle-of-attack
for best L/D ratio

Too fast

This angle of attack is usually about 4°.

Because you cannot read angle of attack in the cockpit, flying at the
recommended best glide or descent speed (listed in the Pilot’s Operating
Handbook) ensures that the airplane is somewhere near this most efficient
angle of attack to achieve the best glide angle.

Factors Affecting Glide Angle
Airspeed

To glide the furthest in still air, fly at the recommended airspeed (and therefore angle of
attack) that gives the maximum lift/drag ratio. This may be deceptive for the pilot because

the nose attitude may be quite high, but the airplane is descending steeply.

g
<~ L Joo slow

N
N

attack

Figure 3-27
Angle of attack versus L/D ratio.

The wrong airspeed
(too fast or too
slow) steepens

the glide angle.

If you are gliding at the recommended airspeed and it looks like you will not reach
the selected point, do not raise the nose to increase the glide distance. It will not work!

Angle of
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The higher nose attitude may give the appearance of stretching the glide, but in fact it
will decrease your glide distance.

The best glide
speed reduces as
weight decreases.

Maximun L/D ratio speed
gives best glide
Too slow -
trying to ‘stretch’
the glide
e
Ve
\% .
7
v Speeds shown are

for example only

Figure 3-28 The flattest glide is achieved at the maximum L/D ratio.

In a glide,
clean

In a glide _
with flaps 2
extended / ‘:\“5‘
\
— \
Ly \
s
L
-\

Steeper descent
with flaps extended
(more drag)

Figure 3-29
Steeper glide angle with flaps extended.

o L Same angle of attack
different weights and
different airspeeds

95 knots
3L

85 knots

Same glide
angle

Figure 3-30
The best glide angle is the same at all weights
(maximum L/D) but the airspeed must be lower
at lower weights.

A headwind reduces
the glide distance
over the ground—a
tailwind increases it.

Flap Setting

Flaps increase the drag more than the lift and consequently the L/D
ratio is lower. This gives a steeper glide.

Weight

If the airplane weight reduces, you can achieve the best glide angle
by flying a slightly slower glide speed. By maintaining the angle of
attack for the maximum L/D ratio (and therefore for the best glide),
the airspeed will be lower but the glide angle the same. This also
means that the rate of descent for the airplane when it is lighter
will be less—it will glide the same distance through the air, but
take longer to reach the ground because of the reduced airspeed.

The recommended glide speed (stated in the Pilot’s Operating
Handbook) is based on maximum gross weight. The variation in
weight for most training airplanes is not large enough to signifi-
cantly affect the glide if the recommended glide speed is used at
all times—even though, theoretically, a slightly lower glide speed
could be used when lightly loaded.

The recommended glide speed in your Pilot’s Operating Hand-
book is suitable for all permissible weights of your light training
airplane.

Glide Distance over the Ground

A headwind reduces the glide distance over the ground, even
though it does not affect the glide distance through the air, nor
does it affect the rate of descent:
o glide angle means relative to the air mass and is not affected
by wind; and
o flight path means relative to the ground and is affected by
wind.
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Identical pitch

attitudes and

airspeed in all
three approaches

Headwind @1

Flightpath
over the

No wind ﬂ

Tailwind F \

Figure 3-31 More ground is covered gliding with a tailwind and less with a headwind.

The airplane “sees” only the air in which it is flying. In the case illustrated in figure
3-31, we can see three identical glides through an air mass—same airspeed, same nose
attitude, same angle of attack, same rate of descent (therefore same time taken to reach
the ground) in all three cases. The only difference is that the air mass is moving over the
ground in three different ways and carrying the airplane with it. The ground distance
covered differs. A tailwind increases the glide distance over the ground, even though it
does not affect the glide distance relative to the air mass or the rate of descent.

Still Air Glide Distance

Figure 3-32 shows the forces acting in a glide. You will see that the glide distance is
furthest when the L/D ratio is at its maximum value. If the L/D ratio is 5:1, the airplane
will glide 5 times as far as it will descend. If you are 1 nautical mile (NM) high (about
6,000 feet), you will glide for about 5 NM. If you are at about 12,000 feet (2 NM), you
will glide approximately 10 NM. An airplane with a L/D ratio of 12:1 will glide 12 times
as far in still air as it will descend.

Same angle

L/D 12:1 ]

1NMM

12 NM 5NM

(6,000 t)

Figure 3-32 “Air distance/altitude” is the same ratio as “lift/drag”

Wind does not affect
rate of descent.
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component

of lift (provides
centripetal force)

Figure 3-33

rwmoer TURNING AND LOAD FACTOR

| of lift
Forces in a Turn

For an object such as an airplane to turn, a force is required that acts toward
the center of the turn. This turning force is known as the centripetal force.
Holding a string tied to a heavy object such as a stone, your hand supplies
a lift force equal and opposite to the weight of the stone. If you swing the
stone in a circle, however, your hand supplies not only a vertical force to
counteract the weight but also a centripetal force to keep the stone turning.
The total force exerted through the string is greater than the weight of the
stone, and you will feel the increase in effective weight.

By banking, the tilted lift force
has a horizontal component which

provides the centripetal force. 2 This component
counteracts weight 7
L A d

T A stone . '
$/ A i i
N This component is called

- centripetal force. It forces
the stone into a circular path
w

w

Figure 3-34 The centripetal force pulls a body into a turn.

To turn an airplane, a centripetal force (toward the center of the turn) needs to be
generated. This can be done by banking the airplane and tilting the lift force so that it
has a sideways component.

Flying straight-and-level, the lift force from the wings counteracts the weight of the
airplane. If you turn the airplane, the wings still need to supply a vertical force to coun-
teract the weight (unless you want to descend) plus the centripetal force toward the center
of the turn to keep the turn going. Consequently, the lift force in a level turn must be
greater than the lift force when flying straight-and-level. To develop this increased lift
force at the same airspeed, the angle of attack must be increased by applying back pressure
on the control column.

The steeper the bank angle in a level turn, the greater the lift force required. Note that
you select the bank angle using the ailerons (to roll the airplane) and elevator to increase
the angle of attack (and increase lift) to produce the centripetal force required to turn
the airplane and maintain the selected altitude.

60°

bank angle bank angle

Angle of attack
increased

Angle of attack
w further

w increased

Figure 3-35 The steeper the bank, the greater the lift force required from the wings.
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The stability designed into the airplane, together with adverse yaw effect, may resist
it turning, and the application of a little rudder (left rudder for a left turn and vice versa)
helps bring the tail around and yaw the nose into the turn, aligning the fuselage with
the turning flight path—therefore the rudder is used to coordinate the turn by control-
ling yaw. You, of course, are forced into the turn along with the airplane and feel this
as an increase in the force exerted by the seat; it feels like an apparent increase in your
weight—the centrifugal reaction.

Load Factor

The load factor on the wings is increased in a turn. Flying straight-and-level, the wing
produces a lift force equal to the weight and L = W. The load factor is said to be 1. You
experience a force from the seat equal to normal weight, and feel it as “1g.”

In a banked turn of 60°, the wings produce a lift force equal to double the weight and L
=2W. This means the loading on the wings is doubled when compared with straight-and-
level flight, or each square foot of wing has to produce twice as much lift in a 60° banked
turn as it does in straight-and-level flight. You experience a force from the seat equal to
twice your weight. This is 2g and the load factor is 2. This is true for all 60° banked turns,
irrespective of airspeed, rate of turn, or weight of the airplane.

The load factor is the ratio of the lift force produced by the wings compared with the
weight force of the airplane.

lit wingloading in maneuver
weight  wing loading straight-and-level

Load factor =

At bank angles beyond 60°, the lift force generated by the wings must increase greatly
so that its vertical component can counteract the weight, otherwise altitude will be lost.
Increased lift from the wings means increased wing loading and an increased load factor.
We can show this in a curve of load factor versus bank angle.

Note the following:

« in a 30° banked turn you will experience 1.15g load factor. The 419
wings will produce 15% more lift than when straight-and-level,
and you will feel 15% heavier;

o at 60° bank angle, the load factor is 2. The wings have to produce
a lift force equal to double the weight to maintain altitude. The
g-force is 2g, you will feel twice as heavy, and the wing will have
to support double the weight;

o a 70° bank, the load factor is 3;

« autility category airplane has a maximum allowable positive load
factor of 4.4g, which is reached at approximately 77° bank angle (a

Load Factor L/W (g-forces)

Figure 3-36
The steeper the bank
angle, the greater
the g-forces.

normal category airplane is limited to 3.8g); and 0° 10° 20° 30° 40° 50° 60° 70°

e in a 90° banked turn, the lift force is horizontal, and, even if of

Bank Angle

infinite size, would have no vertical component to counteract the Figure 3-37
weight. Therefore altitude cannot be maintained in a coordinated Load factor versus bank angle.

turn at 90° bank angle (unless extreme excess thrust is used).

For those who are interested in a mathematical explanation, the load
factor in a turn can be calculated from 1 divided by the cosine of the
bank angle, or ..
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Load factor
increases as bank
angle increases.

In a turn, extra
thrust is required to
maintain airspeed.

The maximum weights permitted to be carried in a particular airplane (or compart-
ments within an airplane) take into account load factor. A normal category airplane is
stressed to 3.8g. If the baggage compartment is approved for 220 Ib, then it will not be
overstressed provided 3.8g is not exceeded.

Load Factor in a Turn

In straight-and-level flight, the wings support a load that is the weight of the airplane. In
abanked turn of 60°, the load factor is 2, and now each wing has to support twice the load
that it did in straight-and-level. Wing loading is the load supported by the wings divided
by their area. For example, an airplane weighing 2,500 pounds (Ib) with a wing area of 200
square feet has a wing loading of 12.5 Ib/sq. feet in level flight. In a 60° banked turn the
load factor is 2. Therefore the load that the wings are supporting is 2,500 x 2 = 5,000 lb:

load _ 5,000
wing area 200

Wing Loading = = 25 Ib/square foot

Like load factor, wing loading in a turn depends only on the bank angle. But wing
loading is not only of concern for structural strength, it also affects minimum landing
speeds: the smaller the wing, the higher the wing loading and the faster the minimum
landing speed.

Thrust in a Turn

In a turn, increased lift from the wings is required to provide the centripetal force and
to maintain altitude. This is achieved by applying back pressure on the control column
to increase the angle of attack.

The steeper the bank angle, the greater the angle of attack and back pressure required.
As we saw in our discussion on drag, an increase in the angle of attack will lead to an
increase in the induced drag. If a constant airspeed is to be maintained in a level turn,
an increase in thrust to counteract the increased drag in a turn is required (typically
50 RPM for a fixed-pitch propeller or ¥ in. Hg manifold pressure for an airplane with
a constant-speed propeller). In practice, however, the power is usually kept constant in
medium turns and you accept a reduction in airspeed of approximately 5 knots. If extra
thrust is not added, the airspeed will decrease in a level turn. If required, airspeed could
be maintained by allowing the airplane to lose altitude, trading potential energy for
kinetic energy.

Steep Turns

A steep turn is one in which the bank angle exceeds 45° and airspeed
is maintained by applying a significant increase in power. It is a high-
performance maneuver that requires good coordination and positive

Angle-of-attack control. A steep level turn requires a significant increase in lift so that:
Increased 10

600 generate more « astrong horizontal component exists to pull the airplane into the
bank angle turn; and
o the vertical component is sufficient to support the weight and allow
v altitude to be maintained.
Figure 3-38

A steep level turn requires increased lift.
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Firm back pressure is needed on the control column to increase the lift force, and
increased power is required to overcome the tendency to lose airspeed because of the
increased drag. Ailerons must be used to maintain the selected bank angle as accurately
as possible.

The Sta" in a Turn A Percentage

1001 increase

In a turn, the angle of attack has to be greater than at the same speed in in stall speed

straight-and-level flight, to create the additional lift needed to turn the
airplane as well as support its weight. This means that the stall angle of
attack will be reached at a higher speed in a turn—the steeper the bank 50|
angle, the higher the airspeed at which the stall angle of attack is reached: 41
« at30°bank angle, the stall speed is increased by 7% over the straight-
and-level stall speed; N

19fF-----

= A F

o at 45° bank angle, the stall speed is increased by 19%; o

o at 60° bank angle, the stall speed is increased by 41%; and Bank angle
« at 75° bank angle, the stall speed is increased by 100%, or doubled.
Figure 3-39
For example, if your airplane stalls at 50 knots straight-and-level, then Percentage increase in stall speed
in a 60° banked turn it will stall at 71 knots (141% of 50 knots) which is versus bank angle.

a significant increase. In steep turns, you may feel the onset of the stall
buffet because the margin between your speed and the stall speed has
decreased.

Note. The stall speed increases by the square root of the load factor.

Rate of Turn
The rate of turn of an airplane in degrees per second is important. Instrument flying
usually requires standard-rate turns of 3%second. This means that the airplane turns
through:

 180°in 1 minute; and

e 360°in 2 minutes.

A standard-rate turn at a higher airspeed requires a steeper bank angle.

180 in 1 minute
equals 3° per second

(standard rate)
100 knots 140 knots

15° bank angle 21° bank angle

Figure 3-40 A standard-rate turn requires a steeper bank angle at a higher airspeed.

An easy way to estimate the bank angle (in degrees) required for a standard-rate turn is:

10 of the airspeed in knots, plus % the answer

For example, at 140 knots, for a standard-rate turn, bank angle is %0 + % (1%0) = 14
+7=21°

0 10° 20° 30° 40° 50° 60° 70° 80°
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Commercial Pilot |

Turn Performance

Constant-Angle Turn

An airplane in a 30° banked turn travels around different circular paths depending on
its airspeed. At low speed the turn is tighter (the radius of turn is smaller) than at high
speed, see figure 3-41.

At a constant bank angle, the slower airplane has an increased rate of turn. This is
because the radius of turn decreases by the square of airspeed. Therefore although the
airplane is flying through the air at a slower speed than the faster airplane, its radius of
turn is much smaller, and the overall rate of turn is greater.

In summary, if the bank angle is kept constant and the speed reduced, the radius of
the turn will decrease and rate of turn increase.

Constant-Radius Turn

To fly a turn of the same radius at a higher speed requires a greater bank angle.

90 knots
120 knots

* - 90 knots

"
80 knots

N

60 knots\

D)

Same bank angle,
different speeds,
different radii of turn

Different airspeeds require

different bank angles to
‘\ maintain same radius of turn

Figure 3-41 Turning performance is Figure 3-42 Constant-radius turn.
increased at low airspeeds.

Constant-Speed Turn

At a constant airspeed, the greater the bank angle, the tighter
the turn (the smaller the radius of turn) and the greater the rate
of turning (in degrees per second). Note that, if airspeed and
bank angle are kept constant, the turn radius (and rate) will

remain the same regardless of airplane weight. 80 knots
If bank angle remains constant and airspeed doubles, the
turn radius must increase four times. Similarly if airspeed

remains constant and the turn radius is reduced, bank angle 80 knot
nots
must increase.

Same speed,

Flaps and Turning different bank angle,

different radius of turn
If flaps are lowered before a level turn, the stall speed decreases

allowing the airplane to turn at a slower airspeed. This has the =~ Figure 3-43 A steeper

advantage of allowing a smaller turn radius at the same bank bank angle at constant
8 8 speed increases turn

angle but increases drag and decreases the limit load factor in performance.

many cases.
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STALLING

A wing stalls when it reaches the stall, or critical angle of attack, which is the point where
the smooth airflow breaks down and becomes turbulent, thereby considerably reducing
the lift generated. You can induce a stall on purpose by increasing the angle of attack
using back pressure on the control column.

Itis very easy both to prevent a stall, simply by ensuring that the critical angle of attack
(about 16°) is not approached, and to recover from a stall, by easing the nose forward
to decrease the angle of attack. Sometimes you want to approach the stall, for instance
during the final stages of a landing.

Ideally the airflow around an airfoil would be streamlined. In flight however, the
streamlined flow breaks away (or separates) at some point from the airfoil surface and
becomes turbulent. At low angles of attack this separation point is toward the rear of the
wing and the turbulence is not significant. At higher angles of attack the separation point
moves forward. As the angle of attack is increased, a critical angle is reached beyond
which the separation point suddenly moves well forward causing a large increase in the
turbulence over the wing.

The separation of the airflow from the wing’s upper surface and breakdown of the
streamlined flow reduces the magnitude of the low static pressure above the wing, greatly
reducing the lift developed by the wing. Conversely, as the angle of attack increases
the small aerodynamic force produced by the airflow striking the wing’s lower surface
increases slightly. The overall effect however, is a marked decrease in lift and the airplane
loses altitude. This reduction in the wing’s lifting ability is shown in figure 3-44.

777777 L | Constantlift force for """"J,""""""""""""""J,",L Lift
straight and level flight A LT decaying
,,,,,, bol T
- o N \\ L
’f” 1! NOOoA
417 [ AN RN
_--" f C : | S Y
Ptae 1 1 } N c
- 1 1 " 2L
- 1 1 | Critical |\\L \
PPtae ! ! | angle of ! AN
== 1 | attack 1 N
~-kcL 1 [ 1 \
1 1 [ 1 \
1 1 1 } 1
—— e ‘29%[( A
0° 0° Angle of attack 10° €S| 15° JQ ) f; Stalled
C Ol
——————————— S = S
Fast Slow ‘,@Nﬂ%‘?\
\JJQF\‘)\
Angles exaggerated
for illustration
wo w w o wo

Figure 3-44 An airfoil reaches its maximum lifting ability at the critical angle of attack.

Recognition of the Stall

Approaching the stall angle of attack, the streamlined flow breaks down over parts of the
wing and turbulent air flows back over the horizontal stabilizer. The airframe may shake
or buffet as a result, known as pre-stall buffet or control buffet. Many airplanes have stall

A stall occurs at the
critical angle of attack.
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warning devices such as a buzzer or horn that sounds to warn the pilot
that the wing is approaching the stall angle.

At the stall, the decrease in lift causes the airplane to sink. The rearward
movement of the center of pressure causes the nose to drop.

Figure 3-45 Turbulent flow over the Recovery from the Stall
horizontal stabilizer.

To recover from a stall
reduce the angle of attack
by lowering the nose.

To recover from a stall, the angle of attack must be reduced. This is achieved

by releasing the back pressure on the control column and allowing the

nose to come down. If the airspeed is low, which is often the case, full
power should also be applied to increase the airspeed as quickly as possible. Stall recovery
should be initiated at the first indication of an impending stall.

Stall and Angle of Attack

For most training airplanes, the stall angle of attack is about 16°. This stalling or critical
angle of attack is always the same regardless of airspeed, weight, loading, position of
the center of gravity, load factor in maneuvers, altitude, and so on. The wing stalls at a
particular angle of attack, and not at a particular airspeed.

Descending

16° angle { 50 kts IAS
of attack

<
<

Climbing

50 kts IAS

Figure 3-46 The stall occurs at the same stall angle in all phases of flight, but not
necessarily at the same speed.

Factors Affecting Stall Speed

A specific airfoil stalls at a particular angle of attack; however, the stall may occur, for
example, at:

+ 50 knots straight-and-level for an airplane at maximum gross weight;

« 45 knots straight-and-level when it is light;

o 44 knots straight-and-level with flaps and gear down;

e 70 knots in a 60° banked turn; and

« 80 knots if you experience 3g pulling out of a dive.

Note. Do not bother learning these figures as they are only examples.

There is, however, some connection between angle of attack and indicated airspeed.
Their relationship depends on:

« lift produced by the airfoil;

« load factor;
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o bank angle;

» weight;

o power; and

flap setting (which changes the airfoil’s shape and lifting ability).

Load Factor

If the wing has to produce increased lift to maneuver the airplane at a particular airspeed,  Stall speed increases
for instance in a turn or pulling out of a dive, then you will apply back pressure on the  With load factor.
control column to increase the angle of attack. Lift will be increased, causing an increased
load factor, and you will feel an increase in your g-loading.
An increased angle of attack in maneuvers will bring the wing closer to the critical  Stalling occurs at a
or stall angle, even though the airspeed has not changed, and, in the extreme case, if ~¢ritical angle of attack—
. . . . not at any particular
you increase the angle of attack to the critical angle, the wing will stall even though the ;55000
airspeed is well above the 1g straight-and-level stall speed.
In airfoil lift (chapter 1) we saw that lift depends on angle of attack and airspeed
squared. If lift depends on airspeed-squared then, conversely, airspeed is related to the
square root of lift. This means that the actual stall speed when the critical angle of attack
is reached depends on the square root of the lift being produced.
Iflift is increased by a factor of four in an aggressive maneuver, the stall speed will be
doubled. If the straight-and-level 1g stall speed is 50 knots, then when pulling 4g the wing
will stall at 100 knots. Note that 4g is outside the load limits for most training airplanes.
If the load factor is doubled, for instance in a 60° banked turn, you will feel 2g (double
your normal weight), and the stall speed will be 1.4 times greater (the square root of 2
is approximately 1.41), which is approximately 71 knots (1.41 x 50). This is illustrated in
figures 3-47 and 3-48.

2.0 A ]
yd 11— 100 "
v — 1’
18 10 — ]
Increase - I I
in stall / 9 — 3 80 9
speed /’ —_— f;,i ,’
Vload factor 4 /1 81— T / / Load
1 2]
/ w 7— £ 60 7 factor
7 T — 9 / ]
1.4 / >0 ¢ F
// A - 40 5
/ 5 [ 8 f
12 / 8 41— g Stall speed Load ||
4 = —1 8 increase |/ y factor ||
© — o) /
g3 g pa 8
21—
1.0 T -~
2 3 4 — T
g-force (load factor) 17— 0 20° 40° 60° 80° 1
o o 0o 9° o Bank angle
030° 45 60 70 75
/‘/ / Bank angle /
Figure 3-48
Examples Relationship between stall speed, load factor
1. At 2g (load factor 2) the stall speed increases by 1.41, and and bank angle.

at 3g by 1.73 times the level stall speed for the airplane.

2.In a 60° bank turn the load factor is 2 and the stall speed
increase is by 1.41.

Figure 3-47
Stall speed increases with load factor.
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Stall speed increases

with weight (stall
angle of attack
stays the same).

Stall speed is lower
in a power-on stall.

Because the stall angle is reached in maneuvers at higher speeds than when flying
under 1g conditions, these are known as accelerated stalls. Stall speed will be increased
any time lift from the wings is increased, which will occur in turns, when pulling out of
dives, in gusts, and in turbulence.

Weight

In straight-and-level flight, sufficient lift must be generated to balance the weight. The
heavier the airplane, the greater is the lift force required. Because the stall speed varies
with the square root of lift, an increase in airplane weight increases the stall speed—but
does not affect the stall angle of attack.

If the weight decreases 20% to only 0.8 of its original value, then the stall speed will
decrease to 0.9 times its original value (0.9 is the square root of 0.8).

If the stall speed at maximum gross weight (say 2,000 pounds) was stated in the Pilot’s
Operating Handbook to be 50 knots, then at 1,600 pounds (only 80% of the maximum
weight), the stall speed is only 90% of the original stall speed which is 45 knots. Conversely,
an increase in weight increases the stall speed.

The Pilot’s Operating Handbook states various stall speeds. V is the minimum steady-
flight speed at which the airplane is controllable or stall speed, in straight-and-level flight,
with the power off, at maximum allowable gross weight. Remember that whenever your
airplane weighs less than its maximum weight it will stall at a speed slightly below that
specified in the Pilot’s Operating Handbook.

Figure 3-49 Stall speed is a function of weight.

Power

With full power on, the strong slipstream passes over the inner section of each wing as
well as the empennage. The separation of the airflow from the upper surface of the inner
section of each wing is thereby delayed, so a more positive stall occurs at a lower indicated
airspeed, compared with power off.

In addition, as the stall angle is approached with power on, the high nose attitude
allows the thrust to have a vertical component that will partially support the weight.
Therefore, the wings are off-loaded a little and less lift is required from them. Less lift
means a lowered stall speed.

Because the slipstream encourages the generation of lift from the inner parts of the
wing, the outer sections of the wing may stall first. Any uneven production of lift from
the outer sections of the two wings will lead to a rapid roll called a wing drop. If a wing
does drop close to the stall, do not correct by putting the aileron on the dropped wing
down. In other words, do not try lifting the wing with aileron.
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This will further increase the lower wing’s effective angle of attack resulting in the A power-on stall may
wing becoming more stalled and dropping further. If a wing drops close to the stall, € more definite

and accompanied

correct with rudder (the secondary effect of rudder is roll). Be aware rudder input yaws 1), 5 ying drop.
the airplane, increasing the angle of attack on the dropped wing.

Figure 3-50 Slipstream can lower stall speed.

Altitude

The stall angle of attack will be reached (straight-and-level) at the same stall indicated  Stall indicated airspeed
airspeed irrespective of altitude. If the airplane has a 1g stall speed of 45 knots indicated =~ 90€s not vary with
airspeed (KIAS) at 1,000 feet MSL, its 1g stall speed at 5,000 feet MSL will also be 45 KIAS.

Ice, Frost, and Other Wing Contamination

Ice accretion has two effects:

o ice increases weight, so the stall speed is increased; and

« much more significantly, ice accretion, frost, or other contamination on the wings

altitude.

Ice, frost, or other wing
contamination
increases stall speed.

(particularly the front half of the upper surface where most of the lift is generated)
disrupts the airflow over the wing, decreasing its lifting ability, and causes early

separation of the airflow from the wing.

The early separation of the airflow results in the breakdown of streamlined flow at
angles of attack well below the normal stall angle, and stalling occurs at higher speeds.

In addition, the higher stall speeds result in the
takeoff speed increasing above the normal takeoff
speed, and the takeoff distance increasing at an
unknown rate. Ice can prevent an airplane from
becoming airborne.

Note. Any ice or frost at all, even if only the
texture of very fine sandpaper, should be
removed from the wing prior to flight, as
should insects and salt from the wing leading
edges.

Figure 3-51

Snow, ice, and frost must be removed from all

surfaces prior to flight.
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Flaps reduce the stall

speed.

Flaps

Extending flaps gives us a new airfoil shape with increased camber and an increased
lifting ability. This enables the wings to support the same load at a lower speed, and the
airspeed can decrease to a lower value before the stall angle is reached.

The reduction of stall speeds is the main advantage of flaps. It makes for safe flight at
lower speeds—very useful for takeoffs, landings (shorter fields) and low speed searches.
Also, extending the flaps allows lower nose attitudes—not only is visibility increased, but
also the stall angle will be reached at a lower nose attitude.

The stall with flaps extended may be accompanied by a wing drop, especially with
power on. Use rudder to correct the wing drop, not aileron. Because of the increased drag
with flaps extended, any speed loss, especially with power off, could be quite rapid, with
little advance warning to the pilot of an impending stall.

In the stall with flaps down, turbulence over the horizontal stabilizer may cause
very poor control from the elevator, known as blanketing of the elevator. Some training
airplanes have a T-tail with the horizontal stabilizer high on the fin to avoid any such
blanketing of the elevator in the stall.

Note. Some airplane manuals publish tables that show stall speed at various bank
angles with power off and power on, with the airplane clean, and also with the airplane
in the landing configuration (gear and flaps down).

For example from figure 3-52, the predicted stall speed:
o clean, power off at 30° bank angle is 70 knots; and
« gear/flaps down, power on, level is 47 knots.

Stall Speeds
not t
Gross Weight Bank Angle M" i Increasing
2,750 Ib bank angle
’ Level 30° 45° increases
stall speed
Power Gear and
mph 6
On kt 54
Adding power
h 81 89 106
Off mp @ reduces
L 0 7 2 stall speed
\ Gear and Flaps Down
on mph 54 58 64 76
kt 47 50 56 66 Extending flaps
mph 71 78 93 reduces
ort kri 62 68 81 stall speed

Figure 3-52 Examples of stall speeds in different situations.

Stall Warning Devices

Most airplanes are equipped with a device such as a horn, flashing red light, or whistle to
warn of an impending stall. Such artificial devices are only secondary to the aerodynamic
stall warnings that you must learn to recognize, such as stall buffet, decreasing speed,
and less effective controls. If a stall recovery is initiated at the sound of the stall horn, it
is known as an impending stall recovery.
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Wing Design and Stall Characteristics

If there is an uneven loss of lift from the outer sections of the wings near the tips, caused
by one of them stalling first, then a strong rolling moment is set up because of the long
moment arm from the outer sections of the wing to the CG. Also, the ailerons become
less effective because of the disturbed airflow around them.

Stalling at the wing roots is preferable because it allows the control buffet over the
horizontal stabilizer (because of the turbulent air from the inner sections of the wing)
to be felt, while the outer sections of the wings are still producing lift and the ailerons
should still be effective. An uneven loss of lift on the inner sections, if one wing stalls
before the other, does not have as great a rolling moment compared with when the outer
sections of the wing stall first.

A rectangular wing, compared with other wing planforms, has a tendency to stall first
at the wing root, and so provide adequate stall warning to the pilot while the ailerons are
still effective. This is one reason why rectangular wings are common in basic training
airplanes.

Stalling at the wing root first can also be achieved with a lower angle of incidence (and
therefore a lower angle of attack) at the wingtip when compared with the wing root, which
is known as washout. This means that the wing root reaches the stall angle prior to the
wingtip. (Washout also helps to reduce the induced drag from wingtip vortices.) On other
airplanes, small metal plates can be placed at the inboard leading edges to encourage the
early onset of the stall at the wing root.

Relative wind T T~

Angle a < angle b
K/ !

Figure 3-53 Built-in washout causes the wingtip to stall later than the root.

The Boundary Layer

We said earlier in this chapter that a wing stalls when it exceeds the critical angle of attack
and the airflow separates from the wing’s surface. To understand why this occurs it is
important to study the boundary layer. The boundary layer is the thin (V12- to %- inch)
layer of air next to the wing’s surface. Because of the air’s viscosity, or stickiness, the speed
of the air in the boundary layer is reduced below that of the main airflow.

In the boundary layer the air closest to the surface is slowest. As the distance from the
surface increases the relative speed of the air increases until it reaches that of the main
airflow (free-stream flow). You may have noticed when watching water flow down a dam
spillway that at the top the flow is thin and laminar, and then at some point it becomes
thicker and turbulent. Figures 3-54 and 3-55 show how flow (in this case water) has two
types, laminar and turbulent, separated by a transition point or region.

Stalling first at the wing

root is preferable
to stalling first at
the wingtip.
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Transition

Velocity
profile

Laminar boundary layer Turbulent boundary layer

Figure 3-54 The boundary layer over a flat surface.

The Adverse Pressure Gradient

Over a curved surface such as a wing, however, there is an additional factor that affects the
boundary layer. As the airflow is fastest at the point of maximum curvature, the static
pressure there is lowest. Further aft the airflow’s speed decreases and the static pressure,
although still low, increases. This difference in static pressure causes a pressure gradient
which acts in the opposite direction to the airflow. This is called an adverse pressure
gradient.

Close to the wing’s surface the air is moving slowest and therefore has less kinetic
energy to overcome this adverse pressure gradient. As the air in the boundary layer moves
aft it slows, and at some point the adverse pressure gradient will be strong enough to stop
it. This is the separation point. Note that aft of the separation point flow reversal occurs,
where the air close to the wing is actually moving forward against the main flow.

Airflow fast
Static pressure
tow Adverse Airflow
Transition pressure gradient

slowing down
Static pressure
increasing

point

Laminar
boundary
layer

Turbulent boundary layer

" Z
\ Flow
Note: Vertical scale of boundary layer expanded Separation point reversal

Figure 3-55 The boundary layer over the wing’s upper surface.

Separation and the Stall

As the angle of attack increases, the static pressure at the point of maximum curvature
becomes even lower. The adverse pressure gradient now strengthens and the separation
point moves further forward until the point is reached where the wing stalls.

Wing Contamination and Slats

If the adverse pressure gradient were kept constant, and the speed of the boundary layer
altered, the separation point would also move. Ice, frost, and other contamination on
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the wing slow down the speed of the thin boundary layer causing the separation point to
move forward and the wing to stall at a lower angle of attack (which reduces the wing’s
lifting ability).
Slats, which introduce high-speed air into the boundary layer near the leading edge,
delay the forward movement of the separation point, allowing the wing to fly at higher
angles of attack, increasing the wing’s lifting ability (see figure 1-63, page 30).
A spin is a condition of stalled flight in which the airplane follows a spiral descent path.  To spin, an airplane
As well as the airplane being in a stalled condition, and yawing, one wing is producing ~ must first be stalled.
more lift than the other, which results in a roll. The dropping wing is more deeply stalled
than the other, and the greater drag from this wing results in further yaw, further roll,
and autorotation develops. Upward pitching of the nose will also occur. You can induce
a spin on purpose by yawing an airplane that is stalled, or just on the point of stalling.
In a spin, the airplane is in motion about all three axes. In other words, lots of things
are happening in a spin! The airplane is:
o stalled;
« rolling;
e yawing;
o pitching;
« slipping; and
« rapidly losing altitude at a low airspeed (close to the stall speed).
In a spin the wings will not produce much lift, since they are stalled. The airplane will
accelerate downward until it reaches a vertical rate of descent where the greatly increased
drag, now acting upward, counteracts the weight. The altitude loss will be rapid as the
Stall Yaw and I
_h@—w—w§ wing drop I /§ _, Up elevator
Faster wing _ _ S 55 stalled wings
% more lift Qﬁ:ﬁ"s/' ‘
Incipient
N { — | L
oo
o sem ‘% ) { Z~ Left rudder
/ Relative A A I / left yaw
airflow S QO
% e .
(¢ Turbulent
& a’ N OD&; fow
f*?» SO @ ~
@ S AR
Fully 'y J \2
developed
spin \\\‘% I -]
Left yaw I g
Relative I Slower wing
\\ airflow I less lift,
Recovery left roll
stage I
= =t Figure 3-57
Figure 3-56 The airplane in a stable spin to the left.
The flight path in a spin.
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On some airplanes,

misuse of the ailerons

can cause a spin.

Do not confuse a spin

Commercial Pilot |

(low airspeed and
stalled) with a spiral
dive (high airspeed

and not stalled).

airplane spins downward around the vertical spin axis but, because of the high angle of
attack and the stalled condition, the airspeed in the spin will be quite low and fluctuating.

Characteristics of a developed spin include a low airspeed (which does not increase
until recovery action is initiated), and a high rate of descent.

Spin Recovery

To recover from a spin, you must ensure power is off, oppose the yaw, and unstall the
wings. First note yaw direction and apply full opposite rudder, and then move the control
column forward to unstall the wings by decreasing the angle of attack. Once the airplane
has stopped spinning, ease the airplane out of the dive and resume normal flight.

Misuse of Ailerons

Trying to raise a dropped wing with opposite aileron may have the reverse effect when the
airplane is near the stall. If, as the aileron goes down, the stall angle of attack is exceeded,
the wing may drop quickly instead of rising, resulting in a spin.

The application of aileron after a spin has developed may aggravate the spin. Discuss
the spin characteristics of your particular airplane with your flight instructor.

The Spiral Dive

A maneuver that must not be confused with a spin is the spiral dive, which can be thought
of as a steep turn that has gone wrong. In a spiral dive the nose attitude is low, and the
rate of descent is high, but neither wing is stalled and the airspeed is high and rapidly
increasing. A spiral dive is really just a steep descending turn. However, because the
pilot may be disoriented it is often mistaken for a spin. The high and increasing airspeed
indicates that the airplane is in a spiral dive rather than a spin (when the airspeed would
fluctuate at a low value).

Recovery from a spiral dive is simple. Roll wings level and pull gently out of the dive.
Beware of overstressing the airplane by pulling too quickly out of the dive—remember
the controls will be very effective because of the high airspeed.

Autorotation

The two main features of the autorotation that occurs when a wing drops in stalled
flight are:
o auto-roll—the more-deeply stalled dropping wing will generate even less lift, and
so will want to keep dropping, causing the airplane to continue rolling; and
o auto-yaw—the dropping wing will generate increased drag, and want to yaw the
nose of the airplane in the same direction as the roll.

If a wing drops in flight, perhaps from a gust or perhaps intentionally by the pilot’s
actions, the relative airflow will strike it more from below, and so its angle of attack will
be greater. The rising wing, conversely, will have its angle of attack temporarily reduced.

In normal flight, at fairly low angles of attack well away from the stall, the increased
angle of attack of the dropping wing causes it to develop more lift. Conversely, the reduced
angle of attack of the rising wing reduces its lift. The natural tendencies of the airplane
in normal flight are therefore for the airplane to roll wings level.

In stalled flight, however, the increased angle of attack on the dropping wing causes
it to be even more stalled, and develop even less lift. The result is that the dropping wing
in a stalled condition continues to drop, and the rolling motion tends to continue. This
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occurs without any movement of the ailerons, so this characteristic

may be thought of as auto-roll.

The auto-roll effect can be illustrated on the familiar lift curve,
which shows lift increasing with angle of attack, but only up to the
critical stall angle of attack beyond which lift decreases.

In normal flight, when lift on a wing increases, so does drag. In
stalled flight, however, as we can see from the drag curve above,

Control wheel to right
but airplane rolls left

Stalled
m OQ u}

a dropping wing that is stalled not only experiences reduced lift,

causing it to continue rolling (auto-roll), it also experiences increased
drag which tends to yaw it in the direction of roll (auto-yaw).

Figure 3-58
Close to the stall, reduced lift and increased
drag on a dropping wing cause autorotaion.

In addition, the yawing motion in the same direction as the roll
increases the rolling tendency because the outside wing is traveling
faster. This makes the rolling-yawing cycle self-sustaining, or auto-
matic, in that the increased rolling velocity sustains or even increases the difference in
the angle of attack on the two wings, strengthening the roll-yaw tendency. This natural
tendency to continue rolling and yawing in the same direction when in the stalled condi-
tion is known as autorotation. Autorotation is the basis of the spin.
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Figure 3-59 Lift and drag effects on a dropping wing.
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A rearward CG makes

a spin recovery
more difficult.

Rate of Rotation

The flatness of the spin determines the rate of rotation. If the airplane adopts a higher
nose attitude and the spin flattens:
o the rate of rotation decreases; and
o the rate of descent decreases (caused by increased drag from the higher angle of
attack).

A spinning ice skater moves her arms in and out from her body to alter the rate of
rotation. The same effect occurs in an airplane. In a steep nose-down attitude, the mass
of the airplane is close to the spin axis and the rate of rotation is high. If the spin flat-
tens, some of the airplane’s mass is distributed further from the spin axis and the rate of
rotation decreases.

If the nose pitches up and down in the spin, the rate of rotation varies, becoming slower
when the spin is flatter and faster when the nose position is steeper. Since the nose is
purposely lowered in the recovery from a spin, you can expect a temporary increase in
the rate of rotation until the recovery is complete.

A rearward CG encourages a flatter spin and it is more difficult to lower the nose in the
recovery. This applies to straight stalls as well as spins, and is a very important reason for
ensuring that you never fly an airplane loaded outside its approved weight-and-balance
limits.

Conversely, a forward CG normally results in a steeper spin with a higher rate of descent
and a higher rate of rotation. It may make recovery much easier and, in fact, may even
prevent a spin occurring.

Spin Direction

Spin direction is determined by the direction of yaw. This can be found from the airplane
in the turn coordinator. Do not use the inclinometer to determine direction of yaw as
it will indicate the same regardless of turn direction depending on where it is mounted.
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REVIEW 3

Aerodynamics of Flight

Straight-and-Level Flight

1.

In steady straight-and-level flight:

a. lift is greater than drag and thrust equals
weight.

b. weight equals lift and drag equals thrust.

c. lift equals weight and thrust is greater than
drag.

In steady-state flight, what is the sum of the

opposing forces acting on an airplane?

If indicated airspeed is decreased, what needs to
happen to the angle of attack for the airplane to
remain in straight-and-level flight?

4. Whatare low indicated airspeeds associated with?

6.

There is a decrease in aircraft weight. You want
straight-and-level flight to continue, so lift is
decreased. How is this achieved?

Why is ice or frost on the wings hazardous?

Climb and Descent

7. Are the four main forces in equilibrium in a

10.

11.

12.

steady climb when the airplane is not accelerating
or decelerating?

. An airplane will clear obstacles by a greater

margin at the:

a. best angle-of-climb speed.
b. best rate-of-climb speed.
c. cruise-climb speed.

What is the rate of climb (FPM) for an airplane
that climbs 700 feet in 2 minutes?

During the transition from straight-and-level
flight to a climb, the angle of attack is:

a. increased but lift is decreased.

b. increased but lift remains the same.

c. increased and lift is momentarily increased.

What rate of climb is needed to climb 1,200 feet
in 2 minutes?

An airplane will reach a given altitude in the
minimum time if it climbs at the:

a. best angle-of-climb speed.

b. best rate-of-climb speed.

c. cruise-climb speed.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

What instrument depicts rate of climb?

True or false? The angle of climb of the same
airplane carrying the pilot and three passengers
will be less than the angle of climb when only the
pilot is on board.

What is absolute ceiling?

If the airplane is climbing into a headwind after
takeoft, the climb angle relative to the ground
obstacles on the ground will be:

a. the same.

b. steeper.

c. shallower.

Climb performance reduces if:

a. weight, altitude, and temperature decrease.
b. weight, temperature, and altitude increase.
c. power and weight increase.

What is weight counteracted by for an airplane to
be in equilibrium in a steady glide?

What effect will adding power while maintaining
the same airspeed have on the rate and angle of
descent?

True or false? If flaps are lowered, the drag
increases and the descent becomes shallower.

True or false? Flying faster than the correct
descent speed flattens the descent angle through
the air.

If the same angle of attack is maintained, will a
heavily loaded airplane glide further compared
with when it carries a light load?

What adjustment to airspeed must be made for
an airplane with a light load to glide the same
distance as when it is heavy?

If you have a rate of descent of 500 FPM, how long
will it take you to descend 3,000 feet in a 20-knot
headwind?

An airplane is flown in a glide at an airspeed
where the L/D ratio is 8:1. How many feet air
distance will this airplane glide for each 1,000
feet of altitude lost?
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26. How much altitude would an airplane lose in
gliding 1 statute mile in still air at an airspeed
that provides an L/D ratio of 10:1 (1 statute mile
is 5,280 feet)?

Turning and Load Factor
27. What is load factor?

28. What sort of force is required for an airplane to
turn?

29. What is the force in question 28 provided by?

30. True or false? To maintain airspeed in a turn, the
pilot must apply power to overcome the increased
parasite drag.

31. The load factor in a turn depends on:
a. bank angle.
b. airspeed.
c. bank angle and airspeed.

Refer to figure 3-37 (page 79)
for questions 32 to 34.

32. Ina60° banked turn at a constant altitude:
a. what is the load factor?
b. the wings must generate a force equal to how
many times the weight of the airplane?

33. If an airplane weighs 3,300 pounds, what is the
approximate “load” (in pounds) that the airplane
structure is required to support in a 30° banked
turn while maintaining altitude?

34. If an airplane weighs 5,400 pounds, what is the
approximate “load” (in pounds) that the airplane
structure is required to support in a 55° banked
turn while maintaining altitude?

Stalling and Spinning
35. What can the turbulent airflow over the horizon-
tal stabilizer cause if the wings stall?

36. What is the stall angle on a typical light training
airplane (degrees angle of attack)?

37. An airplane wing can be stalled:
a. only when the nose is high and the airspeed low.
b. at any airspeed and in any flight attitude, pro-
vided that the critical angle of attack is reached.

38.

39.

40.

41.

42,

43.

44.

Indicated stall speed is affected by changes in:
a. temperature.

b. density.

c. altitude.

d. load factor.

True or false? At higher weights, the airplane will
stall at a higher angle of attack.

Washout designed into a wing causes which
section of the wing to stall first?

If the airplane approaches the stall angle with a
lot of power on, the slipstream adds a lot of kinetic
energy to the airflow so separation and stalling is
delayed. Is the stall speed with power on the same
as the power-oft stall speed?

In what flight condition must an aircraft be placed
in order to spin?

During an approach to a stall, an increased load
factor caused by turning or turbulence will make
the airplane:

a. stall at a higher airspeed.

b. have a tendency to spin.

c. more difficult to control.

How does frost and ice affect the lifting surfaces
of an airplane on takeoff?

Commercial Review

45.

46.

47.

48.

49.

50.

51.
52.

Describe maximum-range cruise airspeed and
maximum-endurance airspeed.

The lower the fuel flow in gallons per hour, the
greater the what?

True or false? The maximum-range airspeed is
the airspeed where minimum drag occurs.

As weight decreases, what happens to the
maximum range airspeed, which is the airspeed
for minimum drag?

When is an airplane speed stable?

What is the rate of climb (FPM) for an airplane
that climbs 250 feet in 30 seconds?

What does rate of climb depend on?
What does angle of climb depend on?
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53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Is climb performance better on a hot day than on
a cold day?

Refer to figure 1-74 (page 40)
for questions 54 to 57.

How would you achieve the best glide range in
this airplane?

What lift/drag ratio will the airplane have if it is
flown at an angle of attack of 10°?

If the airplane glides at an angle of attack of 10°,
how many feet will it descend in one statute mile?

How much altitude will this airplane lose in 3
miles of gliding at an angle of attack of 8°?

What adjustment needs to be made to the bank
angle in order to:

a. increase rate of turn at a constant airspeed?

b. decrease radius of turn at a constant airspeed?

What adjustment needs to be made to the airspeed
in order to:

a. increase rate of turn at a constant bank angle?
b. reduce radius of turn at a constant bank angle?

What would happen to the rate of turn if radius
of turn is reduced?

If bank angle is kept constant but airspeed in
the turn is varied, what will happen to the wing
loading?

In a turn, what do wing loading and load factor
depend on?

You are turning though 120° at standard rate.

a. How long would the turn take?

b. What bank angle would be required to achieve
this at 100 knots?

A normal category airplane is stressed to 3.8g. Ifa
baggage compartment weight limit is 80 Ib, what
is the maximum baggage weight you can put in
the compartment if you intend to fly up to 3g?
Refer to figure 3-52 (page 88) Determine the stall
speed in KIAS at gross weight 2,750 pounds
under the following conditions:

a. gear and flaps up, wings level, power on.

66.

67.

68.

69.

70.

71.

b. gear and flaps up, 30° bank angle, power on.
c. gear and flaps up, 45° bank angle, power off.
d. gear and flaps down, 30° bank angle, power off.

What should the pilot do to simultaneously
increase rate of turn and decrease turn radius?

While maintaining a constant bank angle and

altitude in a coordinated turn, an increase in

airspeed will:

a. decrease the rate of turn resulting in a decreased
load factor.

b. decrease the rate of turn resulting in no change
in load factor.

c. increase the rate of turn resulting in no change
in load factor.

Turbulent air can cause an increase in stall speed

by:

a. abrupt increases in the angle of attack and load
factor.

b. abrupt decreases in the angle of attack and load
factor.

c. abrupt increases in weight.

It is more difficult to recover from a stall or spin
when the airplane is loaded with:

a. a forward center of gravity.

b. a mid-range center of gravity.

c. an aft center of gravity.

Which is true regarding the use of flaps during

turns?

a. The addition of flaps increases stall speed.

b. The addition of flaps decreases stall speed.

c. In any given degree of bank, the addition of
flaps has no effect on stall speed.

A rectangular wing, as compared to other wing
shapes, has a tendency to stall first at the:

a. wingtip, providing adequate stall warning.

b. wing root, providing adequate stall warning.
c. wing root, providing inadequate stall warning.

Answers are given on page 670.
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Airframe

AIRPLANE COMPONENTS

The major components of an airplane are:
o the fuselage;
o the wings;
« the empennage (tail section);
« the flight controls;
o thelanding gear (or undercarriage); and
« the engine and propeller.

Rear-facing Trim tab (on Elevator
position light (white)
Rotating

beacon (red) orizontal stabilizer (or tailplane)

EMPENNAGE Red position

Elevator ~~ Vertical Cockpit light
stabilizer canopy Left
Rudder (or fin) wing tip
Left aiIer ~3
/N Wing leading
edge

flaps
Wing trailing edge \

Right aileron

Landing light(s)

Nose wheel ‘ “
and nose gear

Qil cooler or air filter

Green (Right) main wheel
position light — and landing gear Engine exhaust
Right wing tip
Figure 4-1 Features of a modern training airplane.
Fuselage

The fuselage is the body of the airplane to which the wings, empennage, engine and
landing gear are attached. It contains a cabin with seats for the pilot and passengers plus
cockpit controls and instruments. It may also contain a baggage compartment.

The fuselage of many modern training airplanes is of semi-monocoque construction,
a light framework covered by a skin (usually aluminum) that absorbs much of the stress.
It is a combination of the best features of a strut-type structure, in which the internal
framework absorbs almost all of the stress, and a monocoque structure which, like an
eggshell, has no internal structure and the stress is carried entirely by the skin.

Figure 4-2
Fuselage.
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Slingsby T67 Firefly

Figure 4-3 Typical semi-monocoque construction.

Wings
The wings are designed to cope with the flight loads of lift and drag. They also may
support other external devices such as engines (on multi-engine airplanes) and flaps.
Wings generally have one or more internal spars which are attached to the fuselage
and extend to the wingtips. The spars carry the major loads, which are upward bending
because of the lift, and downward bending because of wing-mounted engines and fuel.
The wings in most airplanes also contain fuel tanks installed between the curved upper
and lower surfaces. This is an efficient use of the space available, and the weight of the
fuel in the tanks also provides a downward force on the wing structure that reduces the
upward bending effect of the lift forces.
In addition to the spar(s), some wings also have external struts connecting them to the
tuselage to provide extra strength by transmitting some of the wing loads to the fuselage.
Ribs, roughly perpendicular to the wing spar(s), assisted by stringers running parallel
to the spars, provide the airfoil shape and stiffen the skin which is attached to them. The

Figure 4-4
Wing strut. ribs transmit loads between the skin and the spar(s).

Skin

‘ /Striggers

Rib  Spar

\ Main spar

Aileron Slingsby T67 Firefly

Figure 4-5 Components of a wing.
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Monoplanes are designed with a single set of wings placed so that the airplane is known
as a high-wing, low-wing, or mid-wing monoplane. Biplanes, such as the Pitts Special,
are designed with a double set of wings. The Cessna 172 is a high-wing monoplane; the
Piper Warrior is a low-wing monoplane.

A high-wing
monoplane
with wing struts

Figure 4-6 Low-wing monoplane, high-wing monoplane, and biplane.

Empennage
The empennage is the tail section of the airplane. It is generally constructed like the wings
and consists of a fixed vertical stabilizer (or fin) to which is attached a movable rudder,
and a fixed horizontal stabilizer with a movable elevator hinged to its trailing edge.
There are variations in design, some airplanes have a stabilator (all-moving tailplane),
others have a ruddervator (combined rudder and elevator) in the form of a butterfly tail,
and yet others have a high T-tail, with the horizontal stabilizer mounted on top of the
vertical stabilizer.

Flight Controls

The main flight control surfaces are the elevator, ailerons and rudder. They are operated
from the cockpit by moving the control wheel and rudder pedals. In a typical airplane,
movement of the control wheel or rudder pedals operates an internal system of cables
and pulleys that then moves the relevant control surface. Turnbuckles may be inserted
in the cables to allow the cable tension to be adjusted by qualified personnel.

There are usually stops to protect the control surfaces from excessive movement in
flight and on the ground. Stops in the flight control system may be installed to limit
control wheel movement.

Landing Gear

The landing gear (or undercarriage) supports the weight of the airplane when it is on the
ground, and may be of either the tricycle type (with a nosewheel) or the tailwheel type.
Most tricycle landing gear airplanes are equipped with nosewheel steering through the
rudder pedals, and almost all airplanes have mainwheel brakes.

Mainwheels

The mainwheels carry most of the load when the airplane is on the ground, especially
during the takeoff and landing, and so are more robust than the nosewheel (or tailwheel).
They are usually attached to the main airplane structure with legs in the form of:

« avery strong spring leaf of steel or fiberglass;

« struts and braces; or

« anoleo strut.

Figure 4-7
Biplane.

Figure 4-8
Empennage.

Figure 4-9
V-tail.

Figure 4-10
Aileron.

Figure 4-11
Conventional landing
gear.

Figure 4-12
Spring-steel strut.
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Figure 4-13
Retractable gear.

Spring-steel
strut

%

Brake unit

Figure 4-14 Various types of landing gear.

A squat switch is used on airplanes with retractable landing gear to prevent the wheels
from being inadvertently raised when the airplane is on the ground. With the weight of
the airplane pressing down on the wheel struts, the squat switch opens the gear circuit
so electricity will not flow to the hydraulic gear pump, even if the gear handle is placed
in the up position.

Figure 4-15 Micro-switch (squat switch).

The oleo strut acts as a shock absorber, and is of telescopic construction, with a piston
that can move within a cylinder against an opposing pressure of compressed air. The
piston is attached to the wheel by an oleo strut and the cylinder is attached to the airframe.

The greater the load on the strut, the more the air is compressed by the piston. While
the airplane is moving along the ground, the load will vary, and so the strut will move
up and down as the compressed air absorbs the loads and shocks, preventing jarring of
the main airplane structure.

Special oil is used as a damping agent to prevent excessive in-and-out telescoping
movements of the oleo strut and to damp its rebound action.

When the airplane is stationary, a certain length of polished oleo strut should be visible
(depending to some extent on how the airplane is loaded), and this should be checked in
the preflight external inspection. Items to check are:

o correct extension when supporting its share of the airplane’s weight;

« the polished section of the oleo strut is clean of mud or dirt (to avoid rapid wearing

of the seals during the telescoping motion of the strut); and

o there are no fluid leaks.
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Figure 4-16 The oleo strut.

Nosewheel

The nosewheel is usually of lighter construction than the mainwheels and is usually
attached to the main structure of the airplane near the engine firewall. A torque-link is
used on nosewheel assemblies to correctly align the nosewheel with the airframe. It links
the cylinder assembly attached to the airplane structure with the nosewheel assembly,
and is hinged to allow for the telescopic extension and compression of the oleo.

Most airplanes have nosewheel steering, achieved by moving the rudder pedals which
are attached by control rods or cables to the nosewheel assembly, thereby allowing the
pilot greater directional control when taxiing.

Some airplanes have castoring nosewheels which are free to turn, but are not connected
by controls to the cockpit. The pilot can turn the airplane by using the rudder when it has
sufficient airflow over it (from either slipstream or airspeed) or with differential braking
of the mainwheel brakes.

Nosewheel oleo struts are prone to nosewheel shimmy, an unpleasant and possibly
damaging vibration set up when the nosewheel oscillates a few degrees either side of
center as the airplane moves along the ground. To prevent this, most nosewheel assemblies
are equipped with a shimmy damper, a small piston-cylinder unit that dampens out the
oscillations and prevents the vibration. If nosewheel shimmy does occur, it could be
because the shimmy damper is insufficiently pressurized or the torque link has failed.

; ~—!
stimmy —~ el

Figure 4-17 Shimmy damper.
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OK

Needs attention

Figure 4-18
Creep marks on the
tire and wheel flange
enable visual checks

for creep.

Left
toe-brake

~—Slave

Brake fluid
reservoir situated on top of the rudder pedals. Pressing the left toe brake will

~——Master
cylinder

cylinder

Tires

Airplane tires must be inflated to the correct pressure for them to function as designed.
Vibration during taxiing, uneven wear and burst tires may result from a pressure that is
too high; damage to the tire structure and a tendency for the tire to creep with respect
to the rim can occur if pressure is too low. Correct inflation is important in achieving
a good service life from a tire. Aircraft tires are unique in that they have to withstand
ballooning pressures on each landing.

Creep can occur in normal operations because of the stresses during landing, when
a stationary tire is forced to rotate on touching the ground and has to “drag” the wheel
around with it, and will also occur when the airplane is braking or turning.

To monitor creep, there are usually paint marks on the wheel flange and on the tire
which should remain aligned. If any part of the two creep marks is still in contact, that
amount of creep is acceptable, but if the marks are separated, then the inner tube may
suffer damage and the tire should be inspected and serviced. This may require removal
and reinstallation, or replacement.

Tire strength comes from its carcass which is built up from casing cords and then
covered with rubber. The ply rating is a measure of its supposed strength. Neither the
rubber sidewalls nor the tread provide the main strength of the tire; the sidewalls protect
the sides of the tire carcass, and the rubber tread provides a wearing surface at the contact
points between the tire and the runway.

Shallow cuts or scores in the sidewalls or on the tread, or small stones embedded in
the tread, will not be detrimental to tire strength. However, any large cuts (especially if
they expose the casing cords) or bulges (that may be external indications of an internal
casing failure) should cause you to reject the tire prior to flight. The condition of the
tires should be noted during the preflight external inspection, especially with respect to:

o inflation;

. creep;

« wear, especially flat spots caused by skidding;

o cuts, bulges (especially deep cuts that expose the casing cords); and

 damage to the structure of the sidewall.

Wheel Brakes

Most training airplanes are equipped with disc brakes on the main-
wheels. These are hydraulically operated by the toe brakes which are

Right
toe-brake

slow the left mainwheel down and pressing the right toe brake will slow
the right mainwheel down. Used separately, they provide differential
braking, which is useful for maneuvering on the ground. Used together,

they provide normal straight-line braking.
Brake A typical system consists of a separate master cylinder containing
line / hydraulic fluid for each brake. As an individual toe brake is pressed,
To right this toe pressure is hydraulically transmitted via the master cylinder to
brg(ae”;;"sheerﬁk')ly a slave cylinder which closes the brake friction pads (like calipers) onto
the brake disc. The brake disc, which is part of the wheel assembly, then

Figure 4-19 has its rotation slowed down.
Typical simple hydraulic braking system.
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Most airplanes have a parking brake (usually hand-operated, sometimes in conjunction
with the toe-brakes) that will hold the pressure on the wheel brakes and can be used when
the airplane is parked.

During the preflight external inspection, you should check the brakes to ensure that
they will function when you need them, ensuring that:

o there are no leaks of hydraulic brake fluid from the brake lines;

o the brake discs are not corroded or pitted;

o the brake pads are not worn-out; and

o the brake assembly is firmly attached.

A severely corroded or pitted disc will cause rapid wear of the brake pads, as well as
reducing their effectiveness, and, in an extreme case, the disc may even fail structurally.
Fluid leaks from the brake lines or cylinders indicate a faulty system that may provide no
braking at all when it is needed. Any brake problems should be rectified prior to flight.

Following a satisfactory external inspection, you should still test the brakes immedi-
ately after the airplane first moves, by closing the throttle and gently applying toe brake
pressure. Brake wear can be minimized by judicious use of the brakes during ground
operations.

Engine and Propeller

The engine is usually mounted on the front of the airplane, and separated from the cockpit
by a firewall. In most training airplanes, the engine drives a fixed-pitch propeller, although
more advanced airplanes will have a constant-speed propeller with blades whose pitch can
vary. The engine and its attachments are considered in detail in the next few chapters.

Figure 4-20 Fixed and variable pitch propellers.
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REVIEW 4

Airframe

. What is the main structural component of the

wing?

. Name the four major components of the empen-

nage.

. What is the airfoil shape of the wing surface

formed by?

. What sort of airplanes are designed with only one

pair of wings?

. What is the most usual form of fuselage construc-

tion in training airplanes, in which the skin
covers a light structure and carries much of the
stress?

. Does a cracked or severely corroded landing gear

strut found during your preflight inspection need
to be inspected by a qualified maintenance tech-
nician before the airplane flies?

What is the agent used to dampen the rebound
action in the oleo strut following a shock?

. True or false? The oleo strut will only extend the

same in flight as on the ground.

13.

14.

15.

16.

17.

What type of nosewheel is free to turn but is not
connected to the cockpit by any control rods or
cables for turning?

Nosewheel steering in light airplanes is usually

operated by:

a. control rods or cables operated by the rudder
pedals.

b. a steering wheel.

c. the brakes.

A castoring nosewheel can be made to turn:
a. by a steering wheel.
b. with differential braking.

Ifa tire has moved so that the creep marks are out

of alignment, then:

a. the tire is serviceable.

b. the tire should be inspected and possibly rein-
stalled or replaced.

c. tire pressure should be checked.

Does a tire that has some shallow cuts in the side-
walls and a number of small stones embedded in
its tread need to be rejected for further flight?

9. Why should mud or dirt noticed in a preflight g e 4 tire that has a deep cut that exposes the
inspection be cleaned off the polished section of casing cords or a large bulge in the sidewall need
an oleo strut prior to taxiing? to be rejected for further flight?

10. What is the nosewheel held in alignment by? 19. Most light airplane braking systems are:
11. What are nosewheel oscillations either side of a. operated by cables.
center damped by? b. operated pneumatically.
12. What is the relative movement between a tire and c. operated hydraulically.
a wheel flange called?
Answers are given on page 671.
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Airplanes can be powered by a variety of engines, and the two fundamental types are
reciprocating or piston engines and gas turbines (jets). The jet engine will not be considered
in this manual. The piston engine can be designed in various ways, many of which are
suitable for airplanes. Older engine types often had the cylinders arranged radially around
the crankshaft, for example the radial powerplants in the Stearman, Douglas DC-3, North
American T-6, de Havilland Canada Beaver and Cessna 195.

The de Havilland Canada Beaver and the Grumman Ag-Cat are two types with radial
engines that are still in use today. These engines have an excellent power/weight ratio in
the high power range required for operations such as agricultural spraying.

Radial

Figure 5-1 Radial engine. Figure 5-2 Radial engine.

Some airplanes have in-line engines, where the cylinders are arranged in one line—the
same basic design as in many automobiles. Some of the earliest airplanes had upright,
in-line engines, with the cylinder head at the top of the engine and the crankshaft/
propeller shaft at the bottom, but this caused some design problems. Raising the thrust
line to a suitable position, put the cylinders and the main body of the engine in a very
high position. This obscured the pilot’s vision and prevented effective streamlining.

In-line
upright

In-line
inverted

.\
Crankshaft

Cylinders —

Figure 5-3 Inverted Figure 5-4 In-line engine and
in-line engine. inverted in-line engine.
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Figure 5-5
Horizontally opposed engine.

Horizontally
opposed

IIIIIIIIIIIIII@IIIIIIIIIIIIII

Figure 5-6
Horizontally opposed engine and
vee configuration.

Another problem was the ground clearance of the propeller,
requiring long struts for the mainwheels. The easiest way to solve this
problem was to invert the engine and have the crankshaft/propeller
shaft at the top of the engine. Many airplanes have these inverted
in-line engines. There are other possibilities, such as V-engines and
H-engines (V and H describes the layout of the cylinders).

The usual powerplant found in the modern light airplane is the
reciprocating engine, with the cylinders (4, 6 or 8 of them) laid out in
a horizontally opposed manner.

BASIC PRINCIPLES

The reciprocating engine has a number of cylinders within which
pistons move back and forth (hence the name reciprocating engine).
In each cylinder a fuel/air mixture is burned, and the heat energy
causes gases to expand and push the piston down the cylinder. A
two-stage energy-conversion process is therefore involved, whereby
chemical energy (in the fuel) is initially converted to heat energy in
the cylinder, and then finally converted to mechanical energy by the
action of the piston.

The piston is connected by a rod to a crankshaft, which it turns.
This connecting rod, or conrod, converts the back-forth motion of
the piston into a rotary motion of the crankshaft, which transmits
the power generated by the engine to the propeller. Light airplanes
with fixed-pitch propellers (and most with constant-speed propellers)
have the propeller directly attached to the crankshaft, in which case
the crankshaft is also the propeller shaft. The propeller produces the
thrust force necessary for powered flight.

/\Piiton s Spark plug
Connecting rod // X
Crankshaft ————"") &

<— Intake valve

D Combustion

chamber
¢— Exhaust valve

Cylinder ‘\Spark plug

Figure 5-7 Parts of a typical reciprocatig engine.

FOUR-STROKE ENGINE CYCLE

A complete cycle of this type of piston engine comprises four strokes
of the piston traveling within the cylinder, hence the name four-stroke
engine. The German engineer, Nikolaus Otto, developed this engine,
so the four-stroke cycle is also known as the Otto cycle. The four
strokes are:
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1. intake (or induction);

2. compression;

3. power (or expansion); and
4. exhaust.

In the intake (or induction) stroke, the fuel/air mixture is “sucked” or induced
to flow into the top of the cylinder. The piston, moving from the top to the
bottom of the cylinder, decreases the pressure in the cylinder by increasing
the volume of the space between the piston and the top of the cylinder. The
decreased pressure draws air in through the induction system and, as the air
passes through the carburetor prior to reaching the cylinder, fuel is metered
into the airflow to provide a fuel/air mixture. A charge of this fuel/air mixture
of gases is drawn into the cylinder during each induction stroke via the intake
manifold and the temporarily open intake valve. The intake manifold is a pipe
system distributing from a single input (the carburetor) to multiple outlets
which are fed to the cylinder inlet ports.

Early in the compression stroke, the intake valve is closed and the piston
moves back toward the top (or the head) of the cylinder. This increases the pres-
sure of the fuel/air mixture, and because of the compression, the temperature
of the fuel/air mixture rises.

As the piston is completing the compression stroke well before it reaches top
center, the fuel/air mixture is ignited by an electrical discharge between the
electrodes of a spark plug and a controlled burning commences. This causes the
gases to expand rapidly and exert a strong pressure on the piston. The piston,
which has now passed the top of its stroke, is pushed back down the cylinder
in the power stroke.

Just prior to the completion of the power stroke, the exhaust valve opens
and then, as the piston returns to the top of the cylinder in the exhaust stroke,
the burnt gases are forced out of the cylinder to the atmosphere via the exhaust
manifold, a pipe system that collects gases from the cylinder outlets and feeds
them through an exhaust pipe to the atmosphere. As the piston is approaching
the cylinder head again, while the last of the burnt gases is being exhausted,
the intake valve opens in preparation for the next induction stroke. And so the
cycle continues.

In a single-cylinder Otto-cycle engine involving four strokes of the piston
(down—induction, up—compression, down—power, up—exhaust), only one
stroke provides power for each two rotations of the crankshaft (which carries
the power to the propeller).

1. Intake
(intake valve open)

direction of piston travel

2. Compression
(both valves closed)

direction of piston travel

3. Power
(both valves closed)

direction of piston travel

4. Exhaust
(exhaust valve open)

direction of piston travel

Figure 5-8
The four strokes of a
reciprocating engine.

To increase the power developed by the engine and to allow smoother operation, The four-stroke cycle
the engine has a number of cylinders whose power strokes occur at different positions ~ COmPrises intake,

compression, power

during the revolution of the crankshaft. The spacing of these power strokes is equal, so 4,4 exhaust
that evenly spaced impulses are imparted to the crankshaft. So, in a full Otto cycle of a
six-cylinder engine, the crankshaft would, in two revolutions, receive the power from six

different power stokes—one per cylinder.

An engine with four cylinders (common in light airplanes) would receive four impulses
of power in two revolutions of the crankshaft. The more evenly these impulses of power
from each of the cylinders are spread, the more efficient the transfer of power, the

smoother the running of the engine and the less the vibration.
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Power is increased by
increasing the amount
of fuel/air mixture
entering the cylinder by
extending the time of
the intake stroke using
valve lead and valve lag.

VALVES AND VALVE TIMING

The intake valve, through which the fuel/air mixture is taken into the cylinder, and the
exhaust valve, through which the burned gases are exhausted, must open and close at
the correct times during the four-stroke cycle of each piston. To achieve this, there is a
camshaft, which is usually gear-driven by the crankshaft of the engine. The camshaft
operates rocker arms and push rods which push the appropriate valve open (against spring
pressure) at what has been determined by the design engineers to be the most suitable
moment in the cycle.

A typical engine speed while cruising is 2,400 revolutions per minute (RPM). Since the
intake valve and exhaust valve of each cylinder must each open and close once during the
four piston strokes of each complete cycle, the camshaft must rotate at half-crankshaft
speed. At an engine speed of 2,400 RPM, each valve will have to open and close 1,200
times—1,200 times in 60 seconds means 20 times a second—quite amazing!

The power that the engine can develop depends on how much fuel/air mixture can
be induced through the intake valve during the intake stroke, which, as we have seen,
is extremely short. Opening the intake valve just prior to the piston reaching the top of
its stroke, or top dead center (TDC), and not closing it until the piston has gone just past
bottom dead center (BDC) following the induction stroke, allows maximum time for the
intake of the fuel/air mixture to occur. This is called valve lead and valve lag.

Similarly, the exhaust valve opens just prior to the piston reaching bottom-dead-center
on the power stroke and remains open until a little after the piston passes top-dead-center
for the exhaust stroke and commences the induction stroke.

Notice that, for a brief period at the start of the induction stroke, the burned gases are
still being exhausted through the still-open exhaust valve while a fresh charge of fuel/air
is commencing induction through the just-opened intake valve. This brief period when
both the intake and the exhaust valves are open together is called valve overlap.

Exhaust
valve
closes

\
ST NO\_\D(\O“

Exhaust

valve opens
Intake

valve
closes

[ Valve overlap

BDC

Figure 5-9 Typical valve timing in the four-stroke cycle.
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IGNITION

A high voltage (or high tension) spark occurs in the cylinder just prior to the piston
reaching top-dead-center, shortly before commencing the power stroke. This slightly
advanced spark is to enable a controlled flame front to start moving through the fuel/air
mixture that has been compressed in the cylinder. The purpose of the ignition system is

to provide this correctly timed spark.

Most airplane engines have dual (and independent) ignition systems running in parallel  Dual ignition is safer

with one another, with the magneto of each ignition system supplying one of the two

spark plugs per cylinder.
A dual ignition system:
« improves engine performance;
« issafer, in the event of failure of one ignition system; and
« results in more even and more efficient fuel combustion.

The necessary high-tension electrical current for the spark plugs
comes from self-contained generation and distribution units called the
magnetos. Each of the dual ignition systems has its own magneto which
is mechanically driven by the engine.

The magneto consists of a magnet that is rotated (within the magneto
housing) near a conductor which has a coil of wire wound around it.
The rotation of the magnet induces an electrical current to flow in the
coil. Around this primary coil is wound a secondary coil of many more
turns of wire, which transforms the primary voltage into a much higher
voltage. This arrangement of primary and secondary coils is known
as a transformer. The higher voltage is fed to each spark plug at the
appropriate time, causing a spark to jump between the two electrodes.
This spark ignites the fuel/air mixture.

The timing of the spark is critical. The magneto has a set of breaker
points which are forced open and closed by a small cam that is part of
the rotating magnet-shaft connected indirectly to the crankshaft. The
points are in the circuit of the primary coil and, when they open, the
electrical current in the primary coil stops flowing. This sudden collapse
of the primary current (aided by a condenser or capacitor placed across
the points) induces a high voltage in the secondary coil. The spark
plug is in the circuit of the secondary coil and the large voltage (up to
approximately 20,000 volts) across its electrodes causes a spark to jump
between them.

As each cylinder is operating out of phase with the others, the current
must be distributed by the distributor to each spark plug at the correct
moment (generally 20°-25° before top center).

Each cylinder fires once in every two revolutions of the crankshaft
and the distributor has a finger (distributor rotor) which is geared to
the crankshaft in such a way that it turns only once for every two turns
of the crankshaft. Therefore the distributor finger turns once in every
complete four-stroke cycle. Once during each turn of the distributor
finger it transfers the high-tension secondary current to each cylinder,
in the correct firing order of the cylinders.

Separate leads to each of the spark plugs belonging to each igni-
tion system (one per cylinder) emanate from different electrodes of

and results in improved
fuel combustion.

Cylinder firing order 1-3-2-4

Left magneto Right magneto

its distributor fires its distributor fires

right top and left left top and right

bottom plugs bottom plugs
Figure 5-10

A typical ignition system.

Leads to
spark plugs

Distributor
electrodes

Current transfer —

Figure 5-11
Distributor finger.
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the distributor case. These leads are often bound together, forming an ignition harness.
Leakage of current from the ignition harness will lead to rough running. One item of the
preflight inspection is a visual check for chafing and heat cracking of those parts of the
ignition harness easily seen. While the engine is running, the magneto is a completely
self-sufficient source of electrical energy and it operates independently of all the other
electrical power sources. All it needs is mechanical energy from the engine to rotate
the magnet.

STARTER

Most modern training airplanes have an electric starter motor that is powered by the
battery and activated by turning the ignition key to the start position.

Starting the engine causes a very high current to flow between the battery and the
starter motor, and this requires heavy-duty wiring. If the ignition switch in the cockpit
was directly connected to the starter circuit, heavy-duty wiring to the cockpit switch
would be required.

Such an arrangement would have a number of disadvantages, including the additional
weight of the heavy cable, a significant loss of electrical energy over the additional length,
and high electrical currents through the cockpit environment (which would introduce
an unnecessary fire risk). To avoid these disadvantages, the starter circuit connecting
the battery to the starter motor is remotely controlled from the cockpit using a solenoid-
activated switch.

Moving the ignition key to start causes a small current to flow through the starter
key circuit point A to B and energize a solenoid (an electromagnet with a movable core).
The energized solenoid operates a heavy-duty switch that closes the heavy-duty circuit
between the battery and starter motor. High current flows through this circuit, activating
the starter motor which turns the engine over (point C to D).

Electric starters often have an associated starter warning light in the cockpit that glows
while the starter is engaged. It should extinguish immediately when the starter is released.
If by any chance the starter relay sticks (so that electrical power is still supplied to the
starter motor even though the starter switch has been released from the start position)
the warning light will remain on. The engine should be stopped (mixture control to idle
cut-off) to avoid damage to the engine and/or starter motor.

Only one spark per cylinder is necessary for start-up, so when the ignition key is in the
start position, the right magneto system is automatically de-energized and only the left

Ignition Ground

switch
Red
warning
. light Starter motor

Solenoid (attached

to engine)

2L O
$ C D
Solenoid-
= operated =
Ground Battery switch Ground

Figure 5-12 The electric starter system.
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magneto system provides a high-tension supply to the spark plugs. (For this reason, only
the left magneto is equipped with an impulse coupling, a device which aids the starting
process—see below.) After start-up, switching the ignition key to both activates the right
magneto system as well, and the engine now runs with dual ignition in each cylinder.

Older airplanes with the starter switch separate to the magneto switches should have

only the left magneto switch on for start-up. Once the engine is started, you should switch
the other magneto on as well.

There are two design limitations of magnetos that significantly affect starting an engine.

1. When the starter motor turns the engine over, the engine rotates comparatively
slowly (approximately 120 RPM as against 800 RPM at idle speed). Because the
magneto rotates at half crankshaft speed (to supply one spark per cylinder every
two revolutions of the crankshaft), magneto speed at start-up is very slow, up to
about 60 RPM. To generate a spark of sufficiently high voltage to ignite the fuel/
air mixture requires a magneto speed of about 100-200 RPM, so some device must
be incorporated in the system to overcome this slow magneto speed when starting
the engine.

2. When the engine is running (800-2,700 RPM is a typical operating range) the spark
occurs at a fixed number of degrees prior to the piston reaching top-dead-center
at the commencement of the power stroke. This is known as spark advance. On
start-up, with only very low revs occurring, unless the spark is retarded (delayed)
until the piston is at or past top-dead-center, ignition of the gases could push the
piston down the cylinder prematurely, causing the crankshaft to turn in the wrong
direction. This is called kick-back.

To overcome these two difficulties special devices have been developed for installation
in the magneto; the most common in small airplane engines is the impulse coupling.

Impulse Coupling

The impulse coupling initially delays the magnet from rotating as the engine is turned
over. Energy from the initial part of the engine rotation is stored by winding up a coiled
spring. When a certain amount of energy is stored, the coupling releases, and the spring
accelerates the magnet rapidly. This generates a current of sufficient strength to create a
spark across the electrodes of the spark plug. It also retards the spark sufficiently to allow
the burning fuel/air mixture to drive the crankshaft in the correct direction. Once the
engine is started and is running at its usual RPM, the magneto’s driveshaft accelerates
away from the coiled spring, which has no further effect. The spark is then produced
normally (by the engine rotating the magnet), and the timing is no longer retarded but
operates normally, with the spark occurring just prior to commencement of the power
stroke.

Notice that, as the impulse coupling does not depend on any electrical power source,
the engine can be started by swinging the propeller. (This should only be done by trained
and qualified personnel.) If you use an electric starter powered by the airplane battery to
start the engine then, once the engine is running, disconnecting the battery will not stop
the engine. It will, however, prevent the battery from being recharged.

Impulse coupling
generates a high
voltage and retards

the ignition timing to

start the engine.
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Figure 5-13
The ignition
switch
in the cockpit.

Always treat a propeller
as live.

If the ignition switch
is momentarily
switched off and the
engine continues to
run, this indicates
that the system is not
grounded, which is a
dangerous situation.

Ignition Switch

There are two separate ignition systems for safety in the event of failure of one of them, as
well as for more efficient burning of the fuel/air mixture with two sparks in the cylinder
instead of one. Older airplanes often have separate switches for each magneto, while
most modern airplanes have rotary switches operated by the ignition key. With these,
you can select either the left system L, the right system R, or BOTH. BOTH is selected
for normal engine operation. Airplanes with a separate starter button are usually started
on the left magneto.

The engine will run on just one magneto, but not as smoothly as on two, and with a
slight drop in RPM. With one spark instead of two, there will be only one flame-front
advancing through the fuel/air mixture in the cylinder instead of two. This increases the
time for full combustion to occur and decreases the efficiency of the burning.

If L is selected, only the left magneto system supplies a spark. The R magneto is
grounded to the airframe, which means its primary current runs to ground and no
spark is generated. Switching from BOTH to L should cause a drop in RPM and possibly
slightly rougher running. If a slight drop in RPM does not occur, then either the R system
is still supplying a spark or else the R magneto was not working previously when BOTH
was selected. The pilot will normally check both left and right magneto systems in this
way as part of the pre-takeoff power check, switching from BOTH to L, noting the RPM
drop and returning to BOTH, when the RPM originally set should be regained. Then the
pilot will switch from BOTH to R, noting the RPM drop, and back to BOTH.

Comparisons are made between the two RPM drops, which should be within certain
limits (see the Pilot’s Operating Handbook for your particular airplane). Some typical
figures are: check at 1,600 RPM on BOTH, magneto drop 125 RPM maximum on either
L or R, with a difference between these two drops not to exceed 50 RPM.

Remember that placing the ignition switch to OFF grounds the primary winding of
the magneto system so that it no longer supplies electrical power. This means that with
a particular magneto’s ignition switch OFF, the system is supposed to be grounded and
unable to supply a spark. The magneto ground wire is called a p-lead. With a loose or
broken wire, or some other fault, switching the ignition to OFF may not ground both
of the magnetos. Therefore, a person moving the propeller could inadvertently start the
engine, even though the ignition is switched off. It has happened, often with fatal results,
and is still happening.

The pilot has no visual method of checking that the magneto systems, although
switched off, are actually de-activated. Just before shutting an engine down, some pilots
do a system function test at idle RPM, checking BOTH, L, R. This is followed by a dead-
cut, where the ignition is switched to OFF (a sudden loss of power should be apparent) and
rapidly back to BOTH to allow the engine to run normally. The engine is then shut down
normally using the idle cut-off function of the mixture control. Some manufacturers/
instructors advise against a dead-cut check as it may damage the engine. Refer to your
Pilot’s Operating Handbook. During a preflight power check, if there is no drop in speed
while checking the magnetos, the magneto may be hot. A hot magneto is one that cannot
be turned off by the ignition switch.
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EXHAUST SYSTEM

The burnt gases leave the engine cylinders and are carried out to the atmosphere via
the exhaust system. It is important that there is no leakage of exhaust gas into the cabin
because it contains carbon monoxide, a colorless and odorless gas that is difficult to detect,
but can cause loss of consciousness and death.

THE OIL SYSTEM

The purpose of the oil system is to circulate oil around the engine, to: Ol lubricates, clears,
. . and cools and seals.
« lubricate the moving parts so that they can move smoothly;
« prevent high temperatures by reducing friction between the moving parts;
 provide a seal between the cylinder walls and the pistons, increasing the effective-
ness of the expanding gases in the combustion process;
o assist in cooling the engine by carrying some of the heat generated by combustion
away from the pistons; and
o carry away contaminants which are then removed in an oil filter.

Qil QOil
Pressure pressure temperature
relief valve  gauge gauge

——i/] i)

Qil filler cap
and dipstick
.

‘% Engine and N ; f{ pump

accessory bearings — {
ﬁ -~

—

High-pressure

/ oil filter and
oil bypass valve
Figure 5-14 Oil check. sump

Low-pressure  Oil
oil screen  cooler

Figure 5-15 A typical oil system.

Sufficient quantity of oil of the correct grade is absolutely essential. An oil dipstick to
check oil quantity is generally found under a small cowl above the engine, along with an
oil filling point if more oil is required. Always check that the oil filler cap has been firmly
replaced prior to flight. Indication of correct operation of the oil system is provided in
the cockpit by an oil pressure gauge, an oil temperature gauge, and, in some aircraft, a
cylinder-head temperature gauge.
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Oil reduces friction.

Oil cools the hot

sections of the engine.

the

Oil carries away
contaminants.

Oil provides a seal.

Excessively high
temperatures affect
lubricating qualities

of oil, impairing its
effectiveness, so

keep an eye on the oil

temperature gauge.

The Functions of Engine Oil

Friction

If a small film of oil separates two metal surfaces, it will allow them to slide over each
other without actually touching. There will be only low friction forces and consequently,
high temperatures will not be generated in the metal. The metallic friction will be replaced
by internal friction in the lubricating oil, which will heat up to some extent. Engine
components subjected to high loads, such as the bearings at either end of the connecting
rods and the crankshaft (or big end) bearings, need to be cushioned by a layer of oil so
that the mechanical shock on them is reduced. Without oil there would be high friction
forces, causing very high temperatures to develop quickly in the metal, with extreme
wearing of the metal surfaces and, very likely, subsequent mechanical failure.

Cooling

The pistons absorb a lot of heat from the combustion chamber and are cooled by oil
splashed or sprayed onto them from below. Lubrication and cooling of the bearings and
pistons is the main function of the oil system.

Heat generated by internal friction in the oil and the heat absorbed from the hot
sections of the engine is removed by the oil continually being circulated. The hot oil is
carried away and cooled in a component known as the oil cooler, which is exposed to the
airflow.

Removal of Contaminants

Oil circulating through an engine can carry away dirt and other foreign material, thereby
reducing abrasive wear on the moving parts of the engine. This contamination is removed
from the oil as it passes through the oil filter. If the filter is not kept clean (by correct main-
tenance or replacement at the recommended service intervals) it may become blocked,
causing dirty oil to bypass the filter and circulate within the engine’s lubrication system.
Dirty oil has poorer cooling and lubricating qualities, which can cause excessive wear.
This increased wear rate will shorten the life of the engine.

Sealing Qualities

Oil also provides a seal between the cylinder walls and the pistons as they move up
and down within the cylinders, preventing the compressed gases (burning fuel/air)
escaping past the piston rings into the crankcase, and so increasing the effectiveness of
the compressed gases in forcing the piston down the cylinder.

Oil Properties

Oil must have appropriate viscosity over the operating temperature range of the engine—it
must flow freely, but not be too thin. An oil of high viscosity (thickness) flows slowly; an
oil of low viscosity flows more easily. High temperatures make oil less viscous and cause
it to flow more freely. The oil must remain sufficiently viscous under the wide range of
operating temperatures and bearing pressures found in aviation engines.

The owner or operator of the airplane may decide to use an oil of lower viscosity than
normal in a severely cold climate. Likewise, an oil of higher viscosity could be used if the
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airplane is to be operated in a continually hot climate. Be aware of the oil grade being
used and do not mix oil grades. The oil must also have a sufficiently high flash point and
fire point to ensure that it will not vaporize excessively or catch fire easily. It must also
be chemically stable and not change its state or characteristics.

Maintenance

Since the same oil in an engine is continually circulated, over a period of time it will
become contaminated because the filters cannot clean it perfectly. Chemical changes will
also occur in the oil in the form of:
« oxidation caused by contamination from some of the byproducts of the fuel combus-
tion in the engine; and
o absorption of water that condenses in the engine when it cools after shutdown.

Consequently the oil must be changed at regular intervals, as required by the mainte-
nance schedule.

The airplane’s Pilot’s Operating Handbook will usually show the oil grade as an SAE
rating (Society of Automotive Engineers), but commercial aviation oil has a commercial
aviation number which is double the SAE rating:

+ 80 grade 0il—SAE 40; and

« 100 grade oil—SAE 50.

There are different types of oils designed for different operating conditions. Use only
the correct type of oil as directed in the Pilot’s Operating Handbook and do not use
turbine (jet) oil in piston engines.

A Typical Oil System

After doing its work in the engine, the oil gathers in the sump, which is a reservoir attached
to the lower part of the engine casing:
 a wet sump engine has a sump attached to it in which the oil is stored. Most light
aircraft engines are wet sump engines; and
 adrysump engine has scavenge pumps that scavenge the oil from the sump attached
to the lower part of the engine casing and pump it back into the oil tank, which
is separate from the engine. It is usual to have a dry sump on aerobatic airplanes
for continuous lubrication in extreme attitudes. Radial engines have dry sump oil
systems.

There is usually an engine-driven oil supply pump that supplies oil from the sump
or the tank through oil lines, passages and galleries to the moving parts of the engine.
Within the oil pump is a spring-loaded oil pressure relief valve. If the pressure set on the
pressure relief valve is exceeded, it will open and relieve the pressure by allowing oil to
be returned to the pump inlet.

An oil pressure gauge in the cockpit indicates the oil pressure provided by the oil pump.
The oil pressure sensor is situated after the oil pump and before the oil does its work in
the engine.

Oil filters and screens are placed in the system to remove any foreign matter such as dirt
or carbon particles in the circulating oil. The oil filters should be inspected and replaced
atregular intervals, as required in the maintenance schedule. The foreign matter collected
may give an indication of the condition of the engine—for instance, small metal particles
might indicate an impending engine failure. Within the oil filter housing is the oil filter

Use only
recommended type
and grade of oils.
Do not mix grades.
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bypass valve. This permits the oil to bypass the filter in the event of the filter becoming
clogged. Dirty and contaminated oil is preferable to no oil at all.

Because the oil absorbs engine heat, the cooling that occurs in the sump is often insuf-
ficient, so most engines have an oil cooler. The oil is pumped from the sump through the
oil filter to the oil cooler. If the oil is already cool, a thermally operated valve allows it to
bypass the oil cooler, as further cooling is unnecessary. If the oil is hot (as it is when the
engine has warmed-up), the thermally operated valve directs the oil through the cooler.
Should the cooler become blocked, a pressure bypass valve allows the oil to bypass the
cooler. The oil cooler is usually positioned in the system so that the oil cools a little in
the sump and then passes through the oil cooler for further cooling just prior to entering
the main parts of the engine.

As part of your daily/preflight inspection you should check the condition of the oil
cooler for freedom from insects, birds’ nests and other contamination, to ensure free air
passages and any oil leakage or fatigue cracks.

There is an oil temperature gauge in the cockpit. It is connected to a temperature probe
that senses the temperature of the oil after the oil has passed through the oil cooler and
before its use within the hot sections of the engine. Also, some airplanes have a cylinder-
head temperature (CHT) gauge to provide another indication of engine temperature, this
time in the cylinder head.

Malfunctions in the Oil/Lubrication System
Incorrect Oil Type

The incorrect type of oil will possibly cause poor lubrication, poor cooling, and engine
damage. Oil temperature and oil pressure indications may be abnormal. For instance,
mixing detergent and mineral oils can lead to engine damage.

Incorrect Oil Quantity

The oil level should be checked and corrected if necessary prior to flight. There will be
an oil dipstick in the tank for this purpose. The dipstick is calibrated to show maximum
and minimum oil quantities. If the oil quantity is below the minimum, then you will find
that the oil overheats and/or the oil pressure is too low or fluctuates. If the oil quantity
is too great, then the excess oil may be forced out through various parts of the engine,
such as the front shaft seal. The oil quantity needs to be checked before each flight, as it
gradually decreases because of:

« being burned with the fuel/air mixture in the cylinders;

« loss as a mist or spray through the oil breather; and

o leaks.

Low Oil Pressure

At normal power a low oil pressure may indicate an impending engine failure caused by:
« insufficient oil;
« lack of oil because of a failure in the oil system;
o aleak in the oil tank or oil lines;
« failure of the oil pump;
« aproblem in the engine, such as failing bearings; or
o the oil pressure relief valve (PRV) stuck open.
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Where an indication of low or fluctuating oil pressure occurs and is associated with
a rise in oil temperature while in flight—play it safe and land as soon as possible, as it
could indicate a serious problem in the lubrication system.

High Oil Temperature

Too little oil being circulated will also be indicated by a high oil temperature, therefore
a rising oil temperature may indicate a decreasing oil quantity. Prolonged operation
at excessive cylinder head temperatures will also give rise to a high oil temperature
indication. This would be most likely to occur in situations of high power, low airspeed
(climbing), especially in high ambient air temperatures.

Gradual Loss of Oil

If the engine is gradually losing oil, the oil temperature will gradually rise as less oil is  Lack of oil will cause
available for cooling and lubricating the engine. If oil is lost, the oil pressure will probably ZZ jg%ffn‘i niifégt Z
be maintained, until the oil quantity reaches a critically low level. This may be indicated 555 of power
by rapidly rising oil temperature with a sudden drop in oil pressure occurring just before
engine seizure.

If you suspect a problem concerning oil, then you should plan a landing before the time
you estimate the oil problem will become serious. This is a matter of judgment, especially

if the choice of nearby landing areas is not great.

Faulty Oil Pressure Gauge

Sometimes of course, the oil pressure gauge may be faulty. A low oil pressure indication
may be recognized as a faulty indication—and not a genuine low pressure—by noting that
the oil temperature remains normal over a period of time. Keep your eye on both gauges.

High Oil Pressure

A pressure relief valve in the system should ensure that the oil does not reach an unac-
ceptably high oil pressure. A high oil pressure may cause some part of the system to fail,
rendering the whole oil system inoperative.

THE COOLING SYSTEM

The engine cooling system is designed to keep the engine temperatures within those Cooling fins
limits designed by the manufacturer. The burning of the fuel/air mixture in the engine’s
cylinders, and the friction of its moving parts, results in the engine heating up. Engine I||||||||||||I©I|||||||IIIIII
temperatures are kept within acceptable limits by:

« the oil that circulates within the engine;

« expulsion of much heat energy in the exhaust gases; and

« the air cooling system that circulates fresh air around the engine compartment.

Cylinder head
Figure 5-16
Cooling fins.

Most modern light airplane engines are air-cooled by exposing the cylinders and their
cooling fins to an airflow. The fins increase the exposed surface area to allow better
cooling.

As the airflow passes around a cylinder it may become turbulent and break away in
such a manner that uneven cooling occurs, forming local poorly cooled hot-spots. To
avoid this uneven cooling, cowling ducts at the front of the engine capture air from the
high-pressure area behind the propeller, and then baffles distribute it as evenly as possible
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Baffles

Cooling
air

Cowling —

Adjustable cowl flap —

//:

around the cylinders. After cooling the engine, the air flows out holes at the bottom rear
of the engine compartment.

Air cooling is least effective at high power and low airspeed, for instance on takeoff
or go-around. The high power produces a lot of heat, and the low airspeed provides a
reduced cooling airflow. At high airspeed and low power, for instance on descent, the
cooling might be too effective.

Some airplanes have movable cooling cow! flaps
that can be operated (electrically or manually) from
the cockpit, giving the pilot more control over the
cooling of the engine. Open cowl flaps permit more
air to escape from the engine compartment. This
——— g causes increased airflow over and around the engine.

( cylinders  The open cowl flaps cause parasite drag to increase.
- Ll Cowl flaps are normally open for takeoff, partially
open or closed on climb and cruise, and closed
during a power-off descent. They will be open
on final in readiness for a go-around, when high

(fixed on some aircraft) power at a low airspeed will be required. Cowl flaps

Figure 5-17 Cowl flaps and engine cooling.

Monitor CHT and
adjust engine cooling
if necessary.

Figure 5-18
The cowls direct
cooling air.

should be open when taxiing to help dissipate the
engine heat.

The deciding factor for the pilot in where to posi-
tion the cowl flaps is the cylinder head temperature, or the anticipated cylinder head
temperature, and this may be indicated in the cockpit by a cylinder-head temperature
(CHT) gauge.

Excessive engine temperatures may be caused by:

o high power (greater heat generation);

« low airspeed (less air cooling);

o incorrect fuel (lower-than-specified grade);

« atoo-lean mixture (no excess fuel to evaporate and cool the cylinders); or

« alow oil level.

You should monitor the cylinder-head temperature gauge throughout the flight, and
also on the ground when air-cooling will be poor.

Note. The Pilot’s Operating Handbook will give advice on satisfactory temperatures.

If excessive cylinder-head temperatures are noted in flight, the cooling of the engine
can be improved by:
» opening the cowl flaps fully (to allow greater airflow around the engine);
» making the mixture richer (extra fuel has a cooling effect in the cylinders because
more fuel is evaporated, so a rich mixture cools better than a lean mixture);
« reducing the engine power (so that less heat is produced); or
« increasing the airspeed (for greater air cooling).

Just how you achieve the latter two is a matter of judgment. In a climb, you could
increase speed by reducing the rate of climb. In a cruise (straight-and-level) at normal
cruise speeds, you could maintain the power and increase the airspeed by commencing
a descent, unless terrain prevents this.

Other factors influencing engine cooling and over which the pilot has little control
during flight include:

o the condition of the oil cooler; and

o the outside air temperature.
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A dirty and inefficient oil cooler will not allow the best cooling of the circulating oil.
The oil, if warmer than optimum, will be unable to carry as much heat away from the
engine, and its viscosity and lubricating qualities will be reduced, which will lead to
higher engine temperatures.

Obviously, warm air will not cool the engine as well as cool air.

Note. On some airplanes the propeller spinner is part of the airflow director for the
cooling air, so these airplanes should not be operated without the spinner installed.
If you find yourself in such a situation, refer to the Flight Manual or a technician to
establish what is allowable for your airplane.

THE CARBURETOR

Gasoline needs to be mixed with oxygen in the correct ratio to burn properly. The correct
fuel/air ratio is about 1 part of fuel to 12 parts of air by weight. The device commonly
used to mix fuel with air in an engine is called the carburetor.

The carburetor works on the principle that the airflow through the throat of the
carburetor will have its pressure reduced by the venturi effect. This causes the fuel to
flow through the main metering jet and into the airstream, because of the atmospheric
pressure in the float chamber being greater. The fuel vaporizes and mixes with the air.
The fuel/air mixture then flows through to the cylinders in preparation for burning. The
pilot can vary the airflow using the throttle lever in the cockpit. The fuel/air mixture can
be varied, if necessary, using the mixture control.

Combustion can occur in the cylinders when the fuel/air ratio is between approxi-
mately 1:8 (rich mixture) and 1:20 (lean mixture). The ideal or chemically correct mixture
of fuel/air is one in which the fuel and the oxygen are perfectly matched so that, after
burning, all of the fuel and all of the oxygen have been used. The chemically correct
mixture may be referred to as the ccm or the stoichiometric mixture.

Fuel/air mixture
to cylinders

Mixture control/
idle cut-off
butterfly
valve
Fuel inlet

screen (filter)

Fuel in

Main
metering
jet

Needle Float
valve chamber

QO Lo

Inlet air

Figure 5-19 Cross-section of a simple float-type carburetor.

The carburetor
mixes fuel with air.

Vary the fuel/air mixture
with the mixture control.
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Figure 5-20

Idle metering jet — N

Idle mixture —
adjustment

Idle air
bleed  — &

14 psi

13.5 psi

If the mixture is rich, there is excess fuel and, after burning, some unburned fuel will
remain. If the mixture is lean, there is a shortage of fuel in the sense that, after all of the
fuel has burned, there will still be some oxygen remaining.

A simple carburetor, like that in figure 5-19, has a venturi through which the amount of
airflow is controlled by a throttle valve (or butterfly). The venturi has fuel jets positioned
in it so that the correct amount of fuel by weight is metered into the airflow. The butterfly
valve is controlled with the throttle lever in the cockpit.

It is important that you move the throttle smoothly so that unnecessary stress is not
placed on the many moving parts in the engine. To open or close the throttle fully should
take about the same time as a “1-2-3” count.

A simple float-type carburetor has a small chamber that requires a certain level of
fuel. If the level is too low, the float-valve opens and allows more fuel from the fuel tanks
to enter. This is happening continually as fuel is drawn from the float chamber into the
venturi of the carburetor. The air pressure in the float chamber is atmospheric, while the
air pressure near the metering jet is reduced by the venturi effect.

The acceleration of the airflow through the carburetor venturi causes a decreased static
pressure (Bernoulli’s principle—increased velocity, decreased static pressure). The higher
atmospheric pressure in the float chamber forces fuel through the main metering jet into
the venturi airflow. The faster the airflow, the greater the differential pressure and the
greater the quantity of fuel discharged to the airflow. Therefore the weight of fuel that
flows through the carburetor is controlled by the airflow through the carburetor venturi.

Accelerator Pump

When you fully open the throttle, the butterfly valve is fully opened and
does not restrict the airflow through the venturi. The airflow therefore
increases. If the throttle is opened quickly, the airflow initially increases
at a rate greater than the fuel flow, producing an insufficiently rich
mixture. This would cause a lag in the production of power if it were
not for the accelerator pump. The accelerator pump is therefore used to
prevent a weak-cut when the throttle is rapidly opened. The accelerator
pump is a small plunger within the float chamber, connected to the
throttle linkage so that it gives an extra spurt of fuel as the throttle is

The accelerator pump. opened.

Idling System
throtle ~ When the engine is idling with the butterfly valve almost closed, the
vave  pressure differential between the venturi and the float chamber is not
great enough to force fuel through the main jet. To allow for this, there
N is a small idling jet with an inlet near the butterfly valve, where a small
venturi effect is caused when the valve is almost closed. This provides
sufficient fuel to mix with the air to keep the engine idling at low RPM.

Fuel/Air Mixture Control
The fuel/air ratio is the ratio between the weight of fuel and the weight

Figure 5-21 The idling system.
of air mixed together and entering the cylinders where the combustion
process is to occur. The carburetor is the device used to mix the fuel
and the air, and it is designed in its most basic form to function best
under mean sea level conditions at standard temperature +15°C (59°F).
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Under other conditions when the air density is significantly less, such as at high alti-
tudes or with high temperatures, the basic operation of the carburetor must be modified
by the pilot to maintain a suitable fuel/air ratio.

Using the Mixture Control for Climbs and Descents

As altitude is gained in a climb, the volume of air flowing through the carburetor remains
the same, but the weight of air is less because of its lower density (fewer molecules in
the same volume). The same weight of fuel is drawn into the airstream, however, which
means that the fuel/air mixture is now richer with fuel. This may lead to rough running,
fouling of the spark plugs, increased fuel consumption, and a loss of power (loss of RPM
for a fixed-pitch propeller and loss of manifold pressure for a constant-speed propeller).

A mixture control is provided to keep the fuel/air ratio roughly constant. To return
to a correct mixture, you can reduce the amount of fuel entering the carburetor venturi
by moving the mixture control back out slightly toward lean. This moves a small needle
in the carburetor which restricts the fuel flow through the main metering jet, thereby
leaning the mixture, or making it less rich. The mixture control in the cockpit is usually
ared knob. It should be moved smoothly and gradually, to avoid leaning the mixture too
far and perhaps even stopping the engine by starving it of fuel. When climbing above
approximately 5,000 feet MSL, if rough running is present, the mixture should only be
leaned sufficiently to return the engine to smooth running. Normally, an engine is leaned
if less than 75 percent power is being used.

Conversely, as an airplane descends the air becomes more dense, and so the weight
of air in each charge increases while the weight of fuel remains the same. This causes
the fuel/air mixture to become leaner. The correct procedure on descent is to move the
mixture control in toward the RICH position, which (for a given throttle position) will
provide additional fuel to match the increased weight of air. Since most descents are made
with low power set from cruise altitude until reaching pattern altitude at the destination
airport, it is common practice to move the mixture control to the rich position at the
top of descent, or to progressively richen the mixture (if descending from high altitude),
so that the mixture control is correctly positioned for the approach and landing phase,
when full power should be available in case of a go-around.

The mixture control is usually in FULL RICH for takeoff, unless you are operating
at a high-elevation airport, possibly with high temperatures, where the air density as a
consequence is very low (see below). Usually, the mixture remains in FULL RICH for the
climb, unless it is an extended climb to altitudes in excess of 5,000 feet MSL.

Full rich Full rich position Idle cut-off line
position %
.‘j- Idle cut-off

Back suction line—"

Needle type Back suction type

Figure 5-22 Mixture control systems.
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As you climb with the mixture in FULL RICH the resulting excess fuel as the fuel/
air mixture gradually becomes richer acts as a cooling agent for the cylinder walls and
piston tops to help prevent abnormal combustion. Some of the more sophisticated engines
require leaning during the climb, but for training airplanes this is not generally the case.

Using the Mixture Control at Cruise Altitude

On the cruise, and with cruise power set, you should consider leaning the mixture to
regain a more chemically correct fuel/air ratio. This ensures more efficient burning of the
gases in the cylinders, more efficient operation of the engine (slightly higher RPM for a
tixed-pitch propeller) and better fuel economy. In some light airplanes correct leaning on
the cruise can reduce the fuel consumption by over 25 percent compared with full rich,
allowing greatly improved range and endurance performance.

The mixture should be slightly on the rich side of the chemically correct mixture,
provided the cruise power setting is less than 75 percent of maximum continuous power
(MCP).

Normal cruise for most airplanes is about 55-65 percent MCP, and so leaning the
mixture is advisable.

At high power settings (in excess of 75 percent) a full-rich mixture is necessary to
provide excess fuel as a coolant. The Pilot’s Operating Handbook contains information
on how to achieve the best power mixture and how to achieve the best economy mixture.

To lean the mixture, slowly move the mixture control toward the lean position. As
a chemically correct fuel/air ratio is regained, the RPM for a fixed-pitch propeller will
increase. Eventually, with further leaning, the RPM will decrease slightly and the engine
will show signs of rough running. The mixture control should then be gently pushed
back in a small amount to regain the best RPM (indicating a chemically correct mixture)
and smoother running. The mixture control is then moved further in to a slightly richer
position to ensure that the engine is operating on the rich side of the chemically correct
mixture. This must be repeated when either cruise altitude or power-setting is changed.

Some airplanes are equipped with an exhaust gas temperature (EGT) gauge which
indicates peak EGT when there is a chemically correct mixture, and this can assist you
in leaning the mixture correctly.

For a constant-speed propeller, the leaning is normally done with reference to a fuel
flow gauge (to obtain minimum fuel flow for smooth running) or the exhaust gas tempera-
ture gauge. Refer to your Pilot’s Operating Handbook.

The principles of leaning the mixture apply to both carburetor-equipped and fuel-
injected engines (to be discussed shortly).

Note. Above 5,000 feet density altitude, a normally aspirated (not turbocharged)
engine cannot achieve more than 75 percent maximum continuous power (even at

full throttle).

Using the Mixture Control for Takeoff and Landing

During takeoff (and landing, when high power may be required in case of a go-around),
the mixture control should normally be in FULL RICH.

In conditions where the air density is very low, however, such as at a very high elevation
airport with high outside air temperatures (say 6,000 feet MSL and 100°F), you should
consider if there is a need to lean the mixture. The reduced air density, sometimes referred
to as a high density altitude, may result in too little air for the normal fuel flow, and an
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excessively fuel-rich mixture. When the engine runs too rich it is unable to provide its
best power for takeoff.

An excessively rich mixture may be indicated on the ground by slightly rough running
that is made worse during the carburetor heat check, when hot and even less-dense air
enters the carburetor, starving the engine of air and further richening the fuel/air mixture.

You should discuss leaning the mixture for high density altitude takeoffs with your
tlight instructor, and refer to the Pilot’s Operating Handbook.

Rich and Lean Mixtures

The mixture is usually slightly rich to protect against abnormal combustion and over-
heating in the cylinders. These damaging events are more likely to occur at power settings
above 75 percent maximum continuous power than at the normal cruise power settings
(55-65 percent), when leaning is advisable.

An over-rich mixture will cause a loss of power, rough running, high fuel consump-
tion, fouling of the spark plugs and formation of lead deposits (from unburned fuel) on
the piston heads and valves. The extra fuel in a rich mixture causes cooling within the
cylinders by its evaporation which absorbs some of the heat produced in the combustion
chamber. A lean mixture will therefore have higher cylinder head temperatures.

An excessively lean mixture will cause excessively high cylinder head temperatures,
leading to abnormal combustion (detonation). The pilot is then faced with a loss of power
and quite possibly complete engine failure. If you suspect that conditions are conducive
to detonation, richen the mixture and check engine temperatures. A high cylinder head
temperature could be an indication of detonation. Too rich is preferable to too lean.

Idle Cut-Off (or Idle Cut-Out)

The idle cut-off position of the mixture control is the normal means of shutting the engine
down. In a typical system, when the mixture control is moved fully out to the idle cut-off
position by the pilot, a small needle moves to cut off the fuel flow between the float
chamber and the venturi. The supply of fuel to the fuel jets is then cut off.

The engine will continue running until all of the fuel/air mixture in the inlet manifold
and the cylinders is burned. This leaves no combustible fuel/air mixture anywhere in
the system, which would not be the case if the engine was stopped simply by turning the
ignition OFF.

Abnormal Combustion

There are two kinds of abnormal combustion and both should be avoided:
« detonation—explosive combustion; and
« preignition—early ignition ahead of the spark.

Detonation

Correct progressive burning of the fuel/air mixture should occur as the flame-front
advances through the combustion chamber. This causes an increase in pressure which
smoothly forces the piston down the cylinder in the power stroke.

When a gas is compressed, it experiences a rise in temperature. You can feel this if you
hold your hand over a bicycle pump outlet during the compression stroke. If the pressure
and the temperature rise is too great for the fuel/air mixture in the cylinders, the burning
will not be progressive, but explosive, spontaneous combustion of the unburned charge
after normal spark ignition.

Too rich a mixture
is preferable to too
lean a mixture.

Detonation is the
instantaneous,
explosive combustion
of the unburned
charge in the cylinder.
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Preignition is the
uncontrolled firing
of the fuel/air
charge before the
spark ignition.

This explosive increase in pressure is called detonation and can cause severe damage
to the pistons, valves and spark plugs, as well as causing a decrease in power and quite
possibly complete engine failure. Detonation cannot normally be detected by a pilot,
although an indication of excessively high cylinder head temperature is a warning that
conditions conducive to detonation may exist.

Detonation can be caused by:

« alower fuel grade than recommended;

« atime-expired fuel;

o an over-lean mixture;

« excessive manifold pressure;

« an over-heated engine; or

« excessive temperature of the air which is passing through the carburetor.

If detonation conditions are expected, for instance by an excessively high cylinder
head temperature:

o richen the mixture;

« reduce pressures in the cylinders (throttle back); or

« increase airspeed to assist in reducing cylinder head temperatures.

Preignition
Preignition, while involving a progressive combustion of the fuel/air mixture, is an igni-
tion that commences before the spark from the plug. This early ignition (or preignition)
can be caused by a hot-spot in the cylinder (from a carbon or lead deposit) becoming
red-hot and igniting the mixture before the spark plug fires, causing peak pressures in
the cylinder at the wrong point in the cycle. The results of preignition are:

« rough running;

+ possibly back-firing;

« asudden rise in the cylinder head temperature;

 possible engine damage such as a burnt piston, broken cylinder head, scuffed

cylinder wall, and damage to valves and spark plugs; and
« cross-firing ignition leads or bad magneto distribution.

Preignition can be caused by:

« carbon or lead deposits in the cylinder;

« using high power when the mixture is too lean (no extra fuel for cooling); or

« overheated or wrong heat range spark plugs (possibly as a result of detonation).

Preignition may occur in one cylinder only, where a hot-spot exists, whereas detona-
tion will normally occur in all cylinders. Preignition is a function of the condition of a
particular cylinder or cylinders (such as a hot spot) whereas detonation is a function of
the fuel/air mixture that is being supplied to all cylinders (too lean and/or too hot).

Both detonation and preignition can be prevented, provided the correct fuel is used,
good magneto maintenance and inspection, and the operating limitations of the engine
are observed. This information is available to you in the Pilot’s Operating Handbook.

Carburetor Ice

The expansion of the air as it accelerates through the carburetor venturi causes it to drop
in temperature. Even quite warm air can cool to below zero and, if it contains moisture,
ice can form. This will seriously degrade the functioning of the carburetor, even to the
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point of stopping the engine! The first sign of carburetor ice in an airplane equipped with
a fixed-pitch propeller is a loss of RPM.
Fuel-injected engines do not have a carburetor and are less susceptible to ice.

Impact Ice

Impact ice will occur when water droplets, which are below freezing point (in the intake
air), contact the metal surfaces of the inlet air scoop and duct to the carburetor, immedi-
ately forming ice. (This can happen even in a fuel-injected system as well as in a normal
carburetor system.)

Impact ice can occur when the outside air temperature is near or below zero, or if the
inlet surfaces themselves are below zero and the airplane is in visible moisture such as
cloud, rain or sleet. This may be the case if the airplane is on descent from high altitudes,
where the temperature is below the freezing level, into areas of visible moisture.

Impact ice Carburetor Alternative inlet air

In systems with float-type
carburetors this is manual
carburetor heat air.

In fuel-injection systems this
is alternate air, usually
supplied automatically if
normal inlet is blocked by ice.
Note: As carburetor
heat/alternate air is not
filtered its use on the ground
must be kept to a minimum.

Normal
inlet air

Alternative
inlet air
(drawn from
engine
compartment)

Air intake

Impact ice
P duct

Impact ice

Figure 5-23 Impact ice.

Fuel Ice

When fuel is introduced into the carburetor airstream, the temperature of the resulting
fuel/air mixture is lowered substantially because of the latent heat absorption that occurs
during fuel vaporization. You can feel this effect when water or perspiration evaporates
off your skin on a hot day.

Fuel ice will form downstream of the metering jet in the throat of the carburetor if
the temperature of the fuel/air mixture drops to between 0°C to -8°C (32°F to 16°F). The
water will precipitate from the incoming air (if it is moist) and freeze onto any surface it
encounters, such as the inlet manifold walls and the throttle butterfly valve. This ice will
seriously restrict the airflow and thus reduce the engine’s power output.

Fuel ice can occur in ambient air temperatures well above freezing, even as high as
30°C (85°F) when the relative humidity exceeds about 50 percent.

Note. Fuel ice is sometimes called refrigeration ice, since it is caused by the vaporizing
of a liquid—the same process that is used in most refrigerators.

Throttle Ice

As the fuel/air mixture accelerates past the throttle valve, there is a decrease in static
pressure and a consequent drop in temperature. This process can cause ice to form on
the throttle valve. The acceleration and resulting temperature drop is greatest at small
throttle openings because the throttle butterfly restricts the airflow at these low power
settings, creating a substantial pressure drop. Therefore, there is a greater likelihood of
carburetor ice at low throttle settings.

Fuel/air mixture flow to
engine greatly reduced

Throttle ice

~

Fuel
“l ice

I\

Inlet air

Figure 5-24
Throttle and fuel ice.
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Carburetor ice is
most likely when
the temperature
is between —10°C
to +20°C (20°F to
70°F) and relative
humidity is high.

Formation of Carburetor Ice

Both fuel ice and throttle ice can occur even when the outside air temperature is high.
Any time the outside air temperature is within the approximate range (20°F to 70°F) and
especially if the relative humidity is high, you should remain alert for signs of carburetor
ice, caused by cooling in the carburetor venturi.

Note. Visible moisture is not necessary for the formation of throttle ice.

All of this carburetor ice can have a very serious effect on the running of the engine. The
size and shape of the carburetor passages are altered by the ice, the airflow is disturbed,
and the fuel/air mixture ratio is affected. These factors all lead to rough running, a loss of
power and possibly a total stoppage of the engine unless prompt corrective action is taken.

Typical symptoms of carburetor ice formation are:

 a power loss (a drop in RPM for a fixed-pitch propeller, and a drop in manifold

pressure for a constant-speed propeller), resulting in poorer performance (a loss of
airspeed or a poorer rate of climb); and

« rough running.

Carburetor Heat

Most modern airplanes have a carburetor heat system to prevent and remove carburetor
ice. This usually involves heating the induction air prior to intake into the carburetor by
passing the air close to the (hot) exhaust system of the engine. The density of this heated
air passing through the carburetor will be less, therefore making the fuel/air mixture too
rich. The initial effect of applying carburetor heat will be to decrease the power from the
engine (seen as an initial drop in RPM for a fixed-pitch propeller or an initial drop in
manifold pressure for a constant-speed propeller), possibly by as much as 10-20 percent.

The carburetor heat control is usually located near the throttle in the cockpit. By
pulling it fully out, heated air is passed into the carburetor. It is usual, if carburetor ice
is suspected, to apply full carburetor heat. As the hot air passes through the carburetor
venturi, it will melt the ice. If there has been a large ice build-up in the carburetor, the
engine may run extremely roughly, especially as the melted ice (now water) passes through
the cylinders along with the fuel/air mixture, but this roughness will quickly disappear.

When the ice clears from the carburetor, the engine will begin running smoother and
there will be an increase in power. The RPM of a fixed-pitch propeller will rise as the
ice clears, as will the manifold pressure of a constant-speed propeller. Following this,
carburetor heat may be removed and cold air again used, at which time there will be a
further slight increase in power.

If carburetor ice re-forms, then this operation will have to be repeated. Full carburetor
heat must be re-applied until the carburetor ice melts. You may find that, under some
conditions, full carburetor heat is required not only to remove carburetor ice, but also to
prevent it from re-forming.

Some engines have a carburetor air temperature gauge, which may be used to keep the
carburetor air temperature out of the icing range. It may allow you to use only partial
carburetor heat to prevent further formation of ice once the initial ice has been removed
with full carburetor heat. If carburetor ice still forms, immediately re-apply full carburetor
heat to remove it, and then try a higher setting of partial heat to prevent its formation.

Caution. Partial use of carburetor heat may raise the temperature of the induction air
into the temperature range which is most conducive to the formation of carburetor
ice, thereby increasing the risk of ice build-up rather than decreasing it. Monitor the
engine power gauges and be alert for any rough running.
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On descent with low power, particularly in high humidity, it is usual to apply carburetor
heat to ensure that no carburetor ice forms or is present. The small throttle butterfly
openings needed for low power increase the chance of carburetor ice forming.

On short final approach to land, the carburetor heat is usually returned to COLD, just
in case full power is required in the event of a go-around.

Avoid using carburetor heat on the ground because the hot air is taken from around the
engine exhaust manifold (in most airplanes) and, unlike the normal inlet air, is unfiltered.
This will avoid introducing dust and grit into the carburetor and the engine itself, which
could lead to unnecessary wear and damage.

FUEL INJECTION SYSTEMS

Many sophisticated engines have fuel directly metered into the induction manifold and
then into the cylinders without using a carburetor. This is known as fuel injection.

A venturi system is still used to create the pressure differential. This is coupled to a
fuel control unit (FCU), from which metered fuel is piped to the fuel manifold unit (fuel
distributor). From here, a separate fuel line carries fuel to the discharge nozzle in each
cylinder head, or into the inlet port prior to the inlet valve. The mixture control in the
fuel injection system controls the idle cut-off.

With fuel injection, each individual cylinder is provided with a correct mixture by its
own separate fuel line. (This is unlike the carburetor system, which supplies the same
fuel/air mixture to all cylinders. This requires a slightly richer-than-ideal mixture to
ensure that the leanest-running cylinder does not run too lean.)

Metered
fuel flow

Intake manifold
directs throttled
air to cylinders

Throttle and
mixture control

Throttle ‘ > Fuel control unit

body Unpressurized fuel flow

[Hr Electric rotary

type fuel pump E

Pressurized
fuel flow

7
Mechanical
fuel pump

Figure 5-25 Typical fuel injection system.
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Correct fuel
management is
imperative! Know the
fuel system of your
airplane!

Figure 5-26
Check propeller is
clean.

Figure 5-27
RPM and MAP gauges.

The advantages of fuel injection include:

 freedom from fuel ice (no suitable place for it to form);

 more uniform delivery of the fuel/air mixture to each cylinder;

« improved control of fuel/air ratio;

 fewer maintenance problems;

« instant acceleration of the engine after idling with no tendency for it to stall; and
« increased engine efficiency.

Starting an already hot engine that has a fuel injection system may be difficult because
of vapor locking in the fuel lines. Electric boost pumps that pressurize the fuel lines
can help alleviate this problem. Having very fine fuel lines, fuel injection engines are
more susceptible to any contamination in the fuel such as dirt or water. Correct fuel
management is imperative! Know the fuel system of your particular airplane. Surplus fuel
provided by a fuel injection system will pass through a return line which may be routed
to only one of the fuel tanks. If the pilot does not remain aware of where the surplus fuel
is being returned to, it may result in uneven fuel loading in the tanks or fuel being vented
overboard (thus reducing flight fuel available).

ENGINE OPERATION
Starting the Engine

Ensure that adequate safety precautions are always taken prior to engine start:

o prior to start, position the aircraft so that it is clear of obstructions, other aircraft,
open hangar/workshop doors, and fueling installations;

o set the parking brakes on, or chock the mainwheels, to avoid the embarrassing
and dangerous situation of the airplane commencing its own taxiing. Chocking
the nosewheel is not advisable because of its proximity to the propeller and the
consequent risk to a person walking into the rotating propeller when removing a
nosewheel chock;

 be aware of the location of firefighting equipment—ijust in case of fire. Ensure no
open flames, cigarettes or fuel spillages in the vicinity; and

« most importantly check the immediate area is clear of people and then warn any
nearby persons (especially those you may not be able to see) of the impending danger
of a spinning propeller by making a loud warning call of “clear!” or “clear prop!” The
aircraft red rotating beacon should be turned on just prior to starting the engine. Be
prepared to discontinue the start immediately if a problem develops or if someone
approaches the danger area near the propeller.

Your first action after starting the engine should be to adjust for proper RPM and
check for the desired indications on the engine gauges, especially the oil pressure gauge
which should show an increase within 30 seconds.

Ifit is necessary to handprop an airplane engine (an extremely hazardous procedure) it
is important that a competent pilot be at the airplane controls and that the person turning
the propeller has sufficient training.
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Starting a Cold Engine

Starting in cold conditions usually requires some priming (providing an initial charge
of fuel to the cylinders). Many aircraft have a priming pump (electrical or manual) in
the cockpit for this purpose—it is used only prior to startup, and should be locked at all
other times.

Know the procedures recommended in your Pilot’s Operating Handbook. These
differ from airplane-to-airplane, engine-to-engine and situation-to-situation. You should
understand the reasons why a certain procedure is recommended and when it is appro-
priate to vary it slightly. An over-primed (flooded) engine or restarting a hot engine, for
example, will require different techniques to starting a cold engine in a cold climate.

Note. On start-up of a cold engine, the oil pressure should normally rise within 30
seconds, to ensure adequate lubrication of the engine and its moving parts. If the oil
pressure rise is not indicated within this time, shut down the engine to avoid possible
damage. If the engine is warm, the oil pressure should rise more quickly. In cold
climates, it is normal for the oil pressure rise to take up to 60 seconds—see your Pilot’s
Operating Handbook.

Starting an Engine That Has Been Over-Primed

Most over-primed engines will start more easily with the mixture control in idle cut-off
so that no more fuel enters the cylinders until the engine has actually started. When the
mixture in the cylinders reaches the right balance as air-only is drawn in, the engine
should fire, at which stage the mixture control should be moved quickly to full rich to
provide a continuing fuel supply.

If the engine does not fire, the rotations may have cleared the cylinders of fuel. There-
fore move the mixture control to rich to allow fresh fuel to be drawn into the cylinders.
This technique applies to both carbureted and fuel-injected engines. Refer to your Pilot’s
Operating Handbook.

Starting a Hot Engine

Usually a hot carbureted engine will start satisfactorily using the normal procedure for
a cold engine if you do not prime it or pump the throttle.

When starting a hot fuel-injected engine, the hot air and vapor in the very narrow
fuel lines may cause a vapor lock and prevent the flow of any fuel. To prevent this, switch
on the fuel boost pumps. This will pressurize the fuel lines up to the fuel control unit,
removing any vapor in that part of the system. Leave the mixture control in idle cut-off
so that fuel does not reach the cylinders but is recycled back into the tank.

Some engines require the throttle to be opened for the boost pumps to work in high.
After 15 to 20 seconds, the narrow fuel lines to the fuel injectors should have been purged
of vapor and be full of fuel. Because a small amount of fuel will probably have found its
way into the fuel nozzles near the cylinders, a start can be made without priming (with
throttle at idle or open about % inch).

Stopping the Engine

A brief cooling period at 1,000 RPM is usually recommended to allow gradual cooling.
During this time check for any abnormal indications and perform a systems check of
the ignition system for off.

Figure 5-28
Starting.
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Change RPM

with the propeller
control. Change MP
with the throttle.

Most engines are shut down from a low power position (usually 1,000 RPM) by moving
the mixture control to idle cut-off, thus allowing the cylinders to be purged of fuel. All
switches are usually moved to off.

It is a good practice to:

o leave the mixture control in the idle cut-off position; and

o leave the throttle in the closed position in case someone turns the propeller and

tiring occurs because the magneto system is still live.

Changing Power Settings with a Constant-Speed Propeller

While almost all training airplanes have a fixed-pitch propeller whose RPM is controlled
with the throttle, more advanced airplanes which you may soon fly are equipped with a
constant-speed propeller with blades that can vary their pitch angle.

The controls in the cockpit for a constant-speed propeller are:

o the propeller control (or pitch knob) to control RPM; and

o the throttle to control fuel flow and manifold pressure (MP).

The pilot selects the desired RPM of the engine and propeller using the propeller
control (also known as the pitch control or RPM control). The propeller blades will then
automatically change their pitch angle or blade angle to absorb the power available and
maintain the selected RPM. For instance, if you have selected a cruise RPM of 2,400 with
the propeller control and then move the throttle to increase manifold pressure from 22
to 23 in. Hg, the propeller pitch will increase to absorb the extra power by increasing the
blade angle and providing increased thrust.

Conversely, if power is reduced, the propeller blade angle will reduce to maintain
RPM. The constant-speed unit in the propeller operates automatically—usually the blade
movement to a new pitch angle is hydraulically operated by a governor sensitive to RPM.

There is a mechanical limit to how far the propeller pitch or blade angle can reduce,
known as the low-pitch stop. With the blades back on the low-pitch stop, the propeller
will behave like a fixed-pitch propeller.

Manifold pressure Tachometer
(inches of mercury) (engine RPM)

Throttle Mixture

Propeller
pitch
control

Figure 5-29 With a constant-speed propeller, the propeller control controls RPM and
the throttle determines the manifold pressure.
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The pilot selects the desired power with various combinations of RPM and manifold
pressure. Manifold pressure is the pressure in the intake manifold of the engine, and is
normally measured in inches of mercury (in. Hg). Manifold pressures higher than those
recommended by the manufacturer can lead to high cylinder pressures and possibly
detonation, and must be avoided. This can occur if high manifold pressures are set at
low RPM.

Increasing Power

To avoid high MP and low RPM:
o first increase RPM with the propeller control. The MP will drop automatically as
a result of less time per cycle being available for the fuel/air mixture to be induced
into the cylinder, hence a smaller charge in the cylinder for combustion; and
o then increase MP to desired value with the throttle.

Decreasing Power

To avoid high MP and low RPM:
o first reduce MP with the throttle; and
o then reduce RPM with the propeller control. The MP will rise a little automatically—
as a result of more time for cycle for the fuel/air mixture to be induced into the
cylinder, hence a larger charge in the cylinder for combustion. After the reduction
of RPM, some minor readjustment of MP will be necessary.

Air pressure falls by about 1 in. Hg per 1,000 feet as altitude is gained, and so will the
manifold pressure in an unsupercharged engine if you do not adjust it with the throttle.
In this situation the RPM would remain the same, but the power would reduce gradually.
Superchargers and turbochargers are used in more sophisticated engines to boost the air
pressure to the engine, thereby increasing the power available at altitude.

Note. The propeller governor that controls RPM is operated by engine oil, which is
another very good reason for regular oil changes. Dirty oil could have an adverse effect
on propeller operation.

Engine Handling

Atall times, follow recommended procedures found in the manufacturer’s handbook. This
will ensure correct operation of the engine, avoid spark plug fouling and over-stressing
the engine components, and achieve best fuel economy. Know the manufacturer’s engine
limitations and do not exceed them.

When the engine is operating, you should monitor the oil temperature gauge (and the
cylinder-head temperature gauge if installed). An abnormally high engine oil temperature
could indicate insufficient oil in the engine. High engine temperatures, either in the air
or on the ground, will cause:

o loss of power;

« excessive oil consumption; and

« possible permanent internal engine damage.

In flight, you could consider cooling the engine by opening the air-cooling cowl flaps
(if installed), richening the mixture, reducing power, or lowering the nose and increasing
airspeed.

Never exceed the
recommended
manifold pressure.

When increasing
power increase
RPM before MP.

When decreasing
power reduce MP
before RPM.
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Avoid running the engine on the ground for prolonged periods if possible but, if
unavoidable, face the aircraft into wind for better cooling and, if they are installed, open
the cowl flaps. If the limiting red-line temperatures are approached during ground opera-
tions, consider taxiing clear of the runway and shutting the engine down to allow cooling.

Prevent spark-plug fouling by avoiding operating the engine at very low RPM for long
periods. At low idling RPM, deposits can form on the spark plugs which will increase
their electrical conductivity and may lead to misfiring.

Advance and retard Misuse of controls can lead to de-tuning of engine crankshaft counterweights and

the throttle smoothly.  engine damage. Opening the throttle by ramming it forward can produce an incor-
rect fuel/air mixture in the carburetor and cause the engine to cut-out, or encourage
detonation. Rough handling of the throttle can also cause de-tuning of the crankshaft
counterweights, which will permanently reduce the efficiency of the engine as a power-
producer. As a guide you should take about three seconds to open the throttle from idle
to full. Similarly when reducing power, do so slowly.

On a prolonged descent at low power, it is good airmanship to smoothly open the
throttle for brief periods to avoid the engine becoming too cool. Closing cowl flaps, if
installed, also helps. This will avoid a sudden temperature shock to the engine when it is
returned to high power at the end of the descent.

Use the mixture control correctly. A too-lean mixture at high power and low altitudes
can cause detonation. It is usual to lean the mixture when cruising at altitude, depending
on the manufacturer’s recommendations. On a very hot day, even at only 1,000 feet MSL
the atmosphere may have a density altitude of several thousand feet, and leaning may be
required for efficient operation (see chapter 8).

Rough Running
The Engine

Engine rough running can be continuous or intermittent. If the engine starts running
roughly, immediately refer to the engine instruments to see if they indicate the cause. In
all cases, follow the procedures laid down in the Pilot’s Operating Handbook. A thorough
knowledge of these is essential.

Rough running can be caused by:

o an inadequate fuel supply—check the fuel quantity gauge and if it indicates empty
immediately select another tank. If the gauges show sufficient fuel suspect low fuel
pressure caused by a blocked filter and switch on the fuel boost pumps to ensure a
steady fuel pressure;

o carburetor ice—the formation of ice in the carburetor causes a loss of power and
possibly rough running. Remember that carburetor ice can form when the outside
air temperature is as high as 70°F if the humidity is high enough;

o an incorrect mixture—if the mixture is not leaned correctly, a prolonged climb will
gradually lead to a richening of the mixture as the air density falls, with consequent
rough running. A prolonged descent will require the pilot to move the mixture
control towards the rich position;

o a faulty magneto—if you suspect a faulty magneto is causing the engine to run
roughly, select a low cruise power, and then check each magneto individually by
switching the other one off. If the engine runs smoothly on one particular magneto,
but roughly on both or on the other magneto, then select the single magneto system
that gives smoother running. Consideration should be given to landing at the nearest

Figure 5-30
Engine checks.
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suitable airport, the airplane engine will still operate satisfactorily on only one
ignition system, but a failure of the second magneto would leave you with none; or

o afaulty ignition system—fouling of the spark plugs can cause faulty ignition. Some-
times this can be cured by leaning the mixture to raise the temperature and perhaps
burn the residue off the plug, or by changing the power setting. Leakage of the
ignition current, which can sometimes occur around the ignition leads could be
the cause, however this cannot be remedied in flight. This leakage may be worse at
high altitude/high power settings and in wet weather.

The Propeller

Vibration or rough running usually indicates a problem or impending problem. An
out-of-balance propeller can cause vibration.

If the vibration is caused by a damaged propeller, possibly an out-of-balance propeller
due to nicks, then a change of RPM or a change of airspeed should reduce the vibra-
tion. This, of course, is only a temporary remedy and the nicks should be repaired on
landing. Nicks in the propeller blade degrade its performance considerably and are liable
to cause cracks which can ultimately lead to blade failure in flight, with disastrous results.
Propeller nicks and other damage should be brought immediately to the attention of a
maintenance technician.

If the vibration does not diminish, but worsens, it could indicate that the bolts attaching
the propeller to the shaft are loosening. In this case, shutting down the engine is advis-
able. If you suspect this defect in a single-engine airplane, a landing as soon as possible
(a forced landing, if necessary) should be contemplated. Ice on the propeller blades may
also cause vibration.

Cross-Checking Engine Instruments

If one engine instrument indicates a problem, verify this, if possible, by checking against
another instrument. For instance, an oil pressure gauge that suddenly shows zero could
indicate that all the oil has been lost out of the system, or it could be just a faulty gauge.
Cross-reference to the oil temperature gauge should establish the fault. A normal oil
temperature would indicate sufficient oil is still circulating, whereas a rapidly increasing
oil temperature would indicate that loss of oil has occurred.

If you are in flight, a serious loss of oil will mean an engine shutdown, so in a single-
engine airplane you should prepare to land as soon as possible. With a faulty gauge, the
engine will continue to operate normally.

Taxiing

Do not taxi over rough ground because the propeller could hit long grass, obstructions
or the ground, damaging the propeller and possibly bending the engine crankshaft, a
very costly lack of common sense.

Avoid engine runups or taxiing on stony or gravel surfaces where possible. The strong
airflow and vortices around a propeller pick up stones, damaging the propeller and
airframe and hitting other aircraft and people. Good airmanship involves looking after
your airplane and thinking of others.

An out-of-balance
propeller can
cause vibration.
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Emergencies
Engine Failure in Flight

Due to improved manufacturing and operating procedures, mechanical engine failure
is becoming a rare event, but fuel starvation as a cause of engine stoppage is not as
uncommon as it should be. Fuel starvation will of course stop an engine and can be
caused by:

o insufficient fuel;

« mishandling of the fuel tank selection;

« incorrect use of the mixture control;

« ice forming in the carburetor; or

« contaminated fuel (such as water in the fuel).

If the mixture control is left in lean for descent (instead of being moved to rich), the
fuel/air mixture will gradually become more and more lean as the airplane descends into
denser air, possibly resulting in the engine stopping. Carburetor ice can also be a problem,
especially on descent when the engine is idling and not producing much heat. Electrical
failure in both magneto systems will also cause the engine to stop.

In all these cases, the airflow past the airplane may cause the propeller to windmill
and turn the engine over, even though it is not producing power.

Mechanical failure, such as the break-up of pistons or valves, will probably be accom-
panied by mechanical noise and the engine and propeller may be unable to rotate. In such
cases any attempt to restart the engine is not advisable.

Irrespective of whether you decide to glide down for a landing or attempt to restart
the engine, you must ensure that flying speed is maintained.

Some obvious items to be considered in an attempted engine restart are:

« afuel problem:

- change fuel tanks;

- fuel pump on (if installed);
- mixture rich;

- primer locked;

« an ignition problem:
- check magneto switches individually (both-left-right). If the engine operates on
one magneto as a result of a fault in the other magneto system, then operate using
the one good ignition system, otherwise return to both; or

e an icing problem:
- carburetor heat full hot.

Engine Fire In Flight

Engine fire is also a rare event, but you should always be prepared to cope with it. The
tirewall at the back of the engine is designed to protect the structural parts of the airframe
from damage and the cockpit occupants from injury if a fire breaks out in the engine bay,
provided the fire is extinguished without delay.

To check for the presence of fire, the pilot should yaw the nose left and look rearward
and to the left for any trailing smoke.
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The initial reaction to an engine fire in flight should be as per the Pilot’s Operating
Handbook. This usually involves turning off the fuel (fuel selector off or mixture control
to idle cut-off) and allowing the engine to run itself dry of fuel and stop. The engine and
induction system will then be purged of fuel and the fire should extinguish. At this point,
the ignition should be switched off and a forced landing carried out.

Throughout any emergency procedure in flight, remember that your main task is to
fly the airplane (maintain flying speed and avoid collisions)—and the secondary task is
to resolve the emergency.

Engine Fire on Startup
If a fire starts in the engine air intake during startup, a generally accepted procedure to
minimize the problem is:
o continue cranking the engine with the starter (to keep air moving through);
« move the mixture control to idle cut-off (to remove the source of fuel); and
 open the throttle (to maximize the airflow through the carburetor and induction
system, and purge the system of fuel).

The fire will probably go out, but if it does not, then further action would be taken:
o fuel—off;

« switches—off;

» brakes—off; and

o evacuate the airplane, taking the fire extinguisher.

You should refer to the Pilot’s Operating Handbook for the correct procedure for your
particular airplane.
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REVIEW 5

Engine

The Engine

1.

10.

11.

12.

13.

14.

Name the four strokes of a piston engine
commencing with the stroke intake.

Is the intake valve open during most of the
compression stroke?

Is the exhaust valve open during most of the
compression stroke?

Is the intake valve open during most of the
exhaust stroke?

Is the exhaust valve open during most of the
exhaust stroke?

. Whatis the period when both intake and exhaust

valves are open simultaneously known as?

How is the fuel/air mixture ignited in the cylin-
der?

If one of the magneto switches is turned to OFF,
should there be an engine RPM drop?

True or false? Switching the ignition OFF
connects the magneto systems to ground.

If a magneto ground wire comes loose in flight,
will the engine stop?

The spark plugs in a piston engine are provided
with a high energy (or high tension) electrical
supply from:

a. the battery at all times.

b. the magnetos.

c. the battery at start-up, then the magnetos.

What is the most probable reason an engine
continues to run after the ignition switch has
been turned off?

If the ground wire between the magneto and the

ignition switch becomes disconnected, the engine:

a. will not operate on one magneto.

b. cannot be started with the switch in the BOTH
position.

c. could accidentally start if the propeller is
moved with fuel in the cylinder.

Because of the very low revs as you start the
engine, the spark needs to be delayed. How is this
done automatically in some magnetos?

Carburetor and Fuel Injection

15.
16.
17.
18.

19.

20.

21.
22.

23.
24.

25.

26.

Describe the principle of a simple carburetor.
What is the fuel/air ratio?
How does the pilot control the fuel/air ratio?

What remains following combustion of a rich
mixture?

What remains following combustion of a lean
mixture?

What carburetor device ensures that sufficient
fuel is fed to the cylinders when idling at low
RPM?

What is meant by the term best-power mixture?

As air density decreases, the weight of fuel intro-
duced into the cylinder needs to be reduced to
match the decreased weight of air. How is this
done?

What can an over-rich mixture cause?

For takeoft at a sea level airport on a cool day, the
mixture control should normally be:

a. full rich.

b. lean.

¢. in idle cut-off.

True or false? The extra fuel in a rich mixture
causes extra heating in the cylinders by its evapo-
ration.

If no leaning is made with the mixture control as

the flight altitude increases:

a. the volume of air entering the carburetor
decreases and the amount of fuel decreases.

b. the density of air entering the carburetor
decreases and the amount of fuel increases.

c. the density of air entering the carburetor
decreases and the amount of fuel remains
constant.
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27.

28.

29.

30.
31.
32.

33.

34.

35.

36.

37.

The correct procedure to achieve the best fuel/air
mixture when cruising at altitude is to move the
mixture control toward LEAN until the engine
RPM:

a. drops to a minimum value.

b. reaches a peak value.

c. passes through a peak value at which point the
mixture control is returned to a slightly richer
position.

If a pilot suspects that the engine (with a fixed-

pitch propeller) is detonating during climb-out

after takeoff, the initial corrective action to take
would be to:

a. lean the mixture.

b. lower the nose slightly to increase air-speed.

c. apply carburetor heat.

What are hot-spots in a combustion chamber
likely to cause?

How is carburetor ice formed?
What is the remedy for suspected carburetor ice?

What is one of the first indications of carburetor
ice forming in an airplane equipped with a fixed-
pitch propeller?

Hotter air entering the engine after carburetor
heat is applied will be less dense, which means
that less air by weight for the same weight of fuel
enters the cylinders. Will applying carburetor
heat therefore result in a richer mixture?

What is the effect of leaving the carburetor heat
on while taking off?

Does the principle of leaning the mixture by
reducing the fuel flow to match the lower density
air as altitude is gained apply to fuel-injected
engines?

True or false? The the pressure drop (and conse-
quent temperature drop) near the throttle butter-
fly is greatest at small throttle openings, causing a
greater likelihood of carburetor ice forming.
The presence of carburetor ice in an aircraft

equipped with a fixed-pitch propeller can be veri-
fied by applying carburetor heat and:

38.

39.
40.
41.

42.

43.

44.

a. noting an increase in RPM, then a gradual
decrease in RPM.

b. noting a decrease in RPM, then a constant
RPM indication.

c. noting a decrease in RPM, then a gradual
increase in RPM.

While cruising at 9,500 feet MSL, the fuel/air
mixture is properly adjusted. What will occur
if a descent to 4,500 feet MSL is made without
readjusting the mixture?

What is detonation?
How is detonation caused?

What is the uncontrolled firing of the fuel/
air charge in advance of normal spark ignition
known as?

Which condition is most favorable to the develop-

ment of carburetor icing?

a. Any temperature below freezing and a relative
humidity of less than 50 percent.

b. Between 32°F and 50°F and low humidity.

c. Between 20°F and 70°F and high humidity.

Why would you normally avoid using carburetor
heat during ground operations?

With regard to carburetor ice, float-type carbu-

retor systems in comparison to fuel injection

systems are generally considered to be:

a. more susceptible to icing.

b. equally susceptible to icing.

c. susceptible to icing only when visible moisture
is present.

The Oil System

45.
46.
47.
48.
49.

50.

What is the function of oil?

True or false? Oil grades may be mixed.
How are impurities in the oil removed?
What might you observe with too little oil?

If the oil filter becomes blocked, what happens to
the unfiltered oil?

True or false? Dirty and contaminated oil is better
than no oil at all.
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The Cooling System
51.
52.

53.

54.

What is the function of cooling fins?

For internal cooling, reciprocating aircraft
engines are especially dependent on:

a. a properly functioning thermostat.

b. air flowing over the exhaust manifold.

c. the circulation of lubricating oil.

What action can a pilot take to aid in cooling an
engine that is overheating during a climb?

Excessively high engine temperatures will:

a. cause damage to heat-conducting hoses and
warping of the cylinder cooling fins.

b. cause loss of power, excessive oil consump-
tion, and possible permanent internal engine
damage.

c. not appreciably affect an aircraft engine.

Engine Operation

64.

65.

66.

For an engine equipped with a constant-speed

propeller:

a. what is fuel flow and consequently power
output controlled by?

b. what is the power output registered on?

In an airplane with a constant-speed propeller,

which of the following procedures should be

used?

a. When power is decreased, reduce RPM before
manifold pressure.

b. When power is increased, increase RPM before
manifold pressure.

c. When power is increased or decreased adjust
manifold pressure before RPM.

Asaltitude is gained when climbing in an airplane

equipped with a constant-speed propeller:

a. what will happen to the RPM?

b. what will happen to the manifold pressure
unless you adjust the throttle?

55. When is the engine fuel primer used?
56. What should the pilot monitor when an engine 67. True or false? If you are cruising at 8,000 feet
is started up? MSL, you will achieve better fuel efficiency by
57. If the engine is cold prior to start-up, it should be leaning the rrT1xture.
shut down if the oil pressure does not rise within ~ 68- When operating a constant-speed propeller:
how many seconds after start-up? a. avoid high RPM setting with high manifold
, pressures.
>8. .Prlc')r. to takeoff, sh(?uld you check each of the two b. avoid low RPM settings with high manifold
ignition systems with a magneto check? pressures
59. How is power indicated: c. always use a rich mixture with high RPM
;. gor a ﬁxed—'pitch p.ropeiller? . ; settings.
- foran engine equipped with a constant-spee 69. A de-tuning of engine crankshaft counterweights
propeller? .
. ) ) is a source of overstress that may be caused by:
60. True or ffﬂse? A fixed-pitch Propeller achieves its a. rapid opening and closing of the throttle.
best efficiency at only one airspeed and RPM. b. carburetor ice forming on the throttle valve.
61. True or false? A constant-speed propeller, with c. operating with an excessively rich fuel/air
cruise RPM selected, automatically adjusts its mixture.
blade angle to absorb the power available. 70. What does “leaning the mixture” mean?
62. How should you increase power with a constant- =1 The usual method of shutting an engine down
speed propeller? is to:
63. How should you decrease power with a constant- a. switch the magnetos off.
speed propeller? b. move the mixture to idle cut-off.
c. switch the master switch off.
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72.

73.

74.

75.

Explain your answer to question 71 and state why
the other alternatives are incorrect.

If the oil quantity gauge suddenly drops to zero
in flight, which gauge should you check imme-
diately?

The oil temperature gauge shows a rapid increase
in temperature.

a. What should you suspect?

b. What actions should you consider?

If the oil temperature gauge and the cylinder head
temperature gauge are both reading higher than
their normal operating range, a possible cause is:
a. an over-rich mixture and too much power.

b. a too-lean mixture and too much power.

c. fuel with a higher-than-specified fuel rating.

Answers are given on page 672.
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Systems

THE FUEL SYSTEM

The function of a fuel system is to store fuel and deliver it to the carburetor (or fuel injec-
tion system) in adequate quantities at the proper pressures. It should provide a continuous
tlow of fuel under positive pressure for all normal flight conditions, including:

« changes of altitude;

o changes of attitude; and/or

« sudden throttle movements and power changes.

Fuel is stored in fuel tanks, which are usually installed in the wing. A sump and a drain
point at the lowest point of the tank allows heavy impurities (such as water or sediment)
to gather, be inspected and drained off. The tanks often contain baffles to prevent the
fuel surging about in flight—especially during large attitude changes or uncoordinated
maneuvers, or in turbulence.

The fuel supply line (tube) inlet is higher than the sump to prevent impurities (water
or sludge) from entering the fuel lines to the carburetor, even though there is a fuel filter
in the line to remove any small impurities from the fuel as it passes down the supply line.

Because the fuel enters the supply line through a standpipe at the bottom of the tank,
there will always be some unusable fuel in the tanks.

The top of the fuel tank is vented to the atmosphere so that the air pressure above the
fuel in the tank remains the same as outside as altitude is changed. Reduced pressure in
the tank caused by ineffective venting could reduce the rate of fuel flow to the engine and
also cause the fuel tanks to collapse inward. Fuel vents should be checked in the preflight
external inspection to ensure that they are not blocked or damaged.

An overflow drain prevents excessive pressure building up if fuel volume increases
because the full tanks have been warmed in the sun.

A high-wing airplane with the tanks in the wings will generally allow the fuel to be
gravity-fed to the carburetor without the need for a fuel pump. If there is no carburetor
as with a fuel injection system, then electric boost pumps are necessary.

In a low-wing airplane, the tanks, being lower than the engine, need a fuel pump to Al engines have
lift the fuel to the carburetor. Prior to start-up, an electric auxiliary (boost) pump is used ?;e/egg’m”l‘i'd’ fven
to prime the fuel lines and to purge any vapor from them. Once the engine is started, '
the engine-driven mechanical fuel pump takes over. Pump function can be monitored
on the fuel pressure gauge.

For many airplanes, the Pilot’s Operating Handbook recommends that the electric fuel ~ Some engines (such
pump be switched on for critical maneuvers such as the takeoff, landing and low flying. 2; é?;;:sjna//‘;‘g‘h‘/g’v’g
This prevents fuel starvation in the event the engine-driven mechanical fuel pump fails. 2, gieciric auxiliary

It is important that the fuel strainer drain valve in a low part of the fuel system is  fuel boost pump.
checked closed during the preflight external inspection. If it is not closed, the engine-
driven fuel pump may not be able to draw sufficient fuel into the engine (sucking air
instead), and the engine may be starved of fuel unless the electric fuel pump is used.
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fuel directly into the
engine prior to start-up.
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Figure 6-1 Simple carburetor fuel system.
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Figure 6-2

The Priming Pump

The fuel primer is a hand-operated
fuel into the induction system of the

Typical fuel injection system.

pump in the cockpit which the pilot uses to pump
engine in preparation for engine start-up. This fuel

does not pass through the carburetor, but is hand-pumped directly into the inlet manifold

just before the cylinders.
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Priming the engine is especially useful when starting a cold engine on a cold day, when
the fuel in the carburetor is reluctant to vaporize.

The primer must be locked when the engine is running to avoid excessive fuel being
drawn through the primingline into the cylinders, especially at low power settings, which
could stop the engine if the fuel/air mixture is too rich.

Fuel Selection

A fuel line runs from each tank to a selector valve in the cockpit, which the pilot uses to
select the tank from which fuel will be taken or to shut the fuel off. Incorrect fuel tank
selection can result in fuel starvation, and has been the cause of many accidents—so study
your Pilot’s Operating Handbook very closely on this matter. The sounds of silence while
you still have fuel in one tank, but not the tank that you have incorrectly selected, can be
very loud indeed! You should not run a tank dry in flight before switching tanks, because
the fuel pump may draw air into the fuel lines, causing a vapor lock which may stop the
fuel flow, even from another tank, into the engine. Once a vapor lock has formed, it may
be very difficult to restart the engine.

It is advisable when changing tanks to switch on the electric auxiliary or booster fuel
pump (if installed) to guarantee fuel pressure to the carburetor, and then to positively
monitor the fuel pressure as the tanks are changed. Any sudden and unexpected loss of
power should bring two possible causes immediately to mind:

o lack of fuel to the engine; or

o carburetor icing.

If the cause is incorrect fuel selection, your actions should include:

o close the throttle (to avoid a sudden surge of power as the engine restarts);
« set the mixture control to full-rich;

o turn the electric fuel pump on; and

o check fuel tank selection and tank quantity—change tanks if necessary.

If the cause of the engine problem is carburetor ice, then apply full carburetor heat.
Refer to your Pilot’s Operating Handbook for the correct actions to be taken in the event
of any power loss.

Fuel Boost Pumps (or Auxiliary Pumps)

The reasons for installing electric fuel boost pumps are to:
o provide fuel at the required pressure to the carburetor or to the fuel metering unit
of a fuel injection system;
« purge the fuel lines of any vapor to eliminate the possibility of a vapor lock;
« prime the cylinders of fuel-injected engines for start-up; and
o supply fuel if the engine-driven pump fails.

If an electric fuel pump is installed, it is usual to also have a fuel pressure gauge to
monitor its operation.

Fuel Gauges

Most light airplanes have fuel gauges in the cockpit, which may be electrical, so the master
switch will have to be on for them to register. Some older airplanes have direct-reading
fuel gauges which do not require electrical power.

It is good airmanship not to rely on the fuel gauges, since they can read quite inac-
curately, especially when the airplane is not straight-and-level. Always carry out a

Know your fuel system

and always select a

tank that contains fuel.

Do not rely on the fuel
gauges—they can be

inaccurate. Always
check the contents

of

the fuel tanks visually

before takeoff.
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Before fueling, the
airplane must be
electrically grounded to
minimize the risk of fire.

visual check of the contents in the fuel tanks during the preflight external inspection by
removing the fuel caps, visually checking the contents of the tanks, and then replacing
the caps securely.

The fuel consumption rate specified in the Pilot’s Operating Handbook assumes correct
leaning of the mixture which, if not done, could lead to a fuel burn around 20% in excess
of the ‘book-figures,” and the fuel gauges consequently reading much less than expected
because of excessive fuel burn.

Fueling

For safety during fueling, the airplane should be positioned well away from other airplanes
and from buildings, the engine should not be running, and the ignition switches should
be in the off position and the parking brake should be on. The location of any firefighting
equipment should be noted in case it is needed. A no-smoking rule should be enforced
and passengers should be kept well clear.

To prevent the possibility of a spark of static electricity igniting the fuel vapor that is
present in any fueling operations, you should connect ground wires between the airplane,
the fueling equipment and the ground to ensure that they are all at the same electrical
potential. This should be done before you start fueling—even before you remove the fuel
caps, when fuel vapor could be released into the atmosphere.

Figure 6-3 Fueling from a tanker.

Aviation Fuels

There are two main types of aviation fuel: aviation gasoline (avgas) and jet fuel (Jet). Avgas
is used in piston-engine airplanes, which are typically used as general aviation or flight
training aircraft. Jet fuel is used in turbine engines, which include turbojet, turboprop,
turbofan, and turboshaft engines. A third category of aviation fuels known as sustainable
aviation fuels (SAFs) are in development.

Sustainable Aviation Fuels

SAFs are environmentally friendly biofuel alternatives to fossil fuels that contain similar
properties to jet fuel but with a smaller carbon footprint. Some of the sustainable feed-
stocks and resources being considered as sources for the production of SAFs include:

o Corn grain;

o Qil seeds;

o Algae;

o Otbher fats, oils, and greases;
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o Agricultural residues;

o Forestry residues;

o Wood mill waste;

« Municipal solid waste streams;

o Wet wastes (manures, wastewater treatment sludge); and
 Dedicated energy crops.

SAFs can be blended at up to 50% with conventional jet fuel requiring no changes
to fueling infrastructure or aircraft. Blended biofuels are already being used by major
airlines around the world in an effort to reduce carbon emissions.

Fuel Grades

Avgas is produced in different grades based on octane level to cater to different types
of piston engines. The most used type of avgas is 100 octane low lead, known as 100LL.
This leaded fuel contains tetraethyl lead (TEL), which is an additive used to prevent
engine damage at higher power settings. Because of the potentially harmful side effects
of lead and ongoing environmental concerns, extensive research has gone into finding
a viable replacement of leaded avgas. One such fuel is GI00UL, a 100-octane unleaded
avgas. GI00UL can be used on its own or mixed with 100LL with no adverse effects.
Each grade of aviation fuel is dyed a specific color for visual recognition. 100LL is blue,
G100UL is amber, and a 50/50 mixture of 100LL and G100UL will turn to a green tint as
seen in figure 6-4.

Aviation fuel should possess anti-detonation (anti-
knock) qualities, which are described by their grade
(octane rating or performance number). The higher
the grade, the greater the compression that the air/fuel
mixture can take without detonating.

A higher grade number (compared to the engine manu-
facturer’s standard reference fuel) indicates the power
possible before a rich mixture would detonate, and a
lower grade number indicates the power possible before
the same fuel leaned-out would detonate. Certain engines
require certain fuel grades and may not be approved for
unleaded avgas—make sure you know which fuel your
engine is approved for and use it. Do not mix fuels unless
using fuel grades that have been approved to be mixed.

If you use fuel of a lower grade than specified or fuel
that is date-expired, excessive engine temperatures and
detonation may occur, especially at high power settings,
with a consequent loss of power and possible engine damage. If you use fuel of a higher
grade than specified, the spark plugs can be fouled by lead deposits and the exhaust valves
and their sealing faces can be eroded during the exhaust cycle.

G1oo0uL™
Unleaded Avgas

Note. A higher grade of fuel than specified is usually less dangerous than using a lower
grade. If the recommended grade of fuel is not available, consider using the next higher
grade of fuel on a short-term basis, but not a lower grade. Refer to the manufacturer’s
handbook or your flight instructor.

When identifying
avgas, the numbers
will represent the
octane level—just
automotive gasoline
at a gas station. The
numbers may also
often be followed by
letters representing
properties of the fuel
like “UL” for unleaded
or “LL” for low lead.

FBO 100LL

50/50 Mixture of
G100UL™ Unleaded Avgas
and FBO 100LL

Figure 6-4 Avgas fuel grade colors. (Courtesy of GAMI)
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Vapor lock occurs
when fuel in the line
between the tank

and the carburetor

is heated enough to
vaporize. A bubble

of fuel vapor forms in
the line and prevents
liquid fuel from flowing
to the engine.

Fuel must be checked
for water and other
contaminants.

For jet engines, there are three main types of jet fuel: Jet A, Jet A-1, and Jet B. Jet A is
most widely used in the United States in civil aviation (airliners and corporate jets). Jet
A-11is similar to Jet A but has been mixed with additives to lower the freezing point and is
most widely used outside of the United States. Jet B is a mixture of kerosine and gasoline
and is used in extremely cold climates since it has a much lower freezing point. Jet fuel
is a colorless or straw-colored fuel with a distinctive kerosine smell.

Fueling equipment has color-coded labeling. Jet fuel decals have a black background
with the fuel type written in white letters; and avgas decals have a red background with
white letters. There are additional small labels on the fuel hoses or nozzles that match
the fuel grade, for both avgas and jet fuel (see figure 6-5).

Fuel Type and Grade Color of Fuel Equipment Control Color Pipe Banding and Marking Refueler Decal ‘
a— . w 100LL
AVGAS 100LL Blue ! ! AVGAS 100LL L

AVGAS

T
100LL
AVGAS
= =

JETA Colorl t JET i JETA K -
olorless or stra
w - | >
- =
JET A-1 Colorless or straw -
JET A-1
JETB Colorless or straw _

JET B

Figure 6-5 Fueling equipment color labeling.

Auto Gasoline

AVGAS comes in batches with tight quality control. Ordinary auto gasoline from the gas
station does not have such tight quality control and has different burning characteristics
to AVGAS. In an airplane engine, auto gasoline would cause a lower power output, lead
fouling of the spark plugs and a strong possibility of detonation. Auto fuel is more volatile
and vaporizes more readily than AVGAS, which might cause vapor locks in the fuel system
and starve the engine of fuel.

Do not use auto gasoline in an airplane engine unless it is specifically authorized by
the manufacturer and in accordance with an FAA Supplemental Type Certificate (STC).

Fuel Checks

Fuel which is about to be loaded should be checked first for contamination. The most
common contamination is water. It can leak into ground fuel tanks, and from there be
loaded into the fuel truck and into the tanks of an airplane.

Fuel naturally contains a small amount of water and this can condense with a drop
in temperature, contaminate the fuel system, block the fuel passages in the carburetor,
and possibly cause a loss of engine power. There are certain fuel test pastes and fuel test
papers available which react when water is present, and the fueling agent will use these
on a regular basis to guarantee the purity of the fuel in his storage tanks.
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Other impurities besides water can also cause problems in the fuel. Rust, sand, dust
and micro-organisms can cause problems just like water. Filtering or straining the fuel
should indicate the presence of these and hopefully remove them prior to fueling.

Be especially careful when fueling from drums because they may have been standing
for some time. Always check drum fuel with water-detection paste, for date of expiration,
and for correct grade of fuel. Additionally, it is a good idea to check the release note for
the fuel. Filter the fuel through a chamois cloth prior to loading into the airplane tanks
if the drum pump has no filter.

Water, because it is more dense than fuel, will tend to gather at the low points in the
airplane fuel system. After fueling has been completed, a small quantity of fuel should
be drained from the bottom of each tank and from the fuel strainer drain valve to check
for impurities, especially water, which will sink to the bottom of the glass. Fuel drains are
usually spring-loaded valves at the bottom of each fuel tank, and the fuel strainer drain
is usually found at the lowest point in the whole fuel system.

There is usually a drop in air temperature overnight and, if the space above the fuel in
the airplane’s fuel tanks is large, the fuel tank walls will become cold and there will be a
lot more condensation than if the tanks were full of fuel. The water, as it condenses, will
accumulate at the bottom of the fuel tanks.

If the tanks are kept full when the airplane is not being used for some days, or over-
night if low temperatures are expected, condensation will be minimized. However, the
disadvantages of fueling overnight include:

o if the airplane has a takeoff weight restriction the following day, it may have to be

partially defueled to reduce the weight or adjust the balance; and

o ifthe tanks are full and the temperature rises, the fuel will expand and some could

overflow from the tank, creating a possible fire hazard on the tarmac. This is an
operational choice—check with your flight instructor.

It is good practice to carry out a check for water in the airplane fuel system:
« prior to the first flight of the day;

« following each fueling; and

« any time you suspect fuel contamination.

In general terms, if you find a large quantity of water in the tanks, the following
procedures should be included in your actions:
o the maintenance technician should be informed;
o drain the tanks until all the water has been removed;
« rock the wing to allow any other water to gravitate to the fuel strainer drain valve;
and
o drain off more fuel and check for water at all drain points.

Fuel Management

Ensure that the airplane has the correct grade of fuel on board and that it is free of impu-
rities. Ensure that sufficient fuel for the flight plus an adequate reserve is on board. Do
not rely only on the fuel gauges as they are often inaccurate. Calculate the fuel required
and be sure to check the tanks visually prior to flight for sufficient fuel. Remember that
some of the fuel in the tanks will be unusable fuel. Carry out a fuel drain if required or
if you think it is advisable.

Ensure that there are no leaks, that fuel caps are replaced, and that tank vents are clear
and unobstructed. Fuel tank caps are usually on the upper surface of the wing, which is
a low pressure area in normal flight. Fuel can be siphoned out very quickly in flight if the

Full fuel tanks minimize
condensation in
low temperatures.

Transparent
container to
check quality
and type of
fuel sample

Figure 6-6
Fuel drains are located
at the lowest point of
the fuel tanks.

Chapter 6 Systems

151



Fuel planning and
good management
are vital tasks.

A,

Figure 6-7
Fuel check.

tank caps are not secured. With high-wing airplanes especially, where the tank caps are
not visible easily from the ground or when in flight, extra care should be taken.

Be familiar with, and follow, the procedures recommended in the Pilot’s Operating
Handbook for your airplane. Understand the fuel system, especially the functioning of
the fuel selector valves. When selecting a new tank, ensure that the selector valve is moved
tirmly and positively into the correct detent.

Do not change tanks unnecessarily immediately prior to takeoff or landing, or at low
altitude. If possible, verify prior to takeoff that fuel is being drawn from the appropriate
tank(s). If operation is possible from more than one tank at the one time, this is usually
preferred for operations near the ground. If boost pumps are installed, their use for
takeoff is generally advised.

When changing tanks, check that there is fuel in the tank about to be selected; if
an electric fuel pump is installed, switch it on and if a fuel pressure gauge is installed,
monitor fuel pressure during and after the transfer, and when you switch off the electric
boost pump.

THE ELECTRICAL SYSTEM

A typical modern light airplane has a direct current (DC) electrical system. The electric
current is produced by an alternator when the engine is running, or from a battery or
external power source when the engine is not running.

The current runs through wires and the bus bar to the electrical unit requiring power,
does its work there and then runs to ground through a ground wire attached to the
airplane structure (which is the return path of the electrical current).

Typical Electrical Systems

The Pilot’s Operating Handbook for each airplane will contain a diagram of its electrical
system and the services to which electrical power is supplied. It is good airmanship to
be aware of what powers the vital services and instruments in your particular airplane.
Electrical systems vary greatly between airplanes, but certain important services that
may be powered electrically include:

« some, or all, gyroscopic flight instruments (turn coordinator, attitude indicator,
and heading indicator)—a common arrangement is electrically powered turn coor-
dinator with vacuum-driven attitude indicator and heading indicator to reduce
the possibility of all gyroscopic instruments failing simultaneously (note that the
pitot-static instruments—airspeed indicator, altimeter, vertical speed indicator—are
not electrically powered);

o the fuel quantity indicators, and perhaps an oil temperature gauge, or carburetor
air temperature gauge;

« the starting system;

« landing lights, beacon, strobe, cabin lights, instrument lights; and

» radios.

Check the electrical system diagram for your particular airplane. A schematic diagram
of a typical light airplane electrical system follows.
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The Bus Bar

The bus bar is the main conductor and the distribution center in the electrical system.
Electrical power is supplied to the bus bar by the alternator (or generator) and a battery,
from where it is distributed to the circuits and electrical components that require power.

The Battery

The battery provides the initial electrical power to turn the engine over and start it with
an electric starter motor, and also provides back-up or emergency electrical power at all
times. Once the engine is running, it is self-sustaining and no longer needs electrical
power from the battery. In fact the alternator (or generator), which is driven by the engine,
provides current to recharge the battery after the engine has been started.

Most light airplanes have a lead-acid battery that creates an electrical current (measured
in amps) by a chemical reaction between lead plates immersed in weak sulfuric acid that
acts as an electrolyte. To prevent corrosion from any spillage of the acid, the battery is
usually housed in its own compartment. The battery needs to be vented to exhaust the
hydrogen and oxygen formed when it is being charged.
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Figure 6-8 Typical light airplane electrical system.
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recharge after
engine start.

(Q)>—To Primary Flight Display

The battery is classified according to the voltage across its terminals (usually 12 or 24
volts) and its capacity to provide a current for a certain time (amp-hours). For instance,
a 30 amp-hour battery is capable of steadily supplying a current of 1 amp for 30 hours
(or 6 amps for 5 hours; 3 amps for 10 hours).

If its electrical energy is depleted, as it is in an engine start, the battery needs to be
recharged. This normally occurs after the engine is running, when the battery absorbs
power produced by the alternator. The largest current draw on the battery is during
start-up, when it supplies electrical power to the starter motor to turn the engine over, so
the greatest rate of battery recharging will normally occur immediately after the engine
is started.

The electrolytic level in the battery should be checked periodically, to ensure that
the plates are covered. If the level is well below the top of the plates, the battery will not
retain its full charge for very long, and the ammeter will indicate a high charging rate in
tlight. Leaks, connections and security of the battery should also
be checked. This is carried out in the regular maintenance schedule
by the maintenance technician.

Do not start a flight with an uncharged (flat) battery—it could

@) To Air Data Computer result in you having no electrical power in flight if the engine-

apc o Altitude Heading Reference System

driven alternator fails. If the battery is flat, replace it or have it
recharged before flight. Do not start the engine with radios and

Q - . .
Q) To Navigation #1, Engine/Airframe . . .
Nav1  Unit, and Essential Bus Voltmeter other unnecessary electrical equipment switched on. Large voltage

.)7 To VHF Communication #1

fluctuations when the starter is engaged may severely damage sensi-
tive electronic circuits. Turn on this ancillary electrical equipment

COoMM1 after the engine is started, and after you have checked that the
alternator is charging the battery. For the same reasons, turn off
@Q)»—To Standby Indicator Lights ancillary electrical equipment before shutting down the engine.

.)3 To and From Standby

Some aircraft, particularly those utilizing glass cockpits, will
have a secondary or standby battery. The purpose of the standby

oTogy  Battery System battery is to provide power to the essential bus in the event of

both an alternator and main battery failure. The essential bus will

Figure 6-9 Typical essential bus as seenina  typically provide power to the primary flight display (PFD), air

light airplane with glass cockpit

data computer (ADC), and altitude heading and reference system
(AHRS) along with primary communication equipment and addi-
tional navigation and engine instrumentation as seen in figure 6-9.

The Alternator

The electrical power in most modern light airplanes is usually supplied by an alternator.
On older airplanes, the electrical power may be produced by a generator.

Both alternators and generators initially produce alternating current (AC)—an electric
current that flows in alternate directions. Since most airplanes require direct current
(DC)—electric current that flows in only one direction—the AC has to be rectified to
DC. The AC within the alternator is rectified into DC electronically with diodes, whereas
within the generator an electromechanical device known as the commutator performs
this function. Also, the diodes in the alternator prevent any reverse current flow out of
the battery, whereas a generator requires a reverse current relay.

As well as providing the power for lights, radios, and other services, a very important
function of the generator/alternator is to recharge the battery so that it is ready for further
use. Most airplane electrical systems are direct current of 14 or 28 volts. Note that these
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voltages are marginally higher than the battery voltages to allow the battery to be fully
recharged by the electrical system.

The Advantages of an Alternator

Alternators:
« are lighter than generators because alternators do not contain as heavy electromag-
nets and casings, and have a simpler and lighter brush assembly;
o have a relatively constant electrical voltage output, even at low RPM; and
o are easier to maintain (because of their simpler brush assembly and the absence of
a commutator).

The Disadvantage of an Alternator

Unlike a generator, an alternator requires an initial current from the battery to set up a
magnetic field, which is necessary before the alternator can produce an electrical current.
Therefore an airplane with an alternator must have a serviceable battery. A flat battery
must be replaced or recharged. If the propeller is hand propped to start the engine, the
alternator will not come on-line unless the battery has at least some residual voltage. The
advantages of an alternator outweigh this disadvantage.

Voltage Regulator

The correct output voltage from the generator/alternator is maintained by a voltage
regulator, over which the pilot has no direct control.

Overvoltage Protector

Some airplanes have overvoltage protectors (or overvoltage relays). Refer to your Pilot’s
Operating Handbook for information.

The Ammeter

The ammeter measures the electrical current (amps) flowing into or out of the battery.
(In some airplanes a voltmeter is provided to measure the electromotive force available
to deliver the current.) There are two quite distinct types of ammeter presentation and
you should understand exactly what this important instrument is telling you.

Left-Zero Ammeter

A left-zero ammeter measures only the output of the alternator or generator. It is gradu-
ated from zero amperes on the left end of the scale and increases in amperes to the right
end of the scale, or it may be shown as a percentage of the alternator’s rated load.
As the left-zero ammeter indicates the electrical load on the alternator, this type of
ammeter can be referred to as a loadmeter:
o with the battery switch on and the engine not running, or, with the engine running
and the alternator switch off, the ammeter will show zero; and
« if the engine is started and the alternator is turned on, the ammeter will then show
the alternator output.

During start-up, the battery discharges electrical power, so immediately after start-up
the ammeter indication will be quite high during the initial battery recharging.

An aircraft with an

alternator must have a

serviceable battery.
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Alternator Ammeter

Battery

Ammeter measuring
alternator output only

Figure 6-10 The left-zero ammeter.

When the battery is fully charged, and the alternator is operating, the ammeter should
show a reading slightly above the zero graduation if all the other electrical circuits are
switched off. As these extra circuits are switched on (lights, radios), the ammeter reading
will increase. If the ammeter reading drops to zero in flight, it probably means an alter-
nator failure. Some electrical systems have a red warning light that illuminates when the
alternator fails to supply electrical power. You should be familiar with the procedures
for electrical failure in your Pilot’s Operating Handbook, which may allow you to restore
electrical power.

Generally, it is advisable to reduce electrical load to a minimum if the alternator fails,
since only the battery will be supplying electrical power. Land as soon as practicable to
have the problem corrected.

Center-Zero Ammeter

The center-zero ammeter measures the flow of current (amperage) into and out-of the
battery:

o current into the battery is charge, with the ammeter needle deflected right of center;

« current out of the battery is discharge, with the ammeter needle deflected left of
center;

« no current flow either into or out of the battery is shown by the needle being in the
center-zero position;

« with the battery switch on and no alternator output, the ammeter will indicate a
discharge from the battery, because the battery is providing current for the electrical
circuits that are switched on. The ammeter needle is to the left (discharge) side of
center-zero;

» with the alternator on and supplying electrical power, if the electrical load required
to power the circuits switched on is less than the capability of the alternator, the
ammeter will show a charge, because there will be a flow of current to the battery; and

Ammeter measuring
Ammeter current flow to and

Alternator from the battery

Battery

Figure 6-11 The center-zero ammeter.
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« if the alternator is on, but incapable of supplying sufficient power to the electrical
circuits, the battery must make up the balance and there will be some flow of current
from the battery. The ammeter will show a discharge. If this continues, the battery
could be drained or “flattened.” In this case, reduce the load on the electrical system
by switching off unnecessary electrical equipment until the ammeter indicates a
charge, (a flow of current from the alternator into the battery).

The Master Switch

The master switch (or battery switch/alternator switch) controls all of the airplane’s elec-
trical system, with one very important exception—it does not control the ignition system
which gets electrical power directly from the engine-driven magneto. This statement is
not completely true if the airplane has an electric clock, which will draw a very small
amount of electrical power at all times whether the master switch is on or not.

The master switch needs to be on for any other electrical system to receive power or
for the battery to be recharged when the engine is running. It should be turned off after
stopping the engine, to avoid the battery discharging by powering electrical equipment
connected to it.

In airplanes with an alternator installed, the master switch is a split switch (with two
halves that can be switched on and off separately):

« one half for operating the battery switch (or master relay for the electrical systems),
which connects battery power to the bus bar (electrical load distribution point or
bar); and

o the other half, the alternator switch, for energizing the alternator. It connects the
alternator field to the bus bar, thus providing the alternator with battery power.

Both switches must be on for normal operation of the electrical system. If either switch
has to be turned off due to malfunction in flight then you should consider terminating
the flight as soon as possible. They can be switched on separately, but only the alternator
can be switched off separately—switching the battery off will automatically switch the
alternator off as well.

Fuses, Circuit Breakers and Overload Switches

Fuses, circuit breakers and overload switches are provided to protect electrical equipment
from current overload. If there is an electrical overload or short-circuit, a fuse-wire will
melt or a circuit breaker (CB) will pop out and break the circuit so that no current can
flow through it. It may prevent the circuit from overheating, smoking or catching fire.

It is normal procedure (provided there is no smell or other sign of burning or over-
heating) to reset a circuit breaker once only, by pushing it back in or resetting it.

If a circuit breaker pops again, you can be fairly sure there is an electrical problem,
and so it should not be reset a second time.

Similarly, a fuse-wire should not be replaced more than once (with the correct amperage
first checked on the replacement fuse-wire). Spare fuses of the correct type and rating
should be available in the cockpit.

Do not replace a blown fuse with one of a higher rating (15 amp is a higher rating than
5 amp), as this may allow excessive current to flow through the electrical circuit that it
is supposed to protect. An electrical fire could result.

Figure 6-12
The master switch
(battery switch/
alternator switch).

Only reset a circuit
breaker once.

A fuse wire should
not be replaced
more than once.

Do not replace a
blown fuse with one
of a higher rating.
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Overload switches are combined on-off switches and overload protectors. Overload
switches will switch themselves off if they experience an electrical overload. The pilot
can switch them back on like a resettable circuit breaker.

Some airplane handbooks recommend a delay of a minute or two prior to resetting, to
allow for cooling of the possibly overloaded circuit. If you detect fire, smoke, or a burning
smell, then caution is advised. Resetting the circuit breaker or replacing the fuse in such
cases is not advisable.

Relays

A relay is a device in an electrical circuit that can be activated by a current or voltage to
cause a change in the electrical condition of another electrical circuit.

Instead of having high currents and heavy wiring running to where the switches
are in the cockpit (with consequent current losses and fire danger from arcing), a low
amperage current operated by a switch in the cockpit can be used to close a remote relay
and complete the circuit for a much higher amperage circuit in the engine compartment,
the starter motor for example.

A relay is usually operated on the solenoid principle. A solenoid is a metal bar or rod
with a coil of wire wound around it. If a current passes through the coil, it establishes a
magnetic field that can move the metal rod, which can then perform some mechanical
task, such as making or breaking a contact in another electrical circuit.

A typical relay consists of a contact held open by a spring, thereby interrupting an
electrical circuit. Around the stem of the relay is wound a coil of wire. If a current is made
to pass through this coil, a magnetic field is set up that will move the relay to the closed
position, thereby completing the circuit and allowing current to flow in it.

The current that activates the relay is in a completely different circuit to the relay.
Occasionally a relay will stick even though its activating current has been removed, and an
unwanted current will flow through the circuit. Many electric starters have an associated
red warning light that will stay illuminated to warn the pilot of the starter relay sticking
and the starter motor still operating even though the starter has been selected to off. (In
this situation, the engine could be stopped by starving it of fuel— mixture control to

idle cut-off.)

Starter switch

Low-amp relay

L R
D ON, 2t ,BOTH
"""" ( START
P ohy " PRESS
B Solenoid
= Low-amp
Starter switching circuit
= motor
High-amp circuit —
y J__ Firewall

Figure 6-13 Low-amp relay circuit activates high-amp starter circuit.
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External Power Sockets or Ground Servicing Receptacle

The more sophisticated light airplanes and most large airplanes have provision for a
suitable external power source to be plugged into the airplane’s electrical system. The
external power source provides ground power over an extended period when the engine
or engines are not running or conserves the airplane battery during an engine start.

On some airplane types external power can be plugged in but will not connect in to the
airplane electrical system. A small current from the battery is needed to operate the relay
that connects the plugged-in external power to the airplane circuit, hence a serviceable
battery is required to use external power. There are other systems that operate differently
to this, so refer to your Pilot’s Operating Handbook. Ensure a ground power unit (GPU)
of the correct voltage is used. (Connecting a 28V GPU on a 12 volt airplane will severely
damage the radios and other electrical equipment.)

Electrical Malfunctions

An electrical overload will normally cause a fuse-wire to melt or a circuit breaker to
pop. This protects the affected circuit. Allow two minutes to cool and, if no indication
of smoke, fire, or a burning smell, replace the fuse or reset the circuit breaker—but reset
once only. If the circuit breaker pops or the fuse melts again—do not reset or replace a
second time.

The ammeter should be checked when the engine is running to ensure that the alter-
nator is supplying sufficient current (amps) for the electrical services and to recharge
the battery. The ammeter usually indicates the rate at which current is flowing into the
battery and recharging it.

With the engine running, the ammeter can indicate two faults.

1. Insufficient current to charge the battery.

2. Too much current.

With insufficient current from the alternator, or none at all, nonessential electrical
equipment should be switched off to conserve the battery, and thought should be given
to making an early landing. Most airplane batteries cannot, on their own, supply all
electrical equipment for a long period.

With too much current and an excessive charge rate, the battery could overheat and
the electrolyte (which may be sulfuric acid) begin to evaporate, possibly damaging the
battery. If the cause of the excessive current is a faulty voltage regulator, equipment such
as the radio could be adversely affected. Many airplanes have an overvoltage sensor that
would, in these circumstances, automatically shut-down the alternator and illuminate a
red warning light in the cockpit to alert the pilot.

Note. Operations of an alternator-powered electrical system with a partially charged
battery that is unable to turn the engine over are not recommended for the above
reasons.

If the alternator fails (indicated in most airplanes by either the ammeter indica-
tion dropping to zero and/or a red warning light), the battery will act as an emergency
source of electrical power. To extend the period for which the battery can supply power
following failure of the alternator, the electrical load should be reduced. This can be done
by switching off nonessential services such as unnecessary lights and radios. Consider-
ation should be given to terminating the flight at a nearby suitable airport while electrical
power is still available.
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THE VACUUM SYSTEM Gyro buckets irflow
‘/

The gyroscopes in the flight instruments may be spun
electrically or by a stream of high-speed air directed
onto buckets cut into the perimeter of the rotor. The
vacuum system (which sucks this high-speed air into
the gyro instrument cases and onto the gyro rotors,
causing them to spin very fast) needs a little explaining.

The Engine-Driven Vacuum Pump Figure 6-14

. . Gyroscope buckets.
Most modern vacuum systems use an engme-drlven y P

vacuum suction pump. Some airplanes are equipped

with an electrically driven system. The vacuum suction

pump evacuates the cases of the gyroscopic-driven instruments creating a partial vacuum
(low pressure). The required suction is typically 4.5 to 5.4 inches of mercury, which
creates a pressure 4.5-5.4 in. Hg less than atmospheric, indicated in the cockpit on a
suction gauge.

Filtered air is continuously drawn in at high speed through a nozzle directed at the gyro
buckets, causing the gyro to spin at high speed, often in excess of 20,000 RPM. This air is
continuously being sucked out by the suction pump and exhausted into the atmosphere.

The effects of various malfunctions in the vacuum system are summarized below:

o if the air filter blocks, or the vacuum system fails, the reduced airflow may allow
the gyroscopes to gradually run down and the vacuum-operated instruments will
eventually indicate erratically or incorrectly, or respond slowly. A lower suction will
be indicated on the gauge;

o failure of the vacuum pump will be indicated by a zero reading on the suction
gauge. It may be that the gyroscopes have sufficient speed to allow the instruments
to read correctly for a minute or two before the gyros run down following failure
of the vacuum pump;

« azero reading on the suction gauge could also mean a failure of the gauge (rather
than a failure of the vacuum pump), in which case the instruments should continue
to operate normally; and

o if the vacuum pressure is too high, the gyro rotors may spin too fast and suffer
mechanical damage. To prevent this, a vacuum relief valve (or vacuum regulator)
in the system will admit air from the atmosphere to reduce the excessive suction.

When the gyros are not being used, they should normally be caged (if provision is
made to do this). Caging a gyro locks it in a fixed position. Caging the gyros is also
recommended in the Pilot’s Operating Handbook of some airplanes when performing
aerobatic maneuvers.
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Attitude
indicator

Low vacuum
warning

Heading

Iighto 2\ indicator
-
Circuit S Low vacuum
breaker warning
switch
S ) -
= — Inlet air
= Vacuum
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Figure 6-15 A typical vacuum system.

Vacuum Provided by a Venturi Tube

Some airplanes (especially older ones) have their vacuum system operated by a venturi
tube. This is a shaped tube on the outside of the airframe, which replaces the engine-
driven vacuum pump. When air flows through the venturi tube, and speeds up because
of the shape of the venturi, the static pressure decreases (Bernoulli’s principle). This low
pressure area, if connected to the gyro instrument cases, will draw air through each
instrument via an internal filter and spin the gyroscopes, as in the engine-driven system.

Figure 6-16 A typical venturi tube.
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Before the venturi-powered vacuum system can work there must be an appreciable
airflow through the venturi tube. This is normally created by the forward motion of the
airplane through the air with sufficient airflow being provided at flying speeds. It may
be several minutes after takeoff before the gyroscopes are spinning fast enough for the
instrument indications to be reliable. This is a significant disadvantage compared with
the engine-driven system. Other disadvantages are the increased drag caused by the
externally mounted venturi-tube, and the possibility of ice affecting it (like in a carburetor,
where the reduced pressure causes a reduced temperature).

Higher speed, lower static pressure

Externally mounted 1
venturi tube

Air induced through
a filter onto the
gyroscope in each

instrument —— > <40

Figure 6-17
Air flowing through a venturi tube can create
a “suction”, and power a vacuum system.
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REVIEW 6

Systems

The Fuel System

1.

10.

11.
12.
13.

What are the functions of an auxiliary fuel boost
pump?

. What type of fuel can be substituted in an aircraft

if the recommended octane is not available?

. Why should you not use fuel of a lower grade than

specified?
Should auto gasoline be used in an airplane
engine?

. When should fuel be checked for contamination,

especially water?

. True or false? Water tends to collect at the highest

points in the fuel system.

How is aviation gasoline distinguished from avia-
tion turbine fuel (kerosene)?

What color is 100/130 fuel?
What color is 100 LL (low lead) fuel?

Filling the fuel tanks after the last flight of the day

is considered a good operating procedure because

this will:

a. force any existing water to the top of the tank
away from the fuel lines to the engine.

b. prevent expansion of the fuel by eliminating
airspace in the tanks.

c. prevent moisture condensation by eliminating
airspace in the tanks.

What color are AVGAS fueling equipment decals?
What color are jet fuel equipment decals?

If you allow a fuel tank to run dry in flight before
changing tanks, what do you run the risk of?

The Electrical System

14.

15.

What is the source for normal in-flight electrical
power?

Where does the initial current required to acti-
vate the alternator come from?

16.

17.
18.
19.
20.

21.
22,

23.

A distribution point for electrical power to
various services is called a:

a. circuit breaker.

b. distributor.

¢. bus bar.

What is the function of the battery?
What does a center-zero ammeter do?
What does a left-zero ammeter do?

True or false? Immediately after start-up, the
ammeter indication will be high while the battery
is recharging.

What do fuses and circuit breakers protect against?

A fully charged battery rated at 15 amp-hours is
capable of providing 5 amps for how many hours
without recharging?

Which of the following would normally be elec-
trically powered?

a. ASL

b. Altimeter.

c. VSL

d. AL

e. Turn coordinator.

f. HL

g. Fuel quantity gauges.
h. Engine RPM gauge.

i. Oil temperature gauge.

The Vacuum System

24.

25.

26.

The vacuum pump, if installed on a modern
airplane, is most likely to be:

a. electrically driven.

b. engine-driven.

c. hydraulically driven.

How are air-driven gyro rotors prevented from
spinning too fast?

True or false? Insufficient suction may cause gyro-
scopic instruments (such as the artificial horizon
or the heading indicator) to indicate incorrectly,
erratically, or respond slowly.

Answers are given on page 673.
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Flight Instruments

The first impression most people have of an airplane cockpit is of the number of instru-
ments. However when you analyze the instrument panels of even the largest jet transport
airplanes, you will find that the instrumentation is not all that complicated. In fact, the
basic instruments will be very similar to those found in the smallest training airplane.

Airplane flight instruments fall into three basic categories:

o pressure instruments—which use variations in air pressure;

« gyroscopic instruments—which use the properties of gyroscopic inertia; and

« magnetic instruments—which use the earth’s magnetic field.

Magnetic
compass

Airspeed Attitude
indicator indicator Altimeter

Turn Heading Vertical speed
coordinator indicator indicator
Inclinometer

Figure 7-1 The flight instruments.
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Earth

PRESSURE INSTRUMENTS

The basic flight instruments that inform the pilot of airspeed (airspeed indicator), alti-
tude (altimeter) and rate of change of altitude (vertical speed indicator) are pressure

instruments.

Static Pressure

At any point in the atmosphere static pressure is exerted equally in all directions. It is the
result of the weight of all the air molecules above that point pressing down. As its name
implies, static pressure does not involve relative movement of the air. Static pressure is
measured on the surface of an airplane through a static vent or static port (see figure 7-4,

page 167).

Static pressure acts
equally in all directions

Outer space:
no molecules of air strike
a moving body

High altitude:

many molecules of air
per second strike

a moving body

Low altitude:
many, many molecules
of air per second strike
a moving body

Figure 7-3

Dynamic pressure depends on air density.

Low static pressure
at altitude

Static vent on aircraft

m(ml

HHTH' /

Capsule to measure
static pressure

\HH

High static pressure
at mean sea level

Figure 7-2 Static pressure.

Dynamic Pressure

If you hold your hand up in a strong wind or out of the window of a
moving automobile, you feel extra pressure (over static pressure) because
of the air impacting your hand. This extra pressure, over and above the
static pressure is called dynamic pressure, the pressure that results from
relative movement.

Dynamic pressure is expressed as ¥2pV? and therefore depends on
the air’s density (p) and relative speed (V). The faster the airflow or the
denser the air, the stronger the dynamic pressure, because of the greater
number of air molecules that impact per second. Dynamic pressure is
also known as impact pressure.

Total Pressure

In chapter 1 we looked at Bernoulli’s principle and noted that the total
air pressure equals static pressure plus dynamic pressure:

Static pressure + dynamic pressure = total pressure
meas'ured by YpV? me'asured by
static vent pitot tube
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From this equation dynamic pressure can be found by subtracting the static pres-
sure (measured by the static vent) from the total pressure (measured by the pitot tube).
Although the airspeed indicator (ASI) indicates dynamic pressure, it is calibrated to read
in units of speed (usually knots) rather than in units of pressure.

The Pitot-Static System

Three flight instruments make use of pressure readings:
o the altimeter which converts static pressure to altitude;
o the vertical speed indicator which relates the rate of change of static pressure to a
rate of climb or descent; and
o the airspeed indicator which relates the difference between total pressure and static
pressure to the indicated airspeed.

The pitot tube mounted on the airplane is the source of total pressure and the airplane’s
static vent is the source of static pressure. There are two common arrangements of the
pitot-static sensing system:

 acombined pitot-static head; or

« apitot tube (possibly on the wing) and a static vent (or two) on the side of the fuselage.

The pitot tube must be positioned where the free airflow is not greatly disturbed by
changes in static pressure, often forward of, or beneath the outer section of one wing.
Otherwise the airspeed indicator system will suffer from significant errors. In addition,
pitot heaters are sometimes provided as a precaution against ice blocking the pitot tube.
They usually consist of electrical elements built into the pitot tube, and are operated by
a switch from the cockpit.

Some airplanes have two static vents, one on each side of the fuselage, so that the
reading for static pressure, when averaged, is more accurate, especially if the airplane is
slipping or skidding.

There is often an alternative static source that can measure pressure inside the cabin, in
case of ice or other matter obstructing the external vents. Cabin pressure is usually slightly
less than the external atmospheric pressure and will cause the instrument readings to be
slightly in error when the alternate static source is being used.

It is vital that the pitot tube and static vent(s) are not damaged or obstructed, otherwise
false readings from the relevant flight instruments could degrade the safety of the flight.
They should be carefully checked in the preflight external inspection. The pitot cover,

1. Pitot tube 6. Alternate static selector
2. Static vents 7. Alternate static pressure
3. Static drain 8. Airspeed indicator

4. Static line 9. Altimeter

5. Pitot line 10. Vertical speed indicator

Figure 7-6 Typical pitot-static installation.

STATIC VENT
KEEP CLEAR

Figure 7-4
Static vent.

Figure 7-5
Pitot head.
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Altimeter

Static
Vents

Alternate
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airflow (total pressure) |

Figure 7-7 The pitot-static system.

used to prevent water or insects accumulating in the tube, should be removed. They
should not be tested by blowing in them, since very sensitive instruments are involved.

Airspeed Indicator (ASI)

The airspeed indicator displays indicated airspeed (IAS), which is related to dynamic
pressure. We can find dynamic pressure by subtracting the static vent measurement
from the pitot tube measurement. This is easily done by having a diaphragm with total
pressure from the pitot tube being fed onto one side of it and static pressure from the
static line being fed onto the other side of it. The diaphragm and pointer connected to it
will move according to the difference between the total pressure and the static pressure.

\ ARSPEED /
KNOTS 40’
Expandable
diaphragm
Pitot tube Alrflow

—
Appropriate gearing v <_,I

system static— |
pressure

! - —

Total pressure
(pitot pressure)

—
Static vent

Figure 7-8 The airspeed indicator measures dynamic pressure.

As airspeed increases, the dynamic pressure increases, but the static pressure remains
the same. The difference between the total pressure (measured by the pitot tube) and
the static pressure (measured by the static vent or static port) gives us a measure of the
dynamic pressure (which is related to indicated airspeed). This difference between total
and static pressures causes the diaphragm to reposition itself, and the pointer to indicate
a higher airspeed.
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Color Coding on the Airspeed Indicator

To assist the pilot, ASIs in modern airplanes have certain speed ranges and
certain specific speeds marked according to a conventional color code:

o the green arc denotes the normal-operating speed range, from stall speed
V,, at maximum gross weight (flaps up, wings level) up to V, (normal-
operating limit speed or maximum structural cruise speed) which
should not be exceeded except in smooth air. Operations at indicated
airspeeds in the green arc should be safe in normal flying conditions.
The maximum airspeed to use in turbulence is V, or V, (specified in the
Pilot’s Operating Handbook);

« the yellow arc denotes the caution range, which extends from V,
(normal-operating limit speed) up to V. (the never-exceed speed). The
airplane may be operated at indicated airspeeds in the caution range only
in smooth air, and then only with small control inputs;

o the white arc denotes the flaps operating range, from stall speed at maximum gross
weight in the landing configuration Vg (full flaps, landing gear down, wings level,
power-off) up to V. (maximum flaps-extended speed); and

+ the red radial line denotes Vy, the never-exceed speed. It is the maximum speed at
which the airplane may be operated.

One important speed not marked on the airspeed indicator is the maneuvering speed

(V,)—the maximum speed at which the limit load factor can be imposed (either by gusts
or by full control deflection) without overstressing or causing structural damage.

Note. ASI markings refer to indicated airspeed (IAS) and not true airspeed (TAS).
Where weight is a factor in determining limit speeds, such as stall speeds, the value
marked is for the maximum gross weight situation.

\ .
never-excegg Red line /
speed
(maximum \ \ AlRSPEED / ,
speed for all \\ 40 o, stsaolling speod,

operations
P ) landing gear down,

flaps lowered,
power off.

60 Ve,

stalling speed,
landing gear up
(if retractable),
flaps up, power
off.

160 knoTs
s
g

. Vio
maximum
structural

cruising
speed

(for normal
operations)

Gy,
Se,
n-
" 1ormal operating a0

Vee )
maximum speed, flaps extended

Figure 7-10 The airspeed indicator.

Figure 7-9
ASI coding.
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Indicated airspeed
(IAS) is important
aerodynamically.

True airspeed (TAS) is
important for navigation.

Indicated Airspeed (IAS) and True Airspeed (TAS)

The fact that indicated airspeed (IAS) and true airspeed (TAS) are usually different seems
to worry many student pilots, but it need not. IAS is closely related to dynamic pressure
(Y2pV?2), and is of aerodynamic importance.

When we discuss the flight performance of the airplane—Ilift, drag, stall speed, takeoff
speed, maximum speeds and climb speeds—we talk in terms of indicated airspeed (IAS).
The indicated airspeed is vital performance information for the pilot, as the aerodynamic
qualities of the airplane depend on it.

The true airspeed (TAS) is the actual speed of the airplane relative to the air. TAS (or
V) is important for navigational purposes, to describe speed through the air (TAS). By
incorporating wind, we can calculate speed over the ground.

True Airspeed Usually Exceeds Indicated Airspeed

In a climb it is usual for the pilot to maintain the same indicated airspeed. As the airplane
gains altitude it climbs into less dense air because air density (p) decreases with increasing
altitude.

For IAS to remain the same, the value of dynamic pressure (Y2pV2) must remain
constant. Because air density (p) decreases with increasing altitude, a constant IAS (Y2pV?)
can only be maintained by increasing the value of V (TAS). Therefore, climbing to a higher
altitude with the airspeed indicator showing a constant IAS, will mean TAS is gradually
increasing. You can calculate true airspeed from indicated airspeed, pressure altitude
and temperature using a flight computer (see chapter 24).

Indicated Airspeed 100

7
\\\AIRSPEED 7%
g0 knots 40

True airspeed

20 TAS 137 (IAS + 37%)

15 TAS 126 (IAS + 26%)

Altitude x 1,000 ft

10 TAS 117 (IAS + 17%)

TAS 108 (IAS + 8%)

>TAS 100  Mean sea level

Figure 7-11  With IAS constant, TAS increases with increase in altitude.
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On hot days and at high airports, to generate sufficient lift for takeoff the airplane
must be accelerated to a higher V (TAS) to compensate for the decreased air density. (IAS
shown on the ASI will remain the same.) This, coupled with possible reduced performance
from the engine—propeller, will mean a longer takeoff distance—this is discussed in detail
in chapter 9.

ASI Errors Caused by a Blocked Static Vent

A blockage or ice buildup in either the static vent(s) or pitot tube will cause the pressure
to be trapped in that particular line to the pressure instruments. If you are climbing and
the static vent ices over, then the static pressure trapped in the line will be higher than the
actual static pressure at the altitude the airplane has climbed to. The measured difference
between pitot (total) pressure and static pressure will be less than actual and the AST will
read low, (show a lower indicated airspeed than actual).

On a descent, the reverse would be the case, a blocked static vent would cause the ASI to
read high, (show an indicated airspeed higher than actual). This is a dangerous situation
if the pilot does not recognize it and reduces speed, because the airplane will actually be
flying at a lower speed than indicated.

ASI Errors Caused by a Blocked Pitot Tube

If the pitot tube becomes blocked, say by ice, the total pressure trapped in the pitot tube
(which remains constant) will be fed to the ASI, to be compared to the varying static
pressure from the static vent. Therefore in a climb, the outside static pressure reduces,
hence the airspeed indicator will read higher than it should. Conversely, on descent below
the altitude where icing occurred, it will read a lower airspeed than it should.

Altimeter

Unlike an automobile, an airplane must be navigated and its position known in three
dimensions, not only left and right (or west and east), but also up and down. The altimeter
is the most important instrument for vertical navigation and vertical separation between
yourself and the ground or other aircraft. You must use it correctly and understand
exactly what it is telling you.

A very important reference point for vertical navigation and for charts is mean sea level
(MSL), the average height of the sea surface calculated from hourly tide readings taken
over many years. The altimeter relates the static pressure at the level of the airplane to a
height in the International Standard Atmosphere (ISA), a theoretical “average” atmosphere
which acts as a convenient hypothetical yardstick. The main purpose of the International
Standard Atmosphere is to calibrate altimeters. Standard pressure at mean sea level (MSL)
is 29.92 inches of mercury. (Its metric (SI) equivalent is 1,013.2 hectopascals, usually
written 1,013 hPa.)

Atmospheric pressure reduces by approximately 1 in. Hg (one inch of mercury) for each
1,000 feet gain in altitude in the lower levels of the atmosphere (up to about 5,000 feet).

The altimeter converts this reduction in atmospheric pressure to a gain in altitude. For
instance, if the pressure falls by 0.45 in. Hg, the altimeter will indicate a gain in altitude
of 450 feet.

How the Altimeter Works

The altimeter contains sealed, but expandable, aneroid capsules that are exposed within
the instrument case to the current static pressure that enters through the static port.

If the static vent(s)
become blocked the
ASI will read low in a
climb, and high in a
descent.

A blocked pitot tube
will cause the ASI to
read high in a climb,
and low in a descent.

Figure 7-12
Altimeter.

Atmospheric

pressure reduces by
approximately 1in. Hg
for each 1,000 feet
gain in altitude.
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35,00

MSL

The altimeter measures height above the

As the airplane climbs and static pressure decreases, the sealed capsules expand and
drive pointers, via a mechanical linkage, around the altimeter scale. These indicate the
increased height above the selected pressure level. There may be a short time lag before
changes in altitude are actually indicated on the altimeter.

Unfortunately for altimeters, the real atmosphere existing at a particular place and
time can differ significantly from the standard atmosphere. Atmospheric pressure at MSL
will vary from place-to-place and from time-to-time as weather pressure patterns move
across the country. If an altimeter is to measure altitude from any particular level, such
as mean sea level (MSL), then it must be designed so that the appropriate MSL pressure
setting can be selected.

100 ft 10,000 ft
pointer pointer

(" Atmospheric :
pressure admitted
from static vent

—— Pressure
window

Gearing ™.
mechanism

— 1,000 ft
pointer

N  \— ) O

|
Static vent Fixed amount of air Subscale knob for Striped sector visible
on outside in expandable capsule setting pressure when below 10,000 ft
of aircraft datum

Figure 7-13 The altimeter is a pressure-sensitive instrument.

35,000 ft The Pressure Window

2
_Cﬁ_._____ FL350 The altimeter incorporates a small adjustable pressure subscale that

allows the pilot to select the pressure level from which altitude will be
measured. This subscale is known as the pressure window or Kollsman

0 feet window. If you want to measure the altitude of the airplane above the

29.92 in. Hg standard pressure level, then you set 29.92 in the pressure

window.
If you want to measure the height of the airplane above the 30.10 in.
N Hg pressure level, then you set 30.10 in the pressure window. If 30.10
3_,000 a in. Hg happens to be the current MSL barometric pressure, then the
altimeter will be indicating the altitude of the airplane above sea level.
Altitude For flight operations in the United States below 18,000 feet MSL, the

Standard pressure 8,000 feet level from which height is measured is mean sea level (MSL). Although

29.92 in. Hg

____________ 29.92 inches of mercury is standard MSL pressure, the existing MSL

Current local altimeter pressure will usually differ, often significantly, from this value.

setting 30.10 in. Hg ' The MSL pressure at a particular place and time is called the local
altimeter setting and, when this is set in the pressure window, the altim-
eter will display what is known as the indicated altitude.

Figure 7-14

pressure level set in the pressure window. When the setting in the pressure window is changed by winding

the pressure setting knob, the altimeter needle will also move around
the dial. This is because it measures height above the selected pressure
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level and the selected level is being changed. A one inch decrease in pressure in the lower
levels of the atmosphere indicates approximately 1,000 feet gain in altitude. Therefore,
increasing the setting in the pressure window will increase the altimeter reading. This
can be remembered as “Wind on inches, wind on altitude.”

Pressure Settings Above 18,000 feet MSL

When flying in the United States at or above 18,000 feet MSL, standard pressure (29.92
in. Hg) should be set in the pressure window. Above 18,000 feet MSL there is adequate
terrain clearance above the highest mountains, so vertical separation from other aircraft is
the main concern. Having a common setting of 29.92 in. Hg gives all high-flying aircraft
a common pressure level from which their flight level is measured, avoiding any conflict
caused by altimeter settings from different geographic locations.

With standard pressure 29.92 set, the altimeter indicates pressure altitude. It is usual
to remove the last two zeros of a pressure altitude and refer to it as a flight level. For
example, an altimeter reading 21,000 feet with 29.92 in. Hg set, is referred to as FL210
(flight level two one zero).

Different Altimeter Presentations

You must be able to interpret the altimeter reading correctly since it provides absolutely
vital information. Lives have been lost in the past because pilots have misread the altimeter
by 10,000 feet. Learn how to interpret the altimeter pointers correctly! The most common
altimeter presentation consists of three pointers of varying shapes and sizes:
o the pointer with a long, fine needle and a splayed tip indicates 10,000s of feet. If it
is on 1 (or just past it), it is indicating 10,000 feet. This pointer is particularly easy
to misread. Note that some altimeters have a very short, medium thickness 10,000
feet pointer, rather than the usual long, fine needle;
o the short, fat pointer indicates 1,000s of feet. It will move once around the dial
for a change of 10,000 feet. If it is on 4 (or just past it), it is indicating 4,000 feet.
To reinforce that the airplane is below 10,000 feet, a striped sector is visible which
gradually becomes smaller as 10,000 feet is approached; and
o thelong, medium-thickness pointer indicates 100s of feet. It will move once around
the dial for each 1,000 feet change in altitude. If it is on 7, it means 7 x 100 = 700 feet.

All taken together, the altimeter shown in figure 7-15 reads 4,700 feet.

100-foot pointer 1,000-foot pointer 10,000-foot pointer 4,700 feet

Figure 7-15 Altimeter presentation.
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Check Altimeter Accuracy on the Ground

The altimeter uses air pressure to measure altitude above (or below) the refer-
ence pressure level selected in the pressure window. The only place you can
check the accuracy of an altimeter is while the airplane is on the ground at
an airport where the elevation is accurately known. With the local altimeter
setting in the pressure window, the altimeter should indicate approximate
e airport elevation (to within +75 feet).

During this check, allow for the fact that the published airport elevation
is the height above MSL of the highest point on any of the usable runways.
If you have any doubts about the accuracy of the altimeter, refer it to an
appropriately rated repair station for evaluation and possible correction. The

Airport elevation
360 feet

Current local
altimeter
setting
30.10in. Hg

Figure 7-16 . .
On the ground, the altimeter should o.nly place you can check. the. accuracy of the altimeter is on the ground at an
read airport elevation. airport where the elevation is known.
E@; 5,000 ft
i indicated
High pressure T Low pressure
area 5,000 ft MSL area

oy

Only 4,000 ft MSL

—_ N — T~ e D E
v ‘:;‘W-Wg el o _ x
—— MSL == E M S L

B . A MSL
imeter — — 30.00" imeter

setting 90" Hg pressyre leve| — setting

30.00" Hg — —— — ____30.00"Hg

Figure 7-17 Always update your altimeter setting.

Whenever the current local altimeter setting is set in the pressure window, the altimeter
will indicate the altitude—the approximate height of the airplane above MSL. This will
enable the pilot to fly at an altitude that is well separated vertically both from terrain
and other aircraft.

“From high to low— If you are flying at a constant indicated altitude from a high-pressure area toward a
look out below!™  Jow-pressure area, and you neglect to set the lower altimeter settings periodically given
by a local FSS or ATC, then the airplane will be gradually descending even though the
altimeter reading is not changing. This could be dangerous. Remember, “From high to

low look out below!”

Note. The pilot reads indicated altitude on the altimeter. For the reading to be correct,
the altimeter setting must be correct.
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Altimeter Errors

A number of errors are evident in altimeters.

Instrument Errors. Imperfections in the design, manufacture, installation, and main-
tenance of the individual altimeter will cause errors.

Instrument Lag. Because the altimeter takes a second or two to respond to rapid pressure
changes, the indicated altitude will lag behind the actual altitude.

Position Error. Poor design may place the static vent in a position where the static pres-
sure is not representative of the free atmosphere in that vicinity, resulting in an inaccurate
altimeter reading.

Blockages of the Static Vent. If ice or insects (or
anything) block the static vent completely, then that
static pressure will remain fixed in the line to the altim- ¢ over static vent

. . . . on outside of aircraft
eter. A constant altitude will be indicated, even though .

=

the airplane may be changing altitude.
If ice forms over the static vent on a climb-out, the
altimeter will continue to read the altitude at which

Atmospheric pressure
cannot enter altimeter,
so it cannot indicate
altitude

the static vent froze over, and not indicate the higher
altitude that the airplane is actually at.

Similarly on a descent, a blocked static vent will cause
the altimeter to indicate a constant altitude which is
higher than the actual altitude, a dangerous situation.

Temperature Error. The altimeter is calibrated to read the height above the pressure
level selected in the pressure window as if the characteristics of the existing atmosphere
(temperature, density and humidity) are identical to the International Standard Atmo-
sphere. Since this is rarely the case, the altimeter indication will differ by some extent from
the real or true altitude. Normally, this does not present a problem, since all airplanes
in the one area will have their altimeters affected identically, and so vertical separation
between aircraft will not be affected.

Indicated altitude
Hot atmosphere in all three cases
Aircraft is A is 3,000 feet

higher than indicated

Standard
Atmosphere Cold atmosphere

| aircraft is
%[\ lower than indicated
_31000”_______‘__E%&__.____ _______ _ 3000ft _
MSL — MSL

True altitude True altitude True altitude Beware!
3,100 ft 3,000 ft 2,900 ft
caccacrrcrirriccacgrzrcarzaMSL e cricrc e stz MSLe/ LR TRRA TR

Figure 7-19 Temperature error often causes indicated altitude to differ from true altitude.

Figure 7-18
A blocked static vent—altimeter indication constant
regardless of airplane altitude.

Chapter 7 Flight Instruments

175



The altimeter in warmer

air will read low.

An altimeter in colder

air will read high —
“from high to low,
look out below.”

Figure 7-20
VSI.

While the temperature error is of little significance for most flight operations, it may
occasionally require some consideration during precision instrument approaches.

In very warm air, the density will be less than standard and the pressure levels will be
expanded. Therefore a given pressure level will be higher in a warm atmosphere compared
with the standard atmosphere. After climbing a true 1,000 feet, the altimeter will sense
less than 1,000 feet difference in pressure in the thinner air and will indicate a climb of
less than 1,000 feet, and the altimeter will read low. This is easily remembered as hi-lo
(higher temperature than standard—lower altimeter reading).

Conversely, in air colder than ISA, the altimeter will indicate higher than the airplane
actually is, a hazardous situation. Remember lo-hi (lower temperature than standard—
higher altimeter reading) or the saying “from high to low, look out below.”

Altitude Measurement

Indicated Altitude. Indicated altitude is what you read on your altimeter when the local
altimeter setting is set in the pressure window, as is the case when you are operating at
or below 18,000 feet MSL in the United States. Indicated altitude is approximate height
above MSL.

Pressure Altitude. Pressure altitude is what you read on your altimeter when standard
pressure (29.92 in. Hg or 1,013.2 hPa) is set in the pressure window, as is the case when
you are operating above 18,000 feet MSL in the United States.

True Altitude. True altitude is the actual altitude above MSL, and cannot be determined
in flight by the altimeter alone. It is rarely required in flight. True altitudes of airports,
mountains, radio masts, and so on are measured by survey and shown on charts. The
difference between indicated and true altitude is usually no more than 100 feet.

Absolute Altitude. Absolute altitude means height above ground level or height AGL.
To determine this, you need to know both airplane altitude MSL and ground elevation.

Density Altitude. Density altitude is one means of describing air density, and is used
in performance calculations. It is computed from pressure altitude and air temperature
(see chapter 8).

Encoded Altitude. Encoded altitude is not seen by the pilot, but by the radar controller—
the aircraft’s encoding altimeter sends altitude information to the aircraft’s transponder
which transmits position and altitude information to radar stations.

Vertical Speed Indicator (VSI)

While you can form some idea of how fast you are changing altitude by comparing the
altimeter against a stopwatch, the vertical speed indicator provides a direct readout of
the rate of change of altitude. The VSI converts a rate of change of static pressure to a rate
of change of altitude, which is expressed in hundreds of feet per minute (fpm or ft/min).

If you begin a descent, the airplane will be moving into air with a progressively
increasing static pressure. The new and higher pressure at the lower level is fed directly
from the static vent into a flexible capsule inside the VSI case. The same pressure is also
fed into the casing that surrounds this capsule, but via a metering valve that introduces
a slight delay to the increase in pressure. This means there is a small differential pressure
within the instrument. The capsule therefore expands and drives a pointer around the
VSI scale (graduated in fpm) to indicate a rate of descent, such as 500 fpm. It will take
some seconds before a stabilized rate is indicated, because of the inherent lag in the VSI.
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If the static vent became iced-over or blocked, then the two pressure areas (inside the
capsule and surrounding it) would equalize and the VSI would read zero, even though

the airplane’s altitude might be changing.

Figure 7-21 The vertical speed indicator.

GYROSCOPIC INSTRUMENTS

Gyroscopes

A gyroscope is basically a rotating wheel, mounted so that its axis is free to
move in one or more directions. A characteristic of rotating masses, such as
gyroscopes, is their tendency to maintain their original alignment in space
despite what goes on around them, a property referred to as rigidity in space.
This means that a gyro is able to remain stable in space while the airplane in
which it is mounted moves around it. Gyroscopes are therefore useful as the
basis for indicators that show direction and attitude.

The degree of rigidity of a gyroscope depends on the mass of the rotor, the
speed at which it is rotating, and the radius at which the mass is concentrated.
A large mass concentrated near the rim and rotating at high speed provides
the greatest directional rigidity.

A gyroscope has another characteristic called precession. If a force is applied
to the gyroscope, the change in direction brought about by the force is not
in line with the force, but is displaced 90° in the direction of rotation. This
gyroscopic effect is quite common (you use it every time you lean your bicycle
over to turn a corner).

There are various ways of mounting a gyroscope on one or more axis of
rotation (gimbals), depending on the information required from that gyroscopic
instrument. Gyroscopes are used in the turn coordinator/turn indicator, the
attitude indicator and the heading indicator.

Vacuum-Driven Gyroscopes

Many gyroscopes are operated by a vacuum system which draws high-speed
air through a nozzle and directs it at the gyro rotor blades. A vacuum pump
that draws air through is generally preferable to a pressure pump that blows

Figure 7-22
Gyroscopes are rotating masses.

Precession

effect

Direction
of rotation

¢

Figure 7-23
Gyroscopic precession.
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Figure 7-24
Suction (vacuum)
gauge.

TURN COORDINATOR
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W v

2 MIN,

Figure 7-25
Turn coordinator.

air through, since the air may pick up contaminants such as oil from the pressure pump
which could affect the very sensitive rotor.

The amount of suction is shown on a gauge in the cockpit and is approximately 4.5
to 5.4 inches of mercury, which is 4.5 to 5.4 in. Hg below atmospheric pressure. If the
numerical vacuum reading is too small, the airflow will be reduced, the rotor(s) will not be
up-to-speed, and the gyros will be unstable or will only respond slowly. If the numerical
vacuum reading is too high, the gyro rotors may spin too fast and be damaged.

The vacuum in most airplanes is provided by an engine-driven vacuum pump, but
some older airplanes may have the vacuum provided by an externally mounted venturi-
tube (making the gyroscopic instruments unusable until after several minutes at flying
speed following takeoff).

Electrically Driven Gyroscopes

When the electrical master switch first goes on, you will probably hear the electrically
driven gyroscope(s) start to spin up. They should self-erect and red power-failure warning
flags (if provided on the instrument face) should disappear.

If the master switch is left on, when the engine is shut down on the ground, these
instruments will be drawing power from the battery and the battery will gradually
discharge. So ensure that there is no power to the electrically driven gyroscopes when
leaving the airplane for any length of time.

Errors in Gyroscopic Instruments

If the gyroscope is not up-to-speed, the instrument may indicate erratically, respond only
slowly to changes in attitude and/or heading, or indicate incorrectly.

Check for a red power-failure warning flag on electrically driven instruments, and
check for correct suction on vacuum-driven instruments. In many airplanes the attitude
indicator and the heading indicator are driven by suction, but the turn coordinator is
driven electrically. This guards against the loss of all three instruments simultaneously.

Check that the heading indicator is aligned with the magnetic compass during steady
straight-and-level flight. Check that the attitude indicator, if it has a caging (locking)
device, has been uncaged. Do this in steady straight-and-level flight or in a level attitude
on the ground.

Turn Coordinator/Turn Indicator

The turn coordinator and turn indicator both use rate or tied gyros. The rotating mass has
freedom to move about two of its three axes and is designed to show the rate of movement
of the airplane about the third axis (in this case turning about the vertical axis). This
rate of movement is indicated in the cockpit on one of two possible types of presenta-
tion—either a turn coordinator (which has a symbolic airplane), or a turn indicator (which
has a vertical needle or “bat”).

Both the turn coordinator and turn indicator show the airplane’s rate of turn, which
is not bank angle. However, because the gyro in the turn coordinator is mounted slightly
differently to that in the turn indicator, the turn coordinator will also show roll rate. It
will respond when an airplane banks, even before the turn actually commences. Note
that the symbolic airplane on the turn coordinator (even though it resembles that on an
attitude indicator) does not give pitch information.
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If the airplane is turning to the left, the gyroscope will experience a turning force,
(see figure 7-27). However this force will precess through a further 90° in the direction
of rotation and will cause the gyro to tilt. The greater the turning force, the greater the
tendency to tilt.

Instrument dial

L
1. Right turn (yaw)
4 Gyro wheel \
S 'y

\ (spinning)

Gimbal axis

Gimbal rotation
in a left turn

3. Precession effect
(causing gimbal

to roll
Crank arm S )
"~ N
- e et /2. Applied turning
force
Pointer

axis

Spring restricts
gimbal rotation

Figure 7-27 Workings of the turn indicator.

The tilting of the gyroscope stretches a spring, which makes the gyro precess with the
airplane turn until the rates match up, when further tilt ceases. A pointer moved by the
action of the gimbal tilting indicates the rate of turn against a scale. The scale is graduated
to show a standard-rate turn of 3° per second. You can check the accuracy of the turn
indicator by timing yourself through a steady indicated standard rate turn of 180° and
see if it takes 60 seconds (3° per second).

The gyroscope may be rotated at high speed by an electric motor, or it may be spun by
a small jet of air generated by a vacuum system, and directed at small “buckets” cut into
the edge of the gyro wheel. Preflight checks for the serviceability of the turn coordinator
should include:

o acheck of the gyro rotation speed (whirring sound and no failure flags if electrically

driven, correct vacuum if pressure-driven); and

o correct indications in a turn while taxiing (“turning left, skidding right—turning

right, skidding left”), and, if in any doubt, a timed turn in flight.

Attitude Indicator (Al)

As the airplane changes its attitude, the earth gyro that is the basis of the attitude indicator
(AI) retains its alignment (rigidity) at right angles to the earth’s surface. This means that
the airplane moves around the gyro rotor of the attitude indicator which has a vertical
spin axis. Attached to the gyroscope is a picture of the horizon, around which the airplane
(and the instrument panel) moves. The attitude of the airplane relative to the real horizon
is symbolized by the artificial horizon line attached to the gyro and a small symbolic
airplane attached to the instrument dial. This small model airplane is referred to as the
miniature airplane or index airplane.

Figure 7-26
The modern turn
coordinator (top), and
the older turn indicator,
each indicating
standard-rate turns to
the left.

Figure 7-28
Attitude indicator.
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The attitude indicator shows pitch attitude and bank angle. Pitch attitude is indicated
by the position of the center dot of the miniature airplane relative to the artificial horizon.
Bank attitude is indicated by the relationship of the wings of the miniature airplane to
the artificial horizon.

The AI shows a picture of the airplane’s attitude, but tells you nothing about the
performance of the airplane. For instance, a nose-high attitude could occur in a steep
climb or in a stalled descent—to know the performance of the airplane you need to refer
to the airspeed indicator, altimeter, and vertical speed indicator.

Miniature aircraft Gimbals

(pivots)

Figure 7-29 The attitude indicator displays pitch attitude and bank angle.

You should always check the power source of the attitude gyro. Some attitude indica-
tors, especially the vacuum-driven ones, have limits of pitch and bank which, if exceeded,
may cause the gyro to tumble and give erroneous readings. The miniature airplane
should be aligned with the artificial horizon on the instrument when the airplane is in
straight-and-level flight or on the ground. The small knob at the base of the AI adjusts the
miniature airplane alignment. Some older types of gyroscope need to be caged when not
being used. The attitude indicator is also called the artificial horizon and gyro horizon.

-y E Climb
[ Cruise
<m-

Stall

/ : 9

- = %@@a
Same nose-high attitude
but different flight paths

Figure 7-30 Pitch attitude displayed on the Al
does not reflect climb/descent performance.
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Heading Indicator (HI)

The magnetic compass is the primary indicator of direction in most airplanes. It is,
however, difficult to read in turbulence and subject to acceleration and turning errors,
making it a difficult instrument to fly by accurately. The heading indicator (HI) is a
gyroscopic instrument that you should keep aligned with the magnetic compass in flight.
Although it takes its directional reference from the compass, it is not subject to the same
acceleration and turning errors. This makes accurate turns and a constant heading
possible.

There are mechanical factors present in the HI (mainly friction) that will cause it to
drift off its original alignment with magnetic north because of gyroscopic precession.
This is called mechanical drift. In addition, because the airplane is flying over a rotating
earth, aline in space from the airplane to north will steadily change. This causes apparent
drift. Both mechanical and apparent drift can be corrected by simply realigning the HI
with the magnetic compass periodically, as described below.

You should check the power source of the HI prior to flight and, when taxiing, check
the correct turn indications on the HI (“turning right, heading increases—turning left,
heading decreases”). The HI has a slaving knob that enables the pilot to realign the HI
with the magnetic compass, correcting for both mechanical drift and apparent drift.
This should be done every 10 or 15 minutes. Some older heading indicators have to be
uncaged after realigning with the magnetic compass. Advanced airplanes have HI gyros
that are aligned automatically.

Manually Aligning HI with Magnetic Compass

To manually align the heading indicator with the magnetic compass:

« choose a reference point directly ahead of the airplane, aim for it and fly steadily
straight-and-level;

« keep the nose precisely on the reference point, and then read the magnetic compass
heading (when the compass is steady);

« maintain the airplane’s heading toward the reference point and then refer to the HI,
adjusting its reading (if necessary) to that taken from the magnetic compass; and

o check that the airplane has remained steadily heading toward the reference point
during the operation (if not, repeat the procedure).

Inclinometer (Coordination Ball)

The coordination ball is a simple device that is usually incorporated into the turn
coordinator/turn indicator. It is a useful mechanical device that indicates the direction
of the g-forces—the combined effect of the earth’s gravity force and any turning force.
It has no power source. It is also known as the inclinometer, the slip-skid indicator, the
balance ball, or the coordination ball.

The coordination ball is simply a small ball, free to move like a pendulum bob, except
that it moves in a curved cylinder filled with damping fluid. In straight flight it should
appear at the lowest point in the curved cylinder (like a pendulum bob hanging straight
down), and the airplane is said to be coordinated, or in balance.

In a skid, the ball will move to one side in the same way as a pendulum bob would
swing out, and you will feel a force pushing you outward. In a slip, the ball will fall to one
side, and you will feel as if you are falling inward.

In a coordinated turn, you will feel no sideways forces, nor will the ball, which should
remain centered. Any sideways force (either a slip in toward the turn or a skid out away
from the turn) will be shown by the coordination ball and felt by you.
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Figure 7-31
The heading indicator.

Coordinated
Right rudder required

Uncoordinated

Figure 7-32
The coordination ball.
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Figure 7-33
The coordination ball.
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For coordinated flight, If the ball is out to the right, apply right rudder pressure to center it. Use same-side

“Step on the ball.”

rudder pressure to center the ball. Some instructors say, “Step on the ball.”

Slipping turn Coordinated turn Skidding turn
Pilot slips into turn — Pilot skids out of turn —
more right rudder required too much right rudder
to balance the turn has been applied

Figure 7-34 Slipping turn; more right rudder required (left).
A comfortable and coordinated turn (center). A skidding turn (right).

Angle of Attack Indicator (AOA)

The purpose of an AOA indicator is to give the pilot better situation awareness pertaining
to the aerodynamic health of the airfoil. This can also be referred to as stall margin
awareness. More simply explained it is the margin that exists between the current AOA
that the airfoil is operating at, and the AOA at which the airfoil will stall (critical AOA).
See figure 7-35.

Speed by itself is not a reliable parameter to avoid a stall. An airplane can stall at any
speed. Angle of attack is a better parameter to use to avoid a stall. For a given configura-
tion, the airplane always stalls at the same angle of attack, referred to as the critical AOA.
This critical AOA does not change with:

L]

L]

weight;

bank angle;
temperature;
density altitude; and
center of gravity.

182 Ground School The Airplane



Airflow fully attached Airflow begins to separate Airflow separated, wing stalled

\

|'L
=
3

&~

[}
(Y
(Y
(Y
Y
[}
[y
(Y
Y
[}
(Y
(Y
Y
[}
[y
Y
)
1
(Y
Y
Y
[}
(Y
(Y
[}
[y
Y
Y
[}
[}
\

T
20

Angle of Attack Indicators

Figure 7-35 Critical angle of attack, stall, and angle of attack indicators.

An AOA indicator can have several benefits when installed in General Aviation aircraft,
not the least of which is increased situational awareness. Without an AOA indicator, the
AOA is “invisible” to pilots. These devices measure several parameters simultaneously
and determine the current angle of attack providing a visual image to the pilot of the
current AOA along with representations of the proximity to the critical AOA. These
devices can give a visual representation of the energy management state of the airplane.

The energy state of an airplane is the balance between airspeed, altitude, drag, and thrust
and represents how efficiently the airfoil is operating.

THE MAGNETIC COMPASS

In most light airplanes, the magnetic compass is the primary source of direction informa-
tion, to which other direction indicators are aligned. In steady straight-and-level flight,
the reference line of the magnetic compass indicates the magnetic heading of the airplane.
Magnetic compass readings will not be accurate while the airplane is accelerating or

turning, or when entering a climb or descent, nor will they be accurate if magnetic objects
are placed near the compass.

Figure 7-36
Magnetic compass.
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The earth has a magnetic field.
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Figure 7-39 A simple bar magnet.

Variation east,
magnetic least;
variation west,
magnetic best.

The Earth’s Magnetic Field

The earth acts like a very large and weak magnet. The surface of the earth
is surrounded by a weak magnetic field, consisting of lines of magnetic
force that begin deep within the earth near Hudson Bay in Canada and
tlow toward a point deep within the earth near South Victoria Land in
Antarctica.

Because of their proximity to the north and south geographical poles
which are known as true north pole and true south pole, the magnetic poles
are referred to as the north magnetic pole and the south magnetic pole.

Direction

There are two common ways to describe direction: using the cardinal
points of north, south, east, and west; or by using a graduated circle of
360 degrees going clockwise from true or magnetic north.

Direction is almost always expressed as a three-figure group such
as 251, 340, or 020. The only exception is runway direction, where the
numbers are rounded off to the nearest 10°. A runway bearing 247°
magnetic would be referred to as RWY 25, and its reciprocal, bearing
067°M, would be RWY 7.

A bar magnet that is freely suspended horizontally will swing so that
its axis points roughly north—south. The end of the magnet that points
toward the earth’s north magnetic pole is called the north-seeking pole
of the magnet.

Magnetic Variation

The latitude-longitude grid shown on charts is based on true north and
true south. Our small compass magnet, however, does not point exactly
at true north but at the north magnetic pole. The angular difference
between true north and magnetic north at any particular point on the
earth is called variation. If the magnet points slightly east of true north,
then the variation is said to be east. If the compass points to the west of
true north, then the variation is west. Magnetic variation is the same for
all aircraft in a given vicinity.

Isogonic Lines

On charts, as well as the lines forming the latitude-longitude grid, there
are dashed lines joining places that have the same magnetic variation,
known as isogonic lines or isogonals.

For example, the 10° east isogonic line is drawn through all the places
having a variation of 10°E. If you are anywhere on this line, magnetic
north will be 10° east of true north. As you can see from the left inset in
tigure 7-40, a magnetic heading of 105° will correspond to a true heading
of 115° The line joining places where the variation is zero is called the
agonic line.

Two easy ways to remember the relationship between true and
magnetic are:

« “variation east, magnetic least; variation west, magnetic best”; and

o “east is least; west is best.”

184 Ground School

The Airplane



N
~10°W

East variation West variation

TN\ MN ’ ) [N MN| \TN
Var N/ = \ s ‘5ow %
10°E / Voar

] 105° K v 312°T\ 8w
f%ﬂ 15°E §
Isogonic Q

320°M
15°T lines 312°
105°M

Figure 7-40 Variation is the angle between true and magnetic;
isogonic lines join places of equal magnetic variation.

Example 7-1

If the magnetic variation in your area is 10° east and your airplane is heading 295 on the

magnetic compass, what is your true heading?

Variation east, magnetic least: so 295°M is 295 + 10 = 305°true.

Example 7-2

If your compass indicates due east, and the magnetic variation where you are is 4° west,

what is your heading related to true north?

Variation west, magnetic best: so 090 — 4 = 086° true.

Deviation

Unfortunately, the magnet in each compass is affected not only by the magnetic field
of the earth, but also by any other magnetic field it is exposed to. Metal airframe
components, the rotating parts of an engine, and electrical equipment all generate
their own magnetic fields. The combined effect of these fields in a particular airplane
on its magnetic compass is called deviation. Deviation causes the compass to deviate,
or deflect, from precisely indicating magnetic north. The precise deviation can only
be established once the compass is installed in the particular airplane, and test
measurements made with the airplane on different headings.

In each airplane is a small placard, known as the deviation card, which shows
the pilot the corrections to be made to the compass reading to obtain the magnetic
direction. This correction usually involves only a few degrees and is an easy mental
calculation to do in flight.

DEVIATION CARD

FOR
[ N]30]60] E [120]150]

TEE!
[oo1] 031]0s0]089] 18 [ 149]

FOR

[ s [210]240] w [300]330]
STEER

[1e1] 213 | 242] 271 [ 301]330]

ONB=] RADIOS [CNO

Figure 7-41
Deviation card.

The deviation card is filled out by a mechanic to reflect the deviation present when the Do not place these
compass was tested. If any other magnetic influences are introduced into the airplane at ~ cockpit items near the

a later time, they will not be allowed for, even though they may significantly affect the

magnetic compass:
headphones, ferrous

compass. Therefore, ensure that no metal or magnetic materials are placed anywhere  metals, portable radios,
near the compass. Many pilots have become lost as a result of random deviations in the ~ calculators, or books

compass readings caused by these extraneous magnetic fields.

with metal binders.
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Correct Incorrect
Heading 095 Pilot thinks heading is still 095
but in reality it is now 040

Figure 7-42 Keep foreign objects away from the magnetic compass.

Compass Construction and Serviceability

The modern airplane has a direct-reading compass, usually filled with aliquid in which a
tloat partially supporting a bar magnet is pivoted. The liquid supports some of the weight,
decreases the friction on the pivot and, most importantly, dampens the oscillations of
the magnet and float during flight. This allows the compass to give a steadier indication
and makes it easier to read.

Attached to the pivot is the combined magnet and compass card. The compass card
is graduated in degrees and can be read against a reference line which is attached to the
bowl of the compass, and therefore to the rest of the airplane. Remember that it is the
airplane that turns around the magnet, while the magnet continues to point to magnetic
north at all times.

yinos si buipeay
918y WO} POMBIA

Viewed from here
heading is west

Card/magnet
combined
with float

1ses s| Buipeay
218y WO} pamaIn

Viewed from here
heading is north

f

Magnetic compass card ,";

H
assembly . o

Figure 7-43 The magnetic compass.

Pilot Serviceability Checks

During preflight, you should check that the compass is securely installed and can be
easily read. The liquid in which the magnet is suspended should be free of bubbles and
should not be discolored. The glass should not be broken, cracked or discolored, and it
should be secure. Then locate the position of the compass deviation card in the cockpit.
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When you are taxiing out prior to takeoff, check the compass is working correctly
by turning the airplane left and right and note the response of the magnet. In addition,
before takeoff cross-check the compass reading with the runway direction. Runway 18
will point approximately 180° magnetic.

Figure 7-44 Always cross-check compass direction.

Magnetic Dip and Compass Errors

Near the magnetic equator, the lines of magnetic force are parallel to the surface of the
earth. As the magnetic poles are approached, the lines of magnetic force dip toward them
and any magnet bar will also try to dip down and align itself with these lines of force. The
angle of dip, called magnetic dip, is approximately 70° in the United States. Magnetic dip
is zero at the magnetic equator and increases to 90° at the magnetic poles.

-———— \ \
Magnetic dip
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Compass —
card !

Figure 7-45 Magnetic dip is strongest nearest the poles.

Magnetic Dip Effect

The earth’s magnetic field can be resolved into two components: a horizontal one parallel
to the surface of the earth (which is used to align the compass with magnetic north), and
a vertical component, which causes the compass magnet to dip down.

At the magnetic equator, the horizontal component of the earth’s magnetic field is at
its strongest and so the magnetic compass is very stable and accurate.

However, at higher latitudes, the horizontal component parallel to the surface of the
earth is weaker, making the compass magnet less effective as an indicator of horizontal
direction. At latitudes higher than 60° north or south, the magnetic compass is not
very reliable.
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Near equator—negligible dip, Near magnetic pole—considerable dip,
strong horizontal component. weaker horizontal component.

Figure 7-46 Dip is caused by the vertical component of the earth’s magnetic field.

Compass Design to Minimize Dip Effect

To keep the magnet as close to horizontal as

possible, the airplane compass is cleverly Pivot line
designed so that the point from which the |
magnet is suspended is well above its center  Vertical |
of gravity. As the magnet aligns itself with the E?E}‘;"f‘;?c“;
earth’s magnetic field, the more it tries to dip
down, the further out its center of gravity is
displaced. This sets up a balancing couple which
reduces the remaining dip, which is known as
residual dip, to less than 5° from the horizontal. Figure 7-47 Magnet suspension.

Pivot point

ined card,

magnet and float

Weight

Acceleration Errors

If you change airspeed, either by accelerating or decelerating, transient indication errors
occur with a magnetic compass, especially on easterly and westerly headings. They disap-
pear after the speed stabilizes.

As the airplane accelerates, it takes the compass and the pivot along with it. The
compass magnet, being suspended like a pendulum, is left behind because of its inertia.
Its weight, not being directly under the pivot, will cause the compass magnet to swing
away from the correct magnetic direction as the pivot accelerates away. The compass card
attached to the magnet rotates a little and indicates a new direction, even though there
has been no change in direction.

Once a new steady speed is maintained, the magnet will settle down and the compass
will read correctly once again.

Accelerating East or West

Accelerating toward the east or west, the center of gravity of the magnet, near the south-
seeking end, is left behind. This swings the compass card so that it indicates an apparent
turn to the north. After acceleration is completed you should allow the compass to settle
down before adjusting the airplane heading (if necessary).

Decelerating East or West

Decelerating toward the east or west, the pivot slows down with the rest of the airplane and
the center of gravity of the magnet, because of its inertia, tries to advance. The compass
card rotates to indicate an apparent turn to the south.
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Accelerating North and South

Accelerating and decelerating (toward the north or south) will not cause apparent turns,
because the pivot and the CG of the magnet will lie in the same N-S line as the accelera-
tion or deceleration. On other headings, the acceleration errors will be greater the closer
you are to due east or west.

Note. These effects are valid only for the Northern Hemisphere. In the Southern
Hemisphere, the effects are reversed. Also, the closer to the magnetic poles you are,
the greater the effect because the dip is greater. Magnetic dip is the major source of
compass indication errors.

Remember: acceleration and deceleration errors on easterly and westerly headings in
the Northern Hemisphere may be summarized by the mnemonic “A N D S.” Accelerate—
apparent turn North; Decelerate—apparent turn South. The situation in the Southern
Hemisphere is reversed.

Turning Errors

Turning is also an acceleration, because of the change in direction. In a turn, a centripetal
force acts on the compass pivot, which is attached to the airplane, and accelerates it
toward the center of the turn. The compass magnet (and compass card), being suspended
like a pendulum, is left behind because of inertia. This leads to a transient error in the
direction indicated by the compass, which will gradually disappear after the wings have
been leveled. The result is that when turning through north the compass lags behind.

Turning Through North

For example, when turning from 310° to 040° you should level the wings at about 020°,
before reaching 040°. This is because once the airplane stops turning the compass reading
will continue rotating for a few seconds because of the lag.

Turning Through South

When turning through south the compass heading turns ahead of the airplane. If you
turn from 130° to 210° you should level the wings at about 230°. Once the compass settles
down it should read 210°.

Remember: Turning errors of the magnetic compass may be summarized by the
mnemonic “UN O S:” Undershoot heading through North; Overshoot heading through
South.

Note. Do not align the heading indicator with the magnetic compass if you are changing
speed or direction, or entering a climb or descent, as the magnetic compass will be
experiencing acceleration or turning errors. When aligning the heading indicator with
the compass keep the wings level and maintain a constant speed.

One of the advantages of a heading indicator is that it is not subject to turning or
acceleration errors. However its accuracy depends on it being correctly aligned with
magnetic north.

When accelerating or
decelerating on an
easterly or westerly
heading, use:

‘AN D S:” Accelerate—
apparent turn North;
Decelerate—apparent
turn South.

When turning onto a
heading use: “UN O S.”
Undershoot heading
through North;
Overshoot heading
through South.

A magnetic compass
only reads accurately in
straight unaccelerated
flight.
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REVIEW 7

Flight Instruments

Pressure Instruments

How is static pressure measured?

What does the pitot tube collect?

Why are electrical pitot heaters fitted in airplanes?
What does the VSI measure?

Which pressure(s) does the ASI use?

The pitot tube/static vent provides total or impact
pressure for which instrument(s)?

Will the altimeter be affected if the pitot tube
becomes clogged, but the static vents remain
clear?

. Will the airspeed indicator be affected if the pitot

tube becomes clogged, but the static vents remain
clear?

19.
20.

21.

Refer to figure 7-48 for questions 19 to 21.

What is the caution range of the airplane?
What is the full flap operating range for the
airplane?

What is the maximum flaps-extended speed?

9. Which instrument(s) will be affected if the static
vents become clogged?

10. If a static vent ices over, what will the altimeter
show during a climb?

11. What color arc on the ASIindicates the following:

a. the caution airspeed range of an airplane?
b. the normal-operating airspeed range of an

airplane? Figure 7-48 Airspeed indicator.
c. the normal flap-operating range of an airplane? '

12. Which color on the ASI identifies the never- _ )
exceed speed? 22. What is standard MSL pressure? Give your

' in both in. Hg. and hect Is.

13. Which color on the ASI identifies the power-off answer 1.n © ) 1. Hg- and hee 9pasca ° )
stalling speed with wing flaps and landing gear in 23. If 30.05. is set 1p tl.le pressure w1nd9w, what.W}ll
the landing configuration? the altimeter indicate when the airplane is in

' flight?

14. With wings-level and full flaps extended, what is 5 ) o _
stall speed indicated as on the ASI? 24. If the current altimeter setting is set in the pres-

15. Where is stall speed, with wings-level and no sure window, what will the altimeter indicate

. i with wings-lev . .
’ hen th 1 flight?
flaps extended, indicated on the ASI? whent Hle altp 2‘1116 i ) 8 o )
16. Ts it ssible to flv at ds in th 1 25. Ifthe currentairport altimeter setting is set in the

-8 lt‘p ermlss1. eto {ha .sgaee § 1h the yellow pressure window, what will the altimeter indicate

caution range in smooth air? . .

when the airplane is on the runway?
? i _

17. True or false? The maximum flaps-extended 26. What is absolute altitude?
speed corresponds to the high-speed end of the ) ) )
green arc. 27. What is density altitude?

18. Is the altimeter a pressure instrument? 28. What must you set in the pressure window of the

altimeter prior to takeoft and landing?
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29.

30.

31.

32.

33.

34.

35.
36.

What is usually set in the pressure window when
cruising below 18,000 feet in the United States?
Explain why this is done.

Refer to figure 7-49 for question 30.

What is the altitude depicted by:
a. altimeter A?
b. altimeter B?
c. altimeter C?

You are departing from an airport where you

cannot obtain an altimeter setting. You should:

a. set 29.92 in. Hg in the pressure window of the
altimeter.

b. set the altimeter to read field elevation.

c. set the altimeter to read zero.

If a pilot changes the altimeter setting from 30.11
to 29.96, what is the approximate change in indi-
cation?

You change the setting in the pressure window
of an altimeter from 29.92 to 29.98. What will
happen to the indicated altitude?

The current altimeter setting is 30.32 in. Hg. Ifan
airplane is flying at an altitude of 6,500 feet MSL,
what is its approximate pressure altitude?

What does a cruising level of FL230 signify?

True or false? If you fly from an area of high
pressure into an area of low pressure without
adjusting the altimeter setting while maintaining
a constant indicated altitude, the airplane will be
at the indicated altitude.

37.

38.

39.

40.

41.

42.

On warmer than standard days, the pressure and
density levels are raised. What effect does this
have on the indicated altitude in relation to true

altitude?

What conditions are required for the pressure
altitude to be equal to the true altitude?

Under what conditions will true altitude be
higher than indicated altitude?

True or false? The altimeter will indicate a lower
altitude than actually flown (true altitude) when
the air temperature is lower than standard.

If the outside air temperature increases during
a flight at constant power and at a constant
indicated altitude, what will happen to the true
altitude?

What does an encoding altimeter send electronic
altitude information to?

Gyroscopic Instruments

43.

44.

45.

46.

47.

Is the miniature airplane of an Al adjustable?

During a turn to the left, where will the left wing
of the miniature airplane appear in relation to the
horizon bar of the AI?

What sort of information does the turn indicator
give?

What sort of information does the turn coordina-
tor give?

Does the turn coordinator give pitch informa-
tion?

Figure 7-49 Altimeter presentation.
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48.

49.

50.
51.
52.

53.

54.

55.

56.

Most turn coordinators have markings
to indicate a standard-rate turn left or right. What
is standard rate (° per second)?

What should the gyroscopic heading indicator be
regularly realigned with?

The vacuum pump operates which instruments?
Slip or skid is indicated on which instrument?

Failure of the electrical supply to an electrically
driven attitude indicator may be indicated by:

a. a low ammeter reading.

b. a red warning flag.

c. low suction.

Some airplanes have an electrically driven turn
coordinator with the other gyroscopic instru-
ments being vacuum-driven. Why?

Which instrument provides direct pitch attitude
information?

Which instrument provides rate of turn informa-

tion?

To receive accurate indications during flight from

a heading indicator, the instrument must be:

a. set prior to flight on a known heading.

b. calibrated on a compass rose at regular inter-
vals.

c. periodically realigned with the magnetic
compass as the gyro precesses.

Magnetic Compass

57.

58.

59.

60.

61.

The earth rotates about its axis. This axis inter-
sects the surface of the earth at which points?

The lines of magnetic force surrounding the earth
flow to which points on the earth?

What is the difference between true north and
magnetic north at any point on earth called?

Is the difference between true north and magnetic
north constant over the earth?

If a perfect magnetic compass points 10° to the
right of true north at a particular point on earth,
what is the magnetic variation?

62.

63.

64.

65.

66.
67.
68.

69.
70.

71.

72.

73.

74.

75.

Your airplane is headed due east (090° true or
TH 090). What will the compass indicate (MH)
if magnetic variation at that position on earth is:
a. 10° east?

b. 4° east?

c. 5% west?

What do you call lines drawn on charts joining
places of equal magnetic variation?

What line joins places where the variation is
zero (i.e. where the directions to true north and
magnetic north coincide)?

How would you depict a heading of magnetic
south?

How would you depict a heading of south-west?
What is magnetic variation the result of?

What is deviation in a magnetic compass caused
by?
Deviation varies with which factor(s)?

During flight, the indications of a magnetic
compass are accurate:

a. in straight-and-level unaccelerated flight.

b. if the airspeed is constant, even in turns.

c. in straight-and-level flight, even if accelerating.

What does the reference line of the magnetic
compass indicate?

Runway 32 at a particular airport could have a
bearing of approximately:

a. 032°M.

b. 322°M.

c. 032°T.

Acceleration errors for a magnetic compass occur
on which headings?
You are heading MH 010 in the Northern Hemi-

sphere and want to make a left turn to a heading
of MH 300. What should you do?

You are heading MH 210 in the Northern Hemi-
sphere, and want to make a left turn to MH 160.
What should you do?

192

Ground School The Airplane



76.

What affects the amount of magnetic dip?

77. Turning and acceleration errors of the magnetic

78.

compass will be greater in Alaska than in Florida.
Why?

In the Northern Hemisphere, a magnetic compass
may initially indicate a turn toward the east if:
a. it decelerates while on a southerly heading.

b. it accelerates while on a northerly heading.

c. it turns left from a northerly heading.

79. During flight, when are the indications of a

80.

magnetic compass accurate?

In the Northern Hemisphere, a magnetic compass

will normally indicate a turn toward the north if:

a. aright turn is entered from an east heading.

b. a left turn is entered from a west heading.

c. the aircraft is accelerated while on an east or
west heading.

Answers are given on page 673.
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AIRWORTHINESS

When a new type or model of airplane is designed and built, the manufac-
turer applies for and, after suitable tests on the original test airplanes have been
passed, is granted a Certificate of Type Approval. This document is issued to the
manufacturer by the aviation authority in the country of manufacture (Federal
Aviation Administration (FAA) in the United States).

Engineering and safety requirements, reliability and many other factors are
considered in detail, and many inspections and flight tests are carried out prior to
the issue of a Type Certificate. Once it is obtained, the manufacturer commences
production and a new airplane type comes onto the market. The pilot does not
see the Type Certificate, which is retained by the manufacturer.

The airworthiness requirements for airplanes are specified in the Federal
Aviation Regulations. A large number of documents are involved in the airwor-
thiness system, but those of most immediate importance to the individual pilot

Figure 8-1 Examples of
are the: airplane registrations.
o Certificate of Registration (Part 91);

o Certificate of Airworthiness (Part 91); and
« Approved Flight Manual (Part 91).

REGISTRATION NOT TRANSFERABLE UNITED STATES OF AMERICA
DEPARTMEN UNITED STATES OF AMERICA This cortificate DEPASR_}MAE:‘?;TRRBN;T:;JAS:‘T_;E;:Z‘; ;V'”'ON ADMINISTRATION
PARTMENT OF TRANSPORTATION - FEDERAL AVIATION ADMINISTRATION |must be In the alr-
CERTIFICATE OF AIRCRAFT REGISTRATION ctlt_whan aparaed, CERTIFICATE
1 NATIONALITY AND 2 MANUFACTURER AND MODEL 3 AIRCRAFT SERIAL 4 CATEGORY
:‘JEAGTISOTP:AI}TJ An’nwﬁ s N AIRCRAFT REGISTRATION MARKS NUMBER
i} A’ N MARK! SERIAL NO.
B20FT 10009 American General Aircraft Normal
MANUFACTURER AND MANUFACTURER'S DESIGNATION OF AIRCRAFT N620FT AG-5B 10009 Utility
AMERICAN GENERAL ACFT CORP AG5B 3 AUTHORITY AND BASIS FOR ISSUANCE
T tothe F Aviat 11958 " e
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Figure 8-2 Certificate of Registration. Figure 8-3 Certificate of Airworthiness.

Certificate of Registration

The Federal Aviation Regulations require that an American-owned or operated air-plane
be on the Register of Aircraft. When this is done for an individual airplane, the FA A issues
a Certificate of Registration to the owner. The airplane is given a registration number to
follow the letter “N,” which is the United States nationality marking, for example, N4713P,
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and this must be displayed prominently on the airplane in specific sizes and positions.
Examples of other aircraft nationality markings are: “D-” for Germany (Deutschland),
“F-” for France and “G-” for Great Britain.

The Certificate of Registration must be carried and prominently displayed in the
airplane. Before flight you should verify that the airplane is registered.

Certificate of Airworthiness

The Certificate of Airworthiness is issued by the FAA for an individual airplane. This
may be American or an American approval of a foreign certificate. The Certificate of
Airworthiness is normally granted for an unlimited period—its validity being subject
to regular inspections. However, in some cases, the Certificate of Airworthiness may be
issued for only a specified period. It should be carried in the airplane and prominently
displayed.

The Certificate of Airworthiness is issued by the FAA for an individual airplane to
operate in a particular category, provided it complies with the appropriate airworthiness
requirements. Categories and their authorized purposes include transport, experimental,
normal, limited, utility, restricted, acrobatic, and provisional.

A private pilot is likely to fly airplanes in the following categories, which are defined
in Part 23 of the Federal Aviation Regulations:

« normal category—below 12,500 pounds and non-acrobatic maneuvers limited to
stalls (but not whip stalls), lazy eights, chandelles and steep turns of 60°. Typical
limit load factors are +3.8g and -1.52g;

o utility category—same as for a normal category, plus limited acrobatics (aerobatics),
which may include spins. Typical limit load factors are +4.4g and -1.76g. Note that
some airplanes in the normal category may be allowed to operate in the utility
category within certain specified weight-and-balance limits, usually with fuel/
passenger restrictions; and

o aerobatic category—airplanes in this category are fully aerobatic, but may have some
limitations based on flight test results. Typical limit load factors are +6.0g and -3.0g.

Never intentionally carry out inappropriate maneuvers for the category of your
airplane—structural damage or destruction is a very real possibility. The Certificate of
Airworthiness has other documents associated with it,
in particular, the approved Flight Manual.

1. | General Section;
. 2. |Limitations Section;
Approved Flight Manual (AFM) 3. | Emergency Procedures:
The Flight Manual for each airplane must be approved 4. Normal Procedures:
by the. FAj%. The AEM comes in various forms, including 5. | Performance:
tbe Pilot’s Operating Hafldbook (POH) for rr‘lodern 6. Weight and Balance:
airplanes, and the Owner’s Manual for older aircraft. — 5
) . 7. | Description and Operation
These documents must contain the latest valid informa- of the Airplane and its
tion for the airplane. Systems;
The information in the Flight Manual is presented in 8. |Handling, Service and
a standard format, as given in table 8-1. Maintenance; and
The pilot must comply with all of the requirements, 9. |Supplements (optional
C e . systems and equipment
procedures, and limitations with respect to the opera- not provided with the
tion of the airplane as set out in its approved Flight standard airplane).
Manual. Placards placed in the cockpit will often reflect Table 8-1
the Flight Manual limitations, and have the same status. Sections of the Flight Manual.
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Maintenance

The owner or operator of an airplane is responsible for maintaining it in an airworthy
condition. Specific FAA requirements for maintenance may be found in Parts 91 and 43
of the Federal Aviation Regulations.

AIRFRAME LIMITATIONS
Weight Limitations

The gross weight (GW) of the airplane is subject to certain limitations. Some of the
limitations are structural in nature, as the airplane is designed and built to perform
certain tasks and carry certain loads, up to a maximum. Other limitations stem from the
performance limitations of the airplane—certain conditions of temperature, pressure,
runway conditions, and wind, may limit allowable weights for takeoff, landing and so on.

Maximum Takeoff Weight (MTOW)

This is a structural limitation. The MTOW is the maximum gross weight, according to
the Flight Manual and approved weight-and-balance documents, at which that airplane is
permitted to takeoff. The takeoff weight (TOW) for a particular takeoff must not exceed
the structural MTOW or the weight as limited by airplane performance and runway
considerations.

Maximum Landing Weight (MLW)

This is also a structural limitation. The MLW is the maximum gross weight, according to
the Flight Manual and approved weight-and-balance documents at which that airplane
is permitted to land.

Note. The landing weight (LW) for a particular landing should not exceed the structural
MLW or the weight as limited by airplane performance and runway considerations.
The MLW is usually less than the MTOW because of the greater stresses expected in
landing compared with taking off.

Maximum Zero Fuel Weight (MZFW)

Although not generally applicable to light airplanes, you should be aware that most large
airplanes have a structurally limited zero fuel weight (MZFW). This limit is imposed to
ensure that stresses on the wing caused by the upward lift forces in flight are not excessive.
The fuel load carried in the wing tanks exerts a downward force which helps to relieve
these stresses. Any load above MZFW must be usable fuel in the wings.

Maximum Ramp Weight

The maximum ramp weight is the maximum gross weight permitted prior to taxiing.
It may exceed the maximum takeoff weight by the taxi fuel allowance. While this is not
specified for many light airplanes, you may come across it.

Speed Limitations

The airplane should only be flown in a specific operating speed range, limited by certain
high and low speeds. Sometimes aerodynamic considerations provide the reason for the
limit (the stall speed Vy is the lower speed limit), and sometimes power considerations
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Gusts can increase or decrease
the angle of attack, cause high wing
loadings, or cause the wing’s
critical angle of attack to be
exceeded (stall).

limit the speeds, (the maximum speed on the cruise is limited by the amount
of power available to overcome the increasing parasite drag).

More important are the structural speed limitations. There might be suffi-
cient power available for a very high speed cruise or dive, but the airframe
may not be designed to withstand these stresses. The speed limitations range
from the structural limit of the never-exceed speed (V) on the high side
to the aerodynamic limit of stall speed (V) on the low side. Within these
extreme limits are other more cautious limits, such as the normal-operating
limit speed (Vy), and the stall buffet.

The Never-Exceed Speed—V,

Vi is the absolute maximum speed at which the airplane may be flown.
It is indicated on the airspeed indicator (ASI) by a red line. Any gusts or
maneuvering at speeds approaching V,, may cause unacceptable load factors
leading to airframe deformation and failure. A sensible pilot would not allow
the airplane to approach this speed under normal operations.

The Normal-Operating Limit Speed—V,,

Vo is known as the normal-operating limit speed, or the maximum struc-
tural cruising speed, and is the maximum speed at which the airplane should
be flown under normal operating conditions. You should not exceed Vy,,
because while it may be safe in smooth air, any gusts could overstress the
airframe.

The normal-operating speed range is indicated on the ASI by a green arc.
Above V, (normal-operating limit speed) is a yellow or orange caution arc,
extending to the limiting red line at V.

The Maneuvering Speed—V, or V,,,,

When the pilot is maneuvering the airplane, the control surfaces (ailerons,
elevators and rudder), the wings and the empennage are all subjected to
increased loading. Maneuvering speed (V,) is the maximum speed for
maneuvers at which full application of the primary flight controls cannot
overstress the airframe. This is because below V, the airplane will always stall
before the limiting load factor is reached. V, is not marked on the airspeed
indicator. Note that the airplane Flight Manual may specify varying speeds
for V, because, at light weights, V, is slower than at higher weights. See figure
8-8 (page 202).

Maximum operating limits

| —
S as— PR . —
/ Stall Stall buffet Vio VNe E/
/ N Y =
RRPS — =
?ﬁ dc)a Normal operating limits \ Speed in
talle
airplane excess of Vg

Figure 8-6 The speed range of an airplane.
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Flying in Turbulence

Turbulent air or gusts can change the direction of the local relative airflow and the angle
of attack almost instantaneously. Flying slowly (at a high angle of attack), an upward gust
could increase the angle of attack causing the wing to stall. Flying slowly through gusts
therefore decreases the stresses on the airplane, but exposes it to the possibility of a stall.
Flying fast through turbulence gives a bumpier ride and puts more stress (higher load
factors) on the structure that could exceed the structural load factor limits.

The turbulence-penetration speed (Vg or Vo ;p)» or the rough-air speed (Vy , ), are the
recommended target speeds for flying through turbulence. They are compromise speeds
to avoid the stall on the low-speed side and excessive wing loading on the high-speed side.
Not every airplane Flight Manual will specify a V;, or V. In this event, you should use
the maneuvering speed (V, ) to avoid structural damage. Vy, should not be exceeded in
turbulence.

Other Maximum Speeds Specified

As the flaps are lowered, drag increases and the airframe is subjected to extra stresses
and so a maximum flaps-extended speed (V) is usually specified. For airplanes with
retractable landing gear (also known as retractable undercarriage) one or two speed
limitations will be specified according to system design. The maximum speed for oper-
ating (extending or retracting) the landing gear (V| ,) may be slower than the airspeed
at which you may fly with the gear extended (V). This is because, while the landing
gear is extending and retracting, some gear doors may open outward into the airstream
and be subjected to air loads. With those systems in which the doors close again once
the gear is extended, the faster airspeed V| is permitted. Also, the landing gear system
may include small locking devices which strengthen the landing gear structure when it
is fully extended.

Load Factor Limitations

In straight-and-level flight, the airframe is subjected to 1g forces. You 41
also experience a force of 1g exerted on your body by the seat, equal and
opposite to your weight. This force, both on the airframe and you, will
change in maneuvers. Any maneuvering, such as turning, pulling out
of a dive, or performing aerobatics will increase or decrease this load on
the airplane structure and you. For example, a 60° banked turn increases
the structural load to 2g, and pulling out of a dive at a fast airspeed could
easily achieve a load factor of 3 or 4g.

It is important when recovering from the more unusual flight atti-
tudes (steep turns, steep dives, spiral dives) that you avoid pulling exces-

Load Factor L/W (g-forces)

sive “g”, because this may overstress the airframe. 1
Aswell as the static load factor or g-forces, there are dynamic strength

considerations, such as dynamic instability of the airplane in high-speed

tlight, flutter in the control surfaces, which, if allowed to develop, can

lead to structural failure.

The Velocity/Load Factor or V-G Diagram

The V-G diagram illustrates the flight operating strength of an airplane. Limit load
factors and limit speeds are specified by the FAA for different airplane categories, within
which the airplane must be operated. Taken beyond these limits, the airplane may suffer

0 10° 20° 30° 40° 50° 60° 70°

Bank Angle

Figure 8-7

Load factor versus bank angle.
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Above V, you should
avoid making any
abrupt or large
control movements.

structural damage or even structural failure. As can be seen in figure 8-8, the amount of
excess load (in excess of 1g) that can be imposed on the wings without causing structural
damage depends on airspeed. The high-speed limit is V;, the never-exceed speed, and
the low-speed limit is the stall. The stall speed is affected by the load factor, occurring at
higher speeds when g’s are being pulled.

Full backward movement of the control column will increase the g-loading but, at
low speeds, the stall occurs before the limit load factor is reached. At speeds above V,,
however, the wing is at a small angle of attack, and so lots of excess lift is available by
pulling the control column back. This could cause the limit load factor to be exceeded,
therefore you must not apply full back stick at high speeds.

Gusts also cause changes in the load factor and care should be taken when flying in
turbulence. Vy,, the normal-operating limit speed, should not be exceeded except in very
smooth air, when Ve becomes the absolute limit.

The limit load factor should never be intentionally exceeded, because of the risk of
structural damage. The load factor at which the structure will actually break is called the
ultimate load factor and it is greater than the limit load factor.

Load factor (g) A
Structural
Aerodynamically damage
not available or failure
Positive g due to stall O
N — —
,a\'b ! Positive load factor limit
\o\ \\% '
G
~{\® 6%
74 :
Ry (Smooth
Erect, straight 1g}-------- e I‘,P&‘G ' air only)
& level flight o ; CAUTION
' <+RANGE->
0 . L > IAS
0 Vs Va Vno VNE
e <«— NORMAL FLAPS-UP—» Possible
, oy OPERATING RANGE structural
Negative g //,‘,)' damage
//f@
O’é]/ Negative load factor limit
Aerodynamically %,
not available %,
due to stall o
Vg Vo VNE
Yellow
White |
Ve Red

Airspeed indicator — color coding

Figure 8-8 A typical V-G diagram related to ASI markings.

Checks Following Excessive Stress on the Airframe

While you must not knowingly exceed the airframe limitations, excessive stress can be
caused by unexpected severe turbulence or a particularly heavy landing. In both cases,
the wing structure may be heavily loaded and, in the case of a heavy landing, the landing
gear and the areas to which it is attached to the airframe will have been heavily loaded.

One of the responsibilities of being a pilot is to ensure that following pilots will be
presented with an airworthy airplane. The occurrence of heavy stress must be referred
to an aviation maintenance technician (AMT). There could be damage not immediately
apparent to you during an inspection, quite apart from those items already mentioned.
For this reason, if an airplane has been overstressed, you must ensure thatan AMT carries
out an inspection prior to the next flight.
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Many light airplanes are of semi-monocoque construction, where the loads are carried,
not only by the internal structure, but also by the skin. Damage to either of these will
weaken the overall structure. In carrying out an inspection, the AMT will look for
indications of stress on the airframe, the main external items being:

o distortion of the structure;

o cracks;

o popped or sheared rivets; and

« wrinkles in the skin, especially in the areas surrounding the main structural attach-

ments for the engine, wing, wing struts, landing gear attachments, and tailplane.

Severe overload can distort or break the wings and associated struts or braces. In the
case of a heavy landing, checks of the landing gear and the areas surrounding its attach-
ment points would be made, for example, the engine firewall to which a nosewheel may
be attached.

AIR DENSITY

Pressure and temperature are extremely important factors in the operation of airplanes,
and affect both the performance of the airframe and the engine. The critical element is
air density, which decreases as pressure falls and temperature rises. On a hot day, the air
is less dense and the performance capabilities of the airplane will be reduced. Similarly,
if the pressure is low (for example, on takeoff at an airport of high elevation), the air will
be less dense, and airplane performance will suffer. Of the two factors, temperature has
the most effect.

The power delivered by the engine depends on the weight of the fuel/air charge— the
less dense the air, the lower the power-producing capability of the engine.

The aerodynamic qualities of the airframe depend on air density. If air density decreases,
then aerodynamic qualities decrease, and the airplane will have to move faster through
the air to create the same aerodynamic forces. High temperatures and low pressures (at
altitude) cause a decrease in air density, as does high humidity (moisture content).

Factors Affecting Air Density

Altitude

The earth is surrounded by an atmosphere of gases held near the earth by gravity. The
pressure that this atmosphere exerts at any point on the earth depends on the weight of
the air pressing down from above. Since gravity compresses the molecules of air closest
to the earth, the air density and therefore the pressure decreases with altitude. Since both
engine and aerodynamic performance depend on air density, airplane performance is
poorer at high altitudes.

Temperature

Heating of an air mass to a higher temperature causes it to expand and its density to
decrease, resulting in a reduction in both engine and aerodynamic performance. Airplane
performance is therefore poorer on hot days. Temperature generally decreases with altitude
(the nominal standard rate is approximately 2°C/1,000 feet). Although cooling of an air
mass increases its density, the effect of this, as altitude is gained, is not as great as that of
the decreased pressure—the overall effect is still a decrease of density at higher altitudes.

Structural damage can
exist even without
external indications. If
you overstress an
airplane you must
ensure an AMT
checks it.

Figure 8-9
Performance reduces
when air density
reduces.

Performance reduces
as altitude increases.

Performance reduces
as air temperature
increases.
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Performance reduces
as humidity increases.

Humidity
The mixture of gases that we call air consists mainly of nitrogen (78%), oxygen (21%), and
water vapor. The other 1% consists of argon, carbon dioxide and other gases.

The presence of water vapor in the air is called humidity. Because water molecules are
very light, a high humidity will cause the air density to be slightly less, but no account
of this effect is taken in performance charts. You should be aware, however, that high
humidity will cause reduced performance that is not allowed for on the performance
charts.

Just how much water a parcel of air can hold depends on its temperature—warm air
is able to hold more water than cold air. If a parcel of air is holding 70% of its maximum
capacity of water vapor, then it has a relative humidity of 70%. As it cools, its capacity
to hold water vapor becomes less and, even though the actual amount of water does not
change, the relative humidity increases.

Relative humidity is defined as the amount of water vapor present in a parcel of air
compared to the maximum amount that it can support (when saturated) at the same
temperature. High relative humidity means poorer airplane performance.

The Standard Atmosphere

Approx 36,000 ft constant -56.5°C The continual changes in temperature and pressure which take place

Temperature
decrease
2°C per 1,000 ft
(approximately)

Mean sea level

Standard temperature +15°C (+59°F)
Standard pressure 29.92 in. Hg (1013.2 mb)

in the atmosphere make major difficulties for engineers and meteo-
rologists, who need a fixed standard reference for calculations such as
airplane performance, instrument calibration, and determination of
cloud heights. As a result a standard atmosphere has been derived with
specific values of temperatures and pressures. The important values for
pilots are as follows:
« a surface temperature of 59°F (15°C) and a surface pressure of
29.92 inches of mercury (1,013.2 millibars—mb) at sea level; and
« a temperature lapse rate of approximately 2°C per 1,000 feet up
to approximately 36,000 feet, where the temperature of -56.6°C is
assumed to remain constant up to approximately 80,000 feet. (See
also chapter 13.)

Note. It is still common practice to use °F for surface temperatures,
but °C are used almost exclusively for temperatures aloft.

The standard atmosphere described above is essentially the same
as that established by the International Civil Aviation Organization
(ICAO). The ICAO Standard Atmosphere (always referred to as ISA) is in

general use throughout the world, and you will find reference to both it

Figure 8-10 and the standard atmosphere during your aviation career. For instance,
The standard atmosphere. you may be told that on a “standard day” a takeoff run of 2,000 feet is

required. Similarly, you may be told that the temperature deviation is
“ISA+10°C” or “10° warmer than standard.”

Pressure Altitude

The standard mean sea level pressure is 29.92 in. Hg, and this decreases at about 1 inch
of mercury per 1,000 feet increase in altitude (up to about 5,000 feet). At 2,000 feet, the
standard pressure will have decreased by approximately 2 in. Hg, (from 29.92 in. Hg to
27.92 in. Hg). If the point where your airplane is located has a pressure of 27.92 in. Hg,
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then we say it has a pressure altitude of 2,000 feet, which means it is 2,000 feet above the

29.92 in. Hg pressure level.

Pressure altitude is the altitude in the standard atmosphere above the 29.92 in. Hg
pressure level at which the pressure equals that of the point under consideration.

The easiest way to read pressure altitude in the cockpit is to set 29.92 in the pressure
window—the altimeter will then indicate pressure altitude. Knowing the pressure altitude
allows us to compare the airplane performance against a known standard.

Example 8-1

An airplane is flying at 5,000 feet with altimeter setting 30.34. How can
you find the pressure altitude in flight? (See figure 8-11.)

Answer: The altimeter measures altitude above or below the particular
pressure level set in the pressure window. To quickly estimate pres-
sure altitude, simply wind 29.92 into the pressure window. Winding off
inches, winds off altitude.

Pressure altitude can also be estimated (using a decrease of 1 in. Hg
per 1,000 feet gain in altitude), or found using the pressure altitude
conversion factors on a density altitude chart (see figure 8-15).

Example 8-2

If local altimeter setting is 29.42 in. Hg, find the pressure altitude of an
airport with an elevation of 20 feet (figure 8-12).

Answer: Since pressure decreases with altitude, the standard pressure
level of 29.92 in. Hg must be below sea level. To find pressure altitude
(altitude above the standard 29.92 in. Hg level), we first find the altitude
difference between MSL (with a setting of 29.42) and the 29.92 in. Hg
level. The 0.5 in. Hg difference is equivalent to (0.5 x1,000) = 500 feet.
The airport is a further 20 feet above this, therefore it is 520 feet above
the 29.92 in. Hg pressure level. The pressure altitude is 520 feet.

Example 8-3

The altimeter setting is 30.50 in. Hg at an airport with an elevation of 20
feet. Find the pressure altitude of the airport (figure 8-13).

Answer: The standard pressure level of 29.92 in. Hg must be above
MSL on this particular day. The pressure difference of 0.58 in. Hg (30.5
— 29.92) means that the altitude difference is about (0.58 x 1,000) = 580
feet. From figure 8-13 we can see that the airport is 560 feet below the
standard 29.92 in. Hg pressure level. Thus, its pressure altitude is -560
feet.

More Accurate Calculation of Pressure Altitude

,,%

5,000 ft
5,000 feet 4,580 feet
read off read off
altimeter altimeter
299inHe) ________ Y
30.3¢in.HgV
B N |
Figure 8-11 Example 8-1.
— 7
29.42in. Hg f ‘EO e
-
500 feet PA =
(.5 x 1,000) 520 feet
29.92 in. Hg

2982inHg __ _ ___ ____
580 feet PA =
(.58 x 1,000) -560 feet
Ly n
30.5 in. Hg flzo feet
e ey

Figure 8-13 Example 8-3.

As an alternative to estimating pressure altitude by using the approximation of 1 in. Hg
per 1,000 feet change in altitude, the pressure altitude data given in the density altitude
chart in figure 8-15 can be used. This will give a more accurate answer than the approxi-
mations used in examples 8-2 and 8-3 above.

In figure 8-15, to the right of the chart, there are two columns. The left-hand column
shows the altimeter settings, and the right-hand column the pressure altitude conver-
sion factor, which is the correction (in feet) which must be added or subtracted from the
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indicated altitude, which is based on the local altimeter setting to obtain pressure altitude.
For example, with a local altimeter setting of 28.80 in. Hg, you would add 1,053 feet to
the indicated altitude to obtain the pressure altitude. Similarly, if the altimeter setting
was 30.40 in. Hg, you would have to subtract 440 feet.

For in-between altimeter settings that are not tabulated, such as 29.45 in. Hg, you
will need to interpolate, or estimate, the in-between number. In this case, the correction
number lies halfway between the 485 for 29.4 and the 392 for 29.5. The difference in
altitude is (485 — 392) = 93, half of this is 47 which we can add to 392 (or subtract from
485) to give +439 feet correction.

Example 8-4

Using the same data as in example 8-3, find the pressure altitude using figure 8-15.

From the chart, the pressure altitude conversion factor for an altimeter setting of 30.50
in. Hg is -531 feet. Field elevation is 20 feet, so pressure altitude is: 20 — 531 = -511 feet
(compared with -560 feet using the approximation of 1 in. Hg = 1,000 feet).

Temperature

The higher the temperature the lower the air density—and the poorer the airplane perfor-
mance. Standard (ISA) sea level temperature is +15°C and it falls at approximately 2°C
per 1,000 feet gain in altitude:

o at 1,000 feet in the ISA, the temperature will have fallen to +13°C;

o at 2,000 feet in the ISA, the temperature will have fallen to +11°C; and

« at 3,000 feet in the ISA, the temperature will have fallen to +9°C.

To Calculate ISA (Standard) Temperature

ISA temperature in °C at any altitude = 15 — (2 x number of thousands of feet).

Example 8-5
ISA at 9,000 feet

15 -2 x9)
15 - 18 = -3°C

Example 8-6

ISA at 13,500 feet = 15 - (2 x 13.5)

15 - 27 = -12°C

Note. Temperature is usually expressed in °C. To allow for occasions when you have to
use a performance chart that is still using °F, standard MSL temperature is +59°F (the
equivalent of +15°C) and the temperature lapse rate is approximately 3.6°F/1,000 feet.

Example 8-7

ISA in °F at 9,000 feet = 59 - (3.6 x 9)
=59 - 324 = -26.6°C
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Fahrenheit and Celsius Conversions — ) ooc
There are two main temperature scales used in aviation at present. If you | [ soting point | [
are flying in foreign countries, it may be necessary to convert from one of water
to the other. The Fahrenheit and Celsius scales both use the boiling point
and freezing point of water as set temperatures—the difference between 54 nits 100 units
them is 180°F or 100°C as shown in figure 8-14.
Each 1°C is larger than 1°F by a ratio of %100 or %s. The starting point
of both scales is the freezing point of water, 0°C or 32°F. These can be
combined into one relationship connecting °F and °C: | | e
F=%C+32 C=%F- 32 UFrengwgtg?mt 0)
Fahrenheit Celsius
Example 8-8 scale scale
Convert 20°C to °F: °F = (% x 20°C) + 32 = 36 + 32 = 68°F. . Figure 814 .
. . . . Comparing the Fahrenheit and Celsius
To reverse the relationship, simply subtract 32 from both sides and temperature scales.

then multiply both sides by 4 to obtain °C = %4 (°F — 32). For example,
to convert 68°F to °C: °C = 34 (68°F — 32) =54 x 36 = 20°C.

Note. In practice, the easiest method of converting temperatures is to
use the flight computer (see chapter 24).

To Calculate Deviations from ISA (Standard) Temperature

Temperature at an altitude is often expressed as an ISA deviation, which is the difference
between the standard, or ISA, temperature at that altitude and the actual temperature
at that altitude. For instance, at 9,000 feet the ISA temperature is -3°C. If the actual
temperature at 9,000 feet today happens to be -8°C, the actual temperature is 5°C colder
than the ISA temperature, which is described as ISA — 5.

Example 8-9

Express an actual temperature of +16°C at a pressure altitude of 3,000 feet as an ISA
deviation.

ISA at 3,000 feet = 15 - (2 x 3) = 15 - 6 = +9°C
16°C at 3,000 feet is 7° warmer than the IAS temperature +9°C = ISA+7

Density Altitude

Airplane and engine performance depend on air density. It is impracticable for you to
have the equipment necessary to measure air density, so we use two pieces of information
already available in the cockpit and on which air density depends—pressure altitude and
temperature.

By considering pressure altitude and temperature, we are really considering density.
Most performance charts allow us to enter with pressure altitude and temperature, there-
fore there is usually no need to calculate density directly.

The term density altitude is simply one means of describing air density—it is the alti-
tude in the standard atmosphere that has an identical density as the air we are considering.
If temperature or pressure are nonstandard (which is almost always the case), then density
altitude will differ from the airplane’s true altitude MSL:

o the lower the pressure, the higher the density altitude; and

o the higher the temperature, the higher the density altitude.
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Altimeter Setting | Pressure altitude
("Hg) conversion factor
28.0 1,824
28.1 1,727
28.2 1,630
28.3 1,533
28.4 1,436
28.5 1,340
28.6 1,244
28.7 1,148
28.8 1,053
28.9 957
29.0 863
29.1 768
29.2 673
29.3 579
29.4 485
29.5 392
29.6 208
29.7 205
29.8 112
29.9 20
29.92 0
30.0 -73
30.1 -165
30.2 -257
30.3 -348
30.4 —440
30.5 -531
30.6 —622
30.7 —712
30.8 -803
30.9 -893
31.0 -983

°C -18°
°F 0°

-12° -7° -1° 4° 10° 16° 21° 27° 32° 38° 43°
10° 20° 30° 40° 50° 60° 70° 80° 90° 100°  110°

Outside air temperature

Figure 8-15 Density altitude chart.

To Calculate Density Altitude

1. Determine pressure altitude as discussed previously, by:
a. setting 29.92 in pressure window and reading altimeter;
b. by using the 1 in. Hg/1,000 feet approximation; or
c. by using the tabulated pressure altitude conversion factor.

The main reason for calculating density altitude is to determine airplane performance—
and you may allow for its effect unknowingly if you enter performance charts or graphs
with pressure altitude and temperature. Sometimes however, you need to calculate density
altitude specifically, and this is done in two steps.
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2. Adjust pressure altitude for temperature by:
a. mental arithmetic (each deviation of 1°C above the temperature in the standard
atmosphere, or ISA, will increase density altitude by approximately 120 feet, or
70 feet for each 1°F deviation); or
b. graph (see density altitude chart in figure 8-15); or
c. light computer (see chapter 24).

Example 8-10

Using the density altitude chart in figure 8-15. What is the density altitude if the altim-
eter reads 5,000 feet with 28.30 in. Hg in the pressure window, and the true outside air
temperature is 90°F?¢
1. Pressure altitude = 5,000 + 1,533 (from table) = 6,533 feet.
2. Enter graph at bottom with 90°F and proceed up to your estimate of the 6,533 feet
(say 6,500 feet) sloping pressure altitude line, and then read across horizontally from
this intersection to obtain the answer: 10,000 feet density altitude.

Indicated Airspeed and Performance

We stated earlier that indicated airspeed (shown on the airspeed indicator in the cockpit)
is related to dynamic pressure, which is dependent on air density and velocity (YpV?).

Therefore, to create the same aerodynamic forces that are required, for instance, to
achieve takeoff, you need to fly the airplane at the same indicated airspeed regardless
of density altitude. The consequence of this is that if air density p is low, then V (true
airspeed) must be greater. Therefore when air density is low, to achieve the required
indicated airspeed, the true speed of the airplane through the air must be greater. This
leads to longer takeoff and landing distances at high elevation airports and/or under high
temperature conditions.

Indicated airspeed
is not affected by
changes in density.

As density altitude
increases TAS
increases for a
constant IAS.

Chapter 8 Airplane Performance Factors
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REVIEW 8

Airplane Performance Factors

Airworthiness

1. Can a POH be approved by the FAA as an
approved Flight Manual for an airplane?

Refer to your own POH. Which section(s) of the

POH include(s) the following?

a. Maximum takeoff weight for the airplane.

b. Emergency procedures, such as for engine
failure immediately after takeoff.

c. Takeoff and landing performance charts or
tables.

d. Descriptions of the airplane fuel system, or any
other system.

e. A particular area navigation (RNAV) system,
which is an option that does not come with the
basic airplane.

5.

2.

Airframe Limitations

At speeds in excess of the maneuvering speed
(V,), the pilot should avoid abrupt or large control
movements. Why?

Define the following:

a. maximum landing weight;

b. never-exceed speed; and

c. turbulence-penetration speed.

What is Vy; represented on the airspeed indica-
tor by?

Refer to figure 8-16 for questions 8 and 9.

. What does the horizontal dashed line from point

C to point E represent?

3. Ifth onal ¢ olane is listed 9. The vertical line from point D to point G is repre-
) t“ y f)ll_)eril t.1ona categio Y (;1. an .alrlp aneits llcslteb sented on the airspeed indicator by the maximum
as uti ltY’ it rr_leans that this airplane cou e speed limit of which arc?
operated in which maneuvers?
4. Who is primarily responsible for maintaining an
aircraft in an airworthy condition?
5
Maximum structural cruise
4
Never exceed
3
5 Normal stall speed .
5 2 3
R
o /
g —
0
-1
-2
20 40 60 80 100 120 140 160 180 200 220
Indicated airspeed (mph)
Figure 8-16 Velocity versus G-loads or V-G diagram.
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Air Density
10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Performance tables and graphs are based on what
sort of altitude?

Air density may be accounted for by considering
which two things?

Does a water molecule weigh more than the
average “air molecule”™?

In less dense air at high pressure altitudes, is more
air processed by the propeller than at sea level?

Does less dense air at high pressure altitudes
increase propeller efficiency?

Describe a quick method of determining pressure
altitude when you are in the cockpit.

What are the standard values for mean sea level
temperature and pressure?

Which of the following would increase the density
altitude at a given airfield?

a. An increase in barometric pressure.

b. An increase in ambient temperature.

c. A decrease in relative humidity.

Estimate the approximate pressure altitude of
an airport with elevation 3,000 feet MSL if the
altimeter setting is 28.90 in. Hg.

Which combination of atmospheric conditions

will reduce airplane takeoff and climb perfor-

mance?

a. Low temperature, low relative humidity, and
low density altitude.

b. High temperature, low relative humidity, and
low density altitude.

c. High temperature, high relative humidity, and
high density altitude.

Express +9°C at 7,000 feet as an ISA deviation.

Refer to figure 8-15 (page 208)
for questions 21 to 29.

What is the pressure altitude at an airport with
elevation 3,563 feet MSL if the altimeter setting
i$ 29.96 in. Hg?

22,

23.

24.

25.

26.

27.

28.

29.

The indicated altitude is 1,380 feet with an altim-
eter setting of 28.22 in. Hg. What is the pressure
altitude?

What is the pressure altitude at an airport with
elevation 3,000 feet MSL if the altimeter setting
is 29.60 in. Hg?

From the density altitude chart, what is the
density altitude if the pressure altitude is 5,000
feet and the temperature is:

a. 42°F (i.e. standard temperature at 5,000 feet).
b. 50°F.

c. 4°C.

d. 21°C.

What is the effect of a temperature increase from
-1°C to +16°C on the density altitude if the pres-
sure altitude remains at 5,000 feet?

What is the effect on the density altitude of a
temperature decrease and a pressure altitude
decrease from +4°C and 3,000 feet to -7°C and
2,500 feet?

Determine the density altitude for the following
conditions:

Altimeter setting 29.25in. Hg
Runway temperature +27°C
Airport elevation 5,250 feet

What is the effect of a temperature increase from
25 to 50°F on the density altitude if the pressure
altitude remains at 5,000 feet.

a. 1,200-foot increase.

b. 1,400-foot increase.

c. 1,650-foot increase.

What is the effect of a temperature decrease and a
pressure altitude increase on the density altitude
from 90°F and 1,250 feet pressure altitude to 60°F
and 1,750 feet pressure altitude.

a. 500-foot increase.

b. 1,300-foot decrease.

¢. 1,300-foot increase.

Chapter 8 Airplane Performance Factors
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For questions 30 to 32, calculate the density
altitude and cross-check your answers using figure
8-15 (page 208) and your flight computer.

30. Determine the density altitude given:

Indicated altitude 5,000 feet
Pressure setting 28.30 in. Hg
Temperature ISA +10°C

31. Calculate density altitude given:
Pressure altitude 15,000 feet
True air temperature -35°C
32. Calculate density altitude given:

Pressure altitude 15,000 feet
True air temperature -5°C

Answers are given on page 675.
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TAKEOFF PERFORMANCE

Takeoff and landing are perhaps two of the most labor intensive tasks involved in piloting
an airplane, and they start long before the wheels leave the ground.

Takeoffs involve much more than smooth piloting skills; they involve careful planning
and preparation. A very smooth takeoff is of little value if the airplane, once airborne, is
faced with obstacles impossible to avoid. The takeoff performance of the airplane needs
to be matched to the runway and the surrounding obstacles prior to actually taking off.

Definitions

The ground roll is the distance an airplane will travel on the takeoff run, from a standing
start until it leaves the ground. The takeoff distance is the distance established on a paved,
level, dry runway for the airplane to clear a 50-foot obstacle from a standing start, at
maximum takeoff power. The takeoff safety speed (TOSS), which provides a 20% margin
over the stall speed, should be achieved by the 50-foot point.

Takeoff speed

at 50 ft -
Liftoff -
Standing start Maximum power ¥ 50 ft

—

<«—  Ground roll

< Takeoff distance to 50 ft ‘!
Paved level dry runway

Figure 9-2 Takeoff distance.

Factors Affecting Takeoff Performance
Weight

A heavier airplane will require an increased ground run and takeoff distance to clear a
50-foot obstacle because of the slower airplane acceleration and increased takeoff speed.
In addition, the greater weight on the wheels during the ground run increases the friction,
further reducing acceleration and increasing the distance to reach a set takeoff speed.

Increased Takeoff Speed

A heavier airplane will have a higher stall speed. Because the liftoff speed is related to
the stall speed, any increase in stall speed also means an increase in liftoff speed. After
liftoff, the greater weight will also reduce the airplane’s climb performance (rate of climb
and angle of climb) and so the distance required for the initial climb to 50 feet above

Takeoff is a critical

A heavier airplane
results in a greater
takeoff distance.
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A high airport elevation
results in decreased
airplane and engine

performance.

High temperatures
decrease airplane and
engine performance.

Shorter takeoff
run required

°C
Dense air
—————

D e ] 150 ft
—s

(Same airport, same wind/temp) Higher takeoff speed

i
i
| (because of higher Vg)
i
|
i

-

D e | - ISO ft
«.‘inzv

Increased weight, e.g. +10%
Slower acceleration

Takeoff distance
increased by 25%

Figure 9-3 Increased weight decreases takeoff performance.

the runway will be greater. This climb is still part of the takeoff distance, hence there is
a corresponding increase in the takeoff distance extracted from the performance chart.

The overall effect of a 10% increase in weight may be to increase the takeoff distance
by 25%.

Air Density

One cause of an increase in density altitude is a decrease in air density. This results in
a longer ground run and takeoff distance to clear a 50-foot obstacle. A decrease in air
density can be caused by a number of factors.

A lower air pressure will decrease the density and this can occur as a result of a different
ground-level ambient pressure or as a result of a higher airport elevation. This effect is
covered by pressure altitude, which relates the actual pressure experienced by the airplane
to a level in the standard atmosphere that has an identical pressure. High-elevation
airports lead to longer takeoff distances.

A higher air temperature will also decrease the air density, reducing airplane and
engine performance.

Low temp e g — - High temp

——

Figure 9-4 Hot, high and humid means decreased performance.
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If the air density decreases, the engine—propeller combination will not produce as
much power and so the takeoff distance will increase. In addition to the power-producing
performance of the engine—propeller decreasing, the aerodynamic performance of the
airplane will also decrease as air density becomes less.

To produce the required lift force (L = Lifting ability %2pV?2 x S), a decrease in air density
(p) means that for the same required indicated airspeed, an increase in the velocity (true
airspeed, V) is required and a longer takeoff distance will result. Not only does a lower
air density affect the aerodynamic performance of the airframe (controlled by ¥2pV?),
it also decreases the weight of the fuel/air mixture in the engine cylinders, causing a
decrease in engine power.

Headwinds and Tailwinds

A headwind reduces the ground roll and takeoff distance to clear a 50-foot obstacle. For
flight, the airplane requires a certain speed relative to the air in which it is flying. An
airplane stopped at the end of the runway and facing into a 20-knot headwind is already
20 knots closer to the liftoff indicated airspeed, compared with the no-wind situation.

In a headwind takeoff the airplane therefore reaches liftoff indicated airspeed at a lower
groundspeed, and so less ground run is required. Once in the air, the angle or gradient
relative to the ground is increased by a headwind, making for better obstacle clearance.

In a tailwind, the effect is to lengthen the ground run and to flatten the climb-out.
Tailwinds in excess of 5 knots are normally not considered suitable for takeoff. Obviously,
a takeoff into the wind shows better airmanship.

Crosswinds

The airplane must not be taken off in a crosswind that exceeds the maximum crosswind
limit for the airplane. Directional control is a problem. The aerodynamic force from

0°

10°

A headwind reduces
the takeoff distance.

Example 1:
40 knots wind at 30° angle.

Example 2:

Rwy 28
Method:

Answer:

Headwind component

A 30° angle between wind and runway.
B 40 knots total wind velocity.

C 35 knots headwind component.

D 20 knots crosswind component.

Calculate maximum safe wind strength from 340°M given:
Airplane crosswind limit 15 knots

1. Enter at 15 knot crosswind component.

2. Proceed up to 60° radial (60° being the difference
between wind direction and runway bearing).

3. Read off wind speed at 15 knots.

Maximum safe wind strength from 340°M is 15 knots.

80°
% Figure 9-5
A typical crosswind
Crosswind component corrections graph.

Chapter 9 Takeoff and Landing Performance
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Headwind
component

50%

the rudder is potentially not sufficient to overcome the effect of the
keel surfaces wanting to weathercock the airplane into the wind.
Lateral control is an additional problem, because the crosswind will
generally try to lift into the upwind wing, which then has to be held
down with aileron.

In calculating the strength of a crosswind component we will
consider a 10-knot wind blowing from various directions. The
approximate values of headwind and crosswind are:

o if the wind is 30° off the runway heading, then the crosswind

component is % the wind strength;

o if the wind is 45° off the runway heading, then the crosswind

Figure 9-6 Estimating crosswind and
headwind components.

Poor runway surfaces
increase takeoff
ground run.

The use of small flap
settings decreases
the ground run.

component is %5 the wind strength;

o if the wind is 60° off the runway heading, then the crosswind
component is %o the wind strength; and

o ifthe wind is 90° off the runway heading, then it is all crosswind.

50% 70% 90% 100%
Crosswind component

Note. Flight computers have the facility for calculating crosswind
(and head/tail wind components), see chapter 24. Sometimes a
crosswind corrections graph is provided in the Pilot’s Operating
Handbook.

Runway Surface

The length of the ground roll, at any given weight, will vary in response to the friction
caused by the runway surface during the takeoff roll. A dry hard-paved runway causes
the least amount of friction, and so this type of surface may serve as a datum, or reference
surface, on takeoff performance charts. A runway with a short dry-grass surface, based
on firm subsoil, has only a marginally higher retarding effect.

Soft ground or long grass (especially if wet) will reduce the acceleration, and this will
result in a greater takeoff distance by as much as 25%. Gravel is considered to have the
same effect as a short dry-grass surface. Pools of water on any type of runway surface
can significantly retard the acceleration, and takeoff under such conditions requires very
careful consideration. Soft, wet ground or a soft, sandy surface might make acceleration
to the liftoff speed impossible, no matter what runway length is available.

Hard surface, level and dry '
(basis for take-off distance chart) I ﬁgigthstcreen

50 ft screen
Wet, long grass %ﬁght

Figure 9-7 Poor surfaces may increase the ground run.

Flaps

The use of small flap settings decreases the length of the ground run. Flaps have the effect
of lowering the stall speed, which reduces the liftoff speed. Provided that the flap setting
used for takeoff is small (so that the drag is not greatly increased), the slower liftoff speed
after a shorter ground run may enable a shorter runway to be used.
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Clean take-off
(no flaps)

Lift-off point Lift-off point LT Take-off
with flaps zeroflaps  __..--=7 with flaps
B extended

50 ft

T B

Figure 9-8 Use of takeoff flaps reduces the ground run.

If the ground surface is rough, using a small flap setting for takeoff will allow you to
get off the ground sooner.

Notice we have used the words “ground run” rather than “takeoff distance to clear a
50-foot obstacle.” While the ground run will be less when small flap settings are used,
the takeoff distance to clear a 50-foot obstacle may not be reduced significantly. This is
because flaps, as well as increasing lift, increase drag, thus reducing the excess thrust and
thereby the angle of climb. This is the main reason for only using small flap settings for
takeoff. A larger flap setting, even though it might reduce the stall speed, would greatly
increase the aerodynamic drag during the ground run, causing a slower acceleration and
then, once airborne, would significantly degrade the climb-performance.

We cannot generalize too much in our statements here, as the precise effect of the use
of flaps on the takeoff of a particular airplane depends on many things, including the
flap setting, the engine—propeller combination and the airspeed flown. You must become
familiar with your own airplane type.

Runway Slope

Takeoff distance is calculated for a level runway, and some takeoff charts allow for the
effect of runway slope. A downslope of 2-in-100 or 2% down will allow the airplane to
accelerate faster and so will decrease the ground roll. An upslope of 2-in-100 or 2% up
will make it more difficult for the airplane to accelerate and so the ground roll will be
greater. A 2% upslope may increase the takeoff distance to 50 feet by approximately 20%.

' screen
D g 50 ft | height

Level E

2% upslope /

.ﬂ [

2% downslope \ !
Downslope, Level

Upslope

Take-off distance

Figure 9-9 An upward-sloping runway will increase the ground roll and takeoff distance to 50 feet.
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Note. Runway slope is cal-
culated using the elevations at

either end. Therefore a runway

with downslope may have
a hump (involving upslope)
somewhere along its length.

The Takeoff Distance

Graph

Figure 9-10
Each of these runways has a downslope of 1%.

Many manufacturers present performance data in the form of graphs and tables. When
using performance graphs, it is important to be certain to comply with the associated
conditions stated in the graph or make the recommended adjustments to the performance
based on not complying with the associated conditions (if applicable). The most common
is the graph, and an example is shown in figure 9-11. This performance graph has been
prepared for a full-throttle takeoff with flaps up. Using this graph you can apply correc-

tions for:

« air density (using temperature, and pressure altitude);
o airplane takeoff weight; and
+ headwind or tailwind component (note that the tailwind must not exceed 10 knots).

Example: Takeoff speed Associated conditions:
OAT 15°C (59°F) ) - Power Full throttle 2,600 rpm
Pressure altitude 5,650 ft Weight Lift-off 50t Mixture Lean to appropriate Guideli i
Takeoff weight 2,950 Ibs kts MPH kts MPH fuel pressure aUI Iﬁ)g‘g: ?oor
Headwind comp. 9.0 kis 2,950 66 76 72 83 Flaps Up irFm)tF:armediate
Landing gear Retract after positive .
2,800 64 74 70 81 ) )
Ground roll 1,375 ft climb established obstacle heights
Total distance over 2,300 ft 2,600 63 72 68 78 Cowl flaps Open
50 ft obstacle 2,400 61 70 66 76 /
Takeoff speed at: 2200 | 58 67 63 73 /
Lift-off 66 kts (76 mph) y
50 ft 72 kts (83 mph) / /
74 7
S/
e/
8 8 8/
=N c =
- : = // /
) de .- - —
e & = E oo, S /’ /]
255 \spk / 7/ hﬂ vl
PP et 1 T \\ P / | Zn
— - T~ \
= e = R R NS SN N s N
9o ﬁ — '+_ T — T " “K o
A0 %’0“0“ e/ // /\J’// > ! — \\ —~——| L
(<) g// L — — <~
\O' | — — —
u% o \/_/ — — ~— ]
1 = — ///
T T
-50° -40° -30° -20° -10° 0° 10° 20° 30° 40° 50° 2,800 2,600 2,400 2,200 0 10 20 3 O 50
Outside air temperature (°C) Weight (pounds) Wind component  Obstacle height
(knots) (feet)
Figure 9-11 Takeoff distance graph.
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A takeoff performance graph allows you to determine:

1.

the takeoff distance from the starting point to a point 50 feet above the runway;
the length of the ground roll prior to liftoff; and
the liftoff speed and takeoff speed at 50 feet.

The air density correction is made in the first (left) section of the graph where you
enter at the bottom with temperature, and move up to the appropriate pressure
altitude line. Then move horizontally to the right until you meet the reference line.
The higher the pressure altitude and/or temperature, the longer the takeoft distance.

Note. The line sloping upward to the left intersects the pressure altitude lines at stan-
dard temperature for those altitudes, eliminating the need for you to calculate the
numerical figure for temperature if it is given to you as standard.

2.

The airplane weight correction is made in the next section of the graph. If the airplane
is at maximum takeoff weight of 2,950 pounds (represented by the reference line),
then you continue straight across horizontally; if not, you should follow the guide-
lines down to the right until you intersect a line drawn upward from the weight,
from which point you should move horizontally right to the next reference line.

. The wind correction section of the graph comes next. This allows you to correct

for a headwind, which will shorten the takeoff distance, or a tailwind, which will

increase the takeoft distance. Follow the appropriate guidelines (up for a tailwind,

down for a headwind) until you meet the wind component line drawn up from the

bottom. Then move horizontally across to the final reference line. This last section

of the graph allows you to determine:

a. the ground roll (from starting point to just on liftoft at 0 feet above the runway)
shown at the reference line; and

b. the takeoff distance to 50 feet from the starting point on the runway, by following
the guidelines up to the right to the 50 feet line.

. The liftoff speed and the takeoff speed at 50 feet are found in a small table above the

graph. At 2,800 pounds takeoff weight, for instance, you would lift the wheels oft
at 64 knots and fly away from the ground at a rate that allows you to reach 70 knots
by 50 feet above the runway.

Note. It is possible to use this graph somewhat in reverse if you have a short runway
and wish to determine the maximum takeoff weight permitted. This would be known
as the performance-limited takeoff weight. You would enter the graph from the left and
the right with the known information, following the same pattern of lines until the
left line and right line intersect in the weight section. Then drop a vertical line to find
the maximum permissible weight.

Different Presentations of Performance Data

You must become familiar with the various methods of presentation of data. Refer to the
performance documents for the airplane you are flying.

Although the takeoff and landing charts in the Commercial Pilot Knowledge Test are

not identical to those used in the Private Pilot Knowledge Test, the same principles apply.
The commercial review at the end of the chapter includes questions on the commercial
knowledge takeoff and landing charts to test your understanding and to increase your
confidence.

10]1d |e10J8WWo) |
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LANDING PERFORMANCE

The total landing distance is the distance established from a point where the airplane is
50 feet over the runway threshold (assumed to be a paved, level dry runway) to the point
where the airplane reaches a full stop, assuming a steady, full flaps approach, with power
off at 50 feet and maximum braking once the wheels are on the ground.

Note. This is the certification technique—you are not required to carry out all landings
and stops exactly like this in practice.

Full flaps,
power off
Maximum
braking

Landing distance
(from 50 ft)

Figure 9-12 Landing distance.

Factors Affecting Landing Performance
Weight

A heavier airplane will A heavier airplane will need a greater ground roll and total landing distance. A heavier
need a greater landing  wejght has a number of effects:
distance. .
« the stall speed is increased, so the approach speed must be greater; and
o the higher approach speed results in the airplane possessing greater kinetic energy
(Y2pV?2) which has to be absorbed by the brakes, increasing the length of the landing
run. (There will, however, be a slight increase in the retarding friction force because
of the extra weight on the wheels.)

2,200 Ib %F

approx 10%
>

Figure 9-13 A 10% increase in weight requires a 10% increase in landing distance (approximately).

2,240 Ib

Air Density

Anincreased  An increased density altitude results in a longer landing distance. Low ambient pressure,

densily altitude  high elevation and high ambient temperatures decrease the air density (p), giving a higher
results in a longer

landing distance. density altitude.
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A decreased air density (p) means an increased V(TAS) is needed to provide the same
lift force. Even though you see the same indicated airspeed (Y2pV?) in the cockpit, the
true airspeed is higher in air of lower density.

At high density altitudes the true airspeed will be greater than for lower density alti-
tudes, and the touchdown groundspeed will be higher. Therefore the amount of kinetic
energy to be dissipated in the ground roll is greater—hence a longer ground run and total
landing distance is required.

Shorter landing
distance

°C
—

“M[ —A I — High temp
— — le— —

Figure 9-14 High temperatures and high altitudes result in a longer landing distance.

The Effect of Wind
A headwind reduces the landing distance because the groundspeed is reduced by the A headwind reduces
headwind for the same true airspeed (V). A tailwind means that the groundspeed will ~ e ground run and

. . .. landing distance.
exceed the true airspeed, and so the touchdown speed relative to the ground is higher
and a longer landing distance will be required.

Headwind

20 knots

= Tailwind
10 knots

Figure 9-15 Headwind reduces landing distance.
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Runway Surface

Smooth, wet, or loose runway surfaces will not allow good braking to occur and so the
landing distance required will be longer. On a wet surface, hydroplaning may occur,
which will greatly increase the stopping distance. Conversely a runway with long grass

Figure 9-16 has increased friction and will reduce the landing distance.
Consider runway Hydroplaning is the phenomenon of a tire skating along on a thin film of water and not
surface. rotating, even though it is free to do so. Wheel braking therefore has no effect. Friction

forces are practically zero.

Figure 9-17 Hydroplaning.

Runway Slope

A downslope will result A downslope will result in a longer total landing distance. It will take longer for the

in a longer landing airplane to touch down from 50 feet above the runway threshold, because the runway is
distance. . . . . . . . .

falling away beneath the airplane, and airplane braking while going downhill will not

be as effective as on a level or upward sloping runway.

Level

2% upslope

i

2% downslope

Upslope. Level ' Downslope

Landing distance

Figure 9-18 Downslope increases landing distance.

Flaps
Increased flap settings ~ Higher flap settings reduce the stall speed and therefore the approach speed, which
decrease the landing  provides a 30% buffer over the stall speed, is lower. High flap settings also give additional
distance. . . . R
aerodynamic drag that helps to slow the airplane down, but only in the initial stages of
the landing roll, after which they lose their effect.
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High approach speed
Flat

No flaps §

Low approach speed

Steep Full flap

<> =

Figure 9-19 Increased flaps—slower and steeper.

Fast Approach Speeds

The landing performance charts are based on specified approach speeds. If you approach
for a landing at a speed higher than that specified, the landing distance will exceed that
predicted by the chart. This is because of the greater kinetic energy of the airplane and the
tendency of the airplane to float at the round-out because of ground effect (see page 230).

The Landing Distance Graph

Many manufacturers present performance data in the form of a graph, rather than a table
of figures. The landing performance graph in figure 9-20 is an example.

This graph has been prepared for a flaps-down landing, on a paved, level, dry surface,
followed by maximum braking. However in normal practice it is not good airmanship
to use maximum braking on every landing, since uncomfortable stops for the passengers
and excessive brake wear will occur. Only use maximum braking when necessary on short
runways. The landing performance graph allows you to apply corrections for:

« air density (using temperature and pressure altitude);

o airplane landing weight; and

« headwind or tailwind component (tailwind must not exceed 10 knots).

The landing performance graph allows you to determine:

o total landing distance from an obstacle 50 feet above runway threshold;
« ground roll; and

o approach speed.

First the air density correction is made in the left-hand section of the graph where you
enter at the bottom with temperature and move up to the appropriate pressure altitude
line. Then mark a horizontal line to the reference line. The higher the pressure altitude
and/or temperature, the longer the final distances.

The airplane weight correction is then made by starting at the point on the reference
line where the air density line intersected it, and moving parallel to the guidelines that
slope down to the right until you intersect the airplane weight line drawn up from the
bottom. At this point mark a horizontal line across to the next reference line. The lower
the weight, the shorter the final distances.

Note that for maximum takeoff weight 2,950 pounds, which is represented by the first
reference line, you would not need to follow the guidelines down but just keep moving
across horizontally to the second reference line.

Chapter 9 Takeoff and Landing Performance
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Associated conditions: . Speed at 50 ft Example:
Power Retarded to maintain 900/t | Weight p OAT 25°C (77°F)
on final approach pounds | ks | MPH | Pressure altitude 3,965 ft
Flaps Down 2,950 70 80 Weight 2,814 b ——
Landing gear Down B = - Wind component 9.0 knots (headwind) Gwdgllnes not
Runway Paved, level, dry surface J applicable for
Approach speed  IAS as tabulated 2,600 65 75 | Ground roll 1,080 ft intermediate
Braking Maximum 2,400 63 7o | Total over 50 ft obstacle 1,700 ft obstacle heights
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Figure 9-20 Landing distance graph.

The wind correction part of the graph allows you to correct for either a headwind
(which will shorten the landing distance) or a tailwind (which will increase the landing
distance). Follow the appropriate guidelines (up for a tailwind, down for a headwind) until
you meet the wind component line drawn up from the bottom. Then move horizontally
across to the final reference line.

This last section of the graph allows you to determine:

a. the ground roll, where your line intersects the reference line (which is marked
as 0 feet); and

b. the total landing distance from 50 feet, by following the guidelines up to the right
(marked 50 feet) to give a significantly greater distance, since much of the landing
from 50 feet consists of air distance before the wheels touch down.

The approach speed is shown in a small table above the graph. At 2,800 pounds for
instance, you would approach with flaps down at 68 knots.
The graph can also be used in reverse if you have a short runway and wish to determine
the maximum landing weight permitted. The steps are:
1. as before, enter from the left with temperature and pressure altitude, then from the
reference line move down the guidelines to mark a so far unknown weight;
2. enter from the far right with runway length. Following the original pattern, move to
the left down the guidelines to the reference line. Next move horizontally across to
intersect with the appropriate headwind or tailwind line, and follow the guidelines
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up to the reference line. Then move horizontally across to the left until you intersect
the line you marked in during (1); and

3. from this intersection point, drop a line vertically to give you the maximum permis-
sible weight, known as the performance-limited landing weight.

The Landing Distance Table

Some manufacturers present performance data in the form of a table, rather than a graph.
The landing performance table in figure 9-21 is an example. This table has been prepared
for a 40° flaps landing, power off, on a dry and level hard-surface runway with zero wind,
at specific pressure altitudes at standard temperatures. Both the total distance to land
from 50 feet over the runway threshold, and the ground roll, are published. For instance,
at pressure altitude 2,500 feet and standard temperature 50°F, the landing distance from
50 feet is 1,135 feet and the ground roll is 470 feet.

When the pressure altitude is between the values given in the table, you will need to
interpolate to find the landing distance and ground roll.

For example, the pressure altitude 6,250 feet is halfway between the published pres-
sure altitudes 5,000 feet and 7,500 feet, so the distances will also be halfway between
the published figures. To find the “landing distance from 50 feet”, take the 5,000 feet
pressure altitude figure of 1,195 feet, and to this add one-half of the difference between
it and the figure for 7,500 feet pressure altitude (1,255 — 1,195 = 60 feet, % of 60 = 30), to
give an answer of 1,225 feet (1,195 + 30). Ground roll is 495 + ¥ of (520 — 495) = 495 +
12.5 = 507.5, say 508 feet.

Once the ground roll and landing distance to clear a 50-foot obstacle have been found
for a given pressure altitude, apply the following corrections, if applicable:

o headwind component;

« high temperatures (60°F above standard); and

 adry grass runway (instead of a hard surface).

Landing Distance

Flaps lowered to 40°—Power off
Hard Surface Runway—Zero wind

1. Decrease the distances shown by 10% for each 4 knots of headwind.
2. Increase the distance by 10% for each 60°F temperature increase above standard.

obstacle” figure.

Gross Approach At sea level & 59°F At 2,500 feet & 50°F At5,000 feet & 41°F At 7,500 feet & 32°F
weight speed, IAS Total to clear Total to clear Total to clear Total to clear
(pounds) (mph) Ground roll 50 fest OBS Ground roll 50 feet OBS Ground roll 50 feet OBS Ground roll 50 feet OBS
1,600 60 445 1,075 470 1,135 495 1,195 520 1,255
Notes:

3. For operation on a dry, grass runway, increase distance (both “ground roll” and “total to clear 50 feet obstacle”) by 20% of the “total to clear 50 feet

Figure 9-21 Landing distance table.

Headwind Component Correction

For each 4 knots of headwind, you may reduce the distances by 10%. You can calculate
this 10% and then subtract, but a faster method is simply to take 90% of the distance, by
multiplying it by 0.9. For a headwind of 12 knots (3 x 4 knots), you may reduce the distance
by 30%, or multiply it by 0.7. If the airport is at sea level then the corrected distance would
be 1,075 x 0.7 = 752.5, say 753 feet.

Chapter 9 Takeoff and Landing Performance
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High Temperature Correction

For extremely high temperatures (at least 60°F above the standard temperature for that
altitude) you should increase the distance by 10%. If the OAT at 5,000 feet was 105°F
(more than 60°F above standard at 6,250 feet altitude), the corrected distance would now
be 1,195 x 1.1 = 1,315 feet (increasing by 10% is the same as multiplying by 1.1).

Dry Grass Runway Correction

On this surface both the ground roll and landing distance must be increased by 20% of
the total distance to land from 50 feet. The logic for this is that the retarding effect of
the grass does not occur before touchdown, hence the same increase for both distances.

At 2,500 feet for example, the correction for a dry grass surface is 20% of 1,135 feet
= 227 feet. Therefore, the corrected landing distance from 50 feet = 1,135 + 227 = 1,362

feet, and the corrected ground roll is 470 + 227 = 697 feet.

Wake turbulence

Figure 9-22
Wake turbulence from a large, slow-flying airliner.

The main danger from
wake turbulence is
loss of control because
of induced roll.

Vortices
drift down

Vortices move apart
and drift downwind

Figure 9-23
Wingtip vortices slowly lose height,
move apart and drift downwind.

WAKE TURBULENCE

As awing produces lift, the higher static pressure area beneath the
wing causes an airflow around the wingtip to the lower pressure
area above. The greater the difference in pressure, the greater the
flow around the wingtips. (We suggest that you reread the section
on induced drag (page 20) to refresh your memory.) At the high
angles of attack necessary to produce the required lift force at
low speeds, very large and strong trailing vortices are formed.
High angles of attack are required when an airplane is heavy and
flying slowly (particularly if flaps are not extended). As a large
and heavy airplane is rotated for takeoff or flared for landing, the
angle of attack is also large. The trailing wingtip vortices formed
at these high angles of attack can be strong enough to rapidly roll
a following airplane if it flies into them. This hazardous trail of
wingtip vortices behind an airplane is known as wake turbulence.

The wake turbulence behind a Boeing 747 can significantly
affecta 737 and cause a lighter airplane to become uncontrollable.
The induced rolling motion may exceed the rolling capability of
the airplane affected, making it impossible for the pilot to hold the
wings level. The rolling effect will be greatest when the affected
airplane is aligned with the flight path of the airplane generating
the vortices.

To avoid wake turbulence accidents and incidents, Air Traffic
Control may delay the operation of light airplanes on runways
behind heavy jets for up to five minutes to allow the vortices to
drift away and dissipate.

Every pilot should have an awareness of wake turbulence
because the Air Traffic Control procedures may occasionally
provide insufficient separation from the wingtip vortices behind
another airplane. Remember that pilots have the ultimate respon-
sibility for the safety of their airplanes—so learn to visualize the
formation and movement of invisible wingtip vortices. Recent
research also suggests wake turbulence (from about 500 feet
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down) has the ability to descend, strike the ground, and then “bounce” back up to about
250 feet (or more) above the surface. This is important because it is also drifting and can
drift across the landing approach path of another unrelated runway, causing problems
for pilots who think they are being safe by going to another runway.

Wingtip vortices tend to lose height slowly (typically at approximately 500 fpm), slowly
move apart and drift downwind. To be able to avoid these invisible danger areas, you must
visualize the movement of the vortices and take steps to avoid them.

Helicopters also produce wake turbulence. The helicopter blades act as a wing to
produce lift and, as the helicopter proceeds, a trail of wingtip vortices will be left behind,
just the same as for a fixed-wing aircraft. The heavier and slower the helicopter, the
stronger the wake turbulence behind it.

Avoiding Wake Turbulence

The main aim of wake-turbulence avoidance is to avoid passing through it at all. This
is accomplished by flying above and upwind of the flight path of the aircraft producing
wake turbulence.

Takeoff

When taking off behind a large airplane which has itself just taken off, commence your
takeoff at the end of the runway so that you will become airborne in an area well before
where the heavy airplane rotated, or to where its vortices may have drifted with the wind.
If in doubt, delay your takeoff. Once airborne, maneuver to avoid the vortices in flight
by turning away from where you think the wake turbulence is.

-

- -

P ~ <, Maneuvers to avoid vortices

N —K

Wake turbulence from
landed heavy jet

Delay your
— takeoff point
Landed
heavy jet

Figure 9-24 Avoid wake turbulence on your takeoff.

When taking off after a heavy airplane has landed, plan to become airborne well past
the point where it flared and landed.

If a heavy airplane has taken off on a different runway and you expect to be airborne
prior to the intersection of the runways, check to ensure that the heavy airplane was still
on the ground and hasn’t rotated until well past the intersection, before you commence
your takeoff. This is because unless an airplane is flying (or rotated for takeoff) and
therefore producing lift, it will not be producing wake turbulence.

Avoid wake turbulence
by flying above and

upwind of the path
of other aircraft.
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Figure 9-27
Beware wake
turbulence.

Figure 9-25 Awareness of wake turbulence for your takeoff.

In the Traffic Pattern

Avoid flying below and behind large airplanes. Fly a few hundred feet above them, a
thousand feet below them or upwind of them. Calm days, where there is no turbulence
to break up the vortices, are potentially the most dangerous.

Minimum
200 ft above

~

Minimum

— —~< (1,000 ft below —
—=—— Wind / i
/ Jet’s flimy ~~
- —— / 1 tpafh ~—
Maneuver

to windward

Figure 9-26 Avoidance of wake turbulence in the traffic pattern area.

Approach to Land

When following a preceding landing airplane, fly above the approach path of the heavy
airplane and land well beyond his touchdown point. This is usually possible in a light
airplane landing on a long runway where heavy airplanes are landing. Be very cautious
in light, quartering tailwinds, which may drift the vortices of the preceding airplane
forward into your touchdown zone.
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Figure 9-28 Avoidance of wake turbulence on approach.

If a preceding heavy airplane has discontinued its approach and gone around, its
turbulent wake will be a hazard to a following airplane. You must consider changing
your flight path in these circumstances.

P _GEa S

LS s S —
~ Note: Accentuated wake

~

S turbulence on Heavy's go-around
Mﬂm

Figure 9-29 Making an approach behind a heavy airplane that has gone around.

Jet Blast

Do not confuse wake turbulence (wingtip vortices, see figure 9-22) with jet blast, which
is the high velocity air exhausted from a jet engine. Jet blast can be dangerous to a light
airplane taxiing on the ground behind a jet, so always position your airplane when taxiing
or when stopped to avoid any potential jet blast.

== — —>
— > —

Jet blast

Figure 9-30 Jet blast.

Helicopter Rotor Downwash

Helicopters produce wake turbulence. The helicopter blades act as a wing to produce lift,
and as the helicopter proceeds, a trail of wingtip vortices will be left behind, just the same
as for a fixed-wing aircraft. The heavier and slower the helicopter, the stronger the wake
turbulence behind it. A helicopter hovering near the runway is a hazard to small aircraft.

Rotor downwash from a hovering or taxiing helicopter can be hazardous up to a radius
of approximately three times the rotor diameter.
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Figure 9-33
Ground effect.
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Figure 9-31 Beware rotorwash.

Small aircraft need to exercise care when behind helicopters that are departing,
landing, or are in forward flight.

DANGER

DANGER

\_4) DANGER

Figure 9-32 Rotorwash.

GROUND EFFECT

An airplane’s flight characteristics change when it is very close to the ground or any
other surface, because:

o it can fly at a slower speed than when it is at altitude; and

o it can fly at the same speed using less thrust than when it is at altitude.

This increased performance of an airplane flying just above a surface is known as
ground effect. Ground effect is greatest when the aircraft is just airborne and least when
the aircraft is at an altitude above the ground approximately one wingspan’s distance.
In part one, we considered the airplane to be flying well away from the ground. There
was no restriction to the downwash of the airflow behind the wings, nor to the upwash
ahead of the wings. There was also no restriction to the formation of wingtip vortices.

When the wing is just above the ground, the ground modifies the downwash and the
angle is reduced, thus reducing the effect on the local average relative wind. In other
words, the relative wind angle about the wing will be closer to the remote free stream.
This keeps drag at a minimum and the wingtip vortices at a minimum.

As the aircraft gradually climbs and increases its altitude above the ground, the down-
wash angle steepens and increases the induced drag, all without an aircraft attitude
change. When at one wingspan’s height above the ground, ground effect ceases to affect
the downwash or wingtip vortices and induced drag is at its maximum.

230

Ground School Airplane and Pilot Performance



Out of ground effect In ground effect

G =8-_o) Smae oty vrics,
T |«
Downwash / / / / \\ \\

Reduced downwash

Figure 9-34 Near the ground, the upwash and downwash are restricted and the
formation of wingtip vortices is restricted.

Reduced Drag

In chapter 1 we divided the total drag on an airplane into two main types: induced drag,
which is a by-product of the production of lift, and parasite drag, which is not directly
associated with the production of lift. Wingtip vortices, and trailing vortices behind the
trailing edge, are the major cause of induced drag. So when a nearby surface, such as the
ground, restricts their formation, the induced drag will be less, and therefore the total
drag on the airplane will be less.

You are aware that, in level flight, drag is counteracted by thrust. The reduction in
drag when near the ground or water means that the same airspeed can be maintained
using less thrust. Therefore, under-powered airplanes may be able to maintain flying
speed while in ground effect, even if they cannot maintain that speed in free air, well
away from the ground.

Ground effect becomes noticeable when the airplane is at a height above the surface of
less than one wingspan. The effect is greater the closer the wing is to the surface.

Ground Effect During Landing

On an approach to land, as the airplane enters ground effect at about one wingspan’s
height, the pilot will experience a floating sensation—a result of the extra lift (from the
increased lifting ability of the wing) and the slower deceleration (because of less drag).

In most landings there is no desire to maintain speed—indeed the aim is to lose speed.
It is therefore usually important at flare height and in ground effect to ensure that the
power is throttled back, especially considering the reduction in drag because of ground
effect.

Excess speed at the beginning of the landing flare and the better flyability of an airplane
in ground effect may incur a considerable float distance prior to touchdown. This is not
desirable, especially on short landing strips.

Ground Effect on Takeoff

As the airplane climbs out of ground effect on takeoff the lifting ability of the wing will
decrease for the same airplane pitch attitude. In addition the induced drag will increase
because of the greater wingtip vortices and line vortices. Thus the airplane will not
perform as well in free air as it will in ground effect. You will feel a sagging in climb-out
performance as the airplane flies out of ground effect. You will need to increase the angle
of attack to generate the same lift as you fly out of ground effect, and either increase
thrust to overcome the additional induced drag or accept a reduced climb performance.

Ground effect limits
the size of wingtip
vortices which
reduces induced drag.
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Windshear is a change

in wind speed and/
or wind direction.

It pays to bear this in mind if you are ever operating on very short runways, or runways
which finish on the edge of a cliff (or aircraft carrier). Ground effect may allow the
airplane to become airborne before reaching the recommended takeoff speed. Once
away from the takeoff surface the climb performance will be less—a good reason for not
forcing the airplane to become airborne at too low a speed. It might manage to fly in
ground effect, but it will be unable to climb out of it.

WINDSHEAR

The study of windshear and its effect on airplanes, and what protective measures can be
taken to avoid potentially dangerous results, is still in its infancy and much still remains
to be learned. What is certain is that every airplane and every pilot will be affected by
windshear—usually the light windshears that occur in everyday flying, but occasionally
a moderate windshear that requires positive recovery action from the pilot. On rare
occasions, severe windshears can occur from which a recovery may even be impossible.
A little knowledge can help you understand how to avoid significant windshear, and how
best to recover from a windshear encounter.

Windshear Terminology

A windshear is defined as a change in wind direction and/or wind speed in space. This
includes updrafts and downdrafts. Any change in the wind velocity (be it a change
in speed or in direction) as you move from one point to another is a windshear. The
stronger the change and the shorter the distance within which it occurs, the stronger
the windshear.

Updrafts and downdrafts are the vertical components of wind. The most hazardous
updrafts and downdrafts are usually those associated with a thunderstorm.

The term low-level windshear is used to specify any windshear occurring along the final
approach path prior to landing, along the runway and along the takeoff/initial climb-out
flight path. Windshear near the ground (below 3,000 feet) is often the most critical in
terms of safety for the airplane.

Turbulence is eddy motions in the atmosphere which vary both with time and from
place to place.

The Effects of Windshear on an Airplane

So far our studies have considered an airplane flying in still air or a steady wind. However,
an actual air mass does not move in a totally steady manner—there will be gusts and
updrafts and changes of wind speed and direction, which the airplane will encounter as it
flies through the air mass. These windshears will have a transient effect on the flight path
of an airplane. Even when the wind is relatively calm on the ground, it is not unusual
for the light and variable surface wind to suddenly change into a strong and steady wind
at a level only a few hundred feet above the ground. If we consider an airplane making
an approach to land in these conditions, we can see the effect the windshear has as the
airplane passes through the shear.

An airplane flying through the air will have a certain inertia depending on its mass and
its velocity relative to the ground. Its inertia makes it resistant to change. If the airplane
has an airspeed of 80 knots and the headwind component is 30 knots, then the inertial
speed of the airplane over the ground is (80 — 30) 50 knots.
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When the airplane flies down into the calm air, the headwind component reduces
reasonably quickly to, say, 5 knots. The inertial speed of the airplane is still 50 knots,
but the new headwind of only 5 knots will mean that its airspeed has suddenly dropped
back to 55 knots. The normal reaction is to add power and/or to lower the nose to regain
airspeed, and to avoid undershooting the desired flight path. The stronger the windshear,
the greater the changes in power and attitude that will be required. Any fluctuations
in wind will require adjustments by the pilot, and this is why you have to work so hard
sometimes, especially when approaching to land.

In gusty wind conditions, a power-on approach and landing should be used so that the
engine can respond more quickly when required. In addition, if turbulence is encountered
during the approach to land you should increase the airspeed to slightly above the normal
approach speed to allow for sudden changes in indicated airspeed.

WINDSHEAR

Figure 9-35
A typical windshear situation—calm on the ground with a wind at altitude.

Overshoot and Undershoot Effect

The effects of windshear on an airplane’s flight path depend on the nature and location
of the shear, as follows.

Overshoot Effect

Overshoot effect is caused by a windshear that results in the airplane flying above the
desired flight path and/or an increase in indicated airspeed. The nose of the airplane may
also tend to rise. Overshoot effect may result from flying into an increasing headwind, a
decreasing tailwind, from a tailwind into a headwind, or an updraft.

Undershoot Effect

Undershoot effect is caused by a windshear that results in an airplane flying below the
desired flight path and/or a decrease in indicated airspeed. The nose of the airplane may
also tend to drop. Undershoot effect may result from flying into a decreasing headwind,
an increasing tailwind, from a headwind into a tailwind, or into a downdraft.

The actual effect of a windshear depends on:

o the nature of the windshear;

« whether the airplane is climbing or descending through that particular windshear; and

o the direction in which the airplane is proceeding.

In gusty conditions,
use a power-on

approach and landing
and consider adding

a few knots to the
approach speed.

Chapter 9 Takeoff and Landing Performance

233



Overshoot
caused by
an increasing
headwind

/ -~ Overshoot
Wind -

- caused by
- a decreasing
tailwind

N Undershoot
AN caused by
N an increasing

\ tailwind
N
/N

Undershoot

caused by S . Wind
a decreasing
headwind

Downdraft —
undershoot l l

) Updraft —
7~ overshoot

Figure 9-36 Six common windshear situations.

Windshear Reversal Effect

Windshear reversal effect is caused by a windshear which results in the initial effect on
the airplane being reversed as the airplane proceeds further along the flight path. It is
an overshoot effect followed by undershoot, or undershoot followed by overshoot effect,
as appropriate.

Overshoot effect
(so pilot reduces thrust
and/or lowers the nose)

Wind
Wind
Undershoot effect —> \_ ~ ~ _
(pilot now needs to add s
thrust and/or raise the nose) j

RUNWAY

Figure 9-37 Windshear reversal effect.
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Windshear reversal effect is a very common phenomenon that pilots often experience
on approach to land, when things are usually happening too fast to analyze exactly what is
taking place in terms of wind. The pilot can, of course, observe undershoot and overshoot
effect and react accordingly with changes in pitch attitude and/or power to maintain the
desired flight path and airspeed.

Crosswind Effect

Crosswind effect is caused by a windshear that requires a rapid change of airplane heading
to maintain a desired track (not uncommon in a crosswind approach and landing because
the crosswind component changes as the ground is neared). On crosswind landings, at
the moment of touchdown the direction of the airplane’s motion and its longitudinal axis
must be parallel to the runway. If this is not the case the airplane will skip sideways on
landing imposing large side loads on the landing gear.

_____ — —_— — =

Figure 9-38 Crosswind effect.

The Causes of Windshear

There are many causes of windshear. They include: obstructions and terrain features
which disrupt the normal smooth wind flow; localized vertical air movements associated
with thunderstorms, cumulonimbus and large cumulus clouds; low-level temperature
inversions; and sea breezes. These will be discussed in the Weather section.
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EVIEW 9

Takeoff and Landing Performance

Takeoff Performance

Refer to figure 9-5 (page 215)
for questions 1 to 4.

In crosswind conditions, should the headwind or
tailwind component be applied when calculating
the takeoff or landing distances?

. There is a 20-knot wind at 30° off the runway

heading. What is the crosswind component?

What is the crosswind component for a landing
on Runway 18 if the tower reports the wind as
220° at 30 knots?

a. 19 knots.

b. 23 knots.

c. 30 knots.

. The airplane has a crosswind limit of 12 kt.

a. What is the maximum wind strength you can
tolerate from 30° off the runway direction
(such as runway 18 with the wind from 150°)?

b. What headwind component would this wind
give you?

Refer to the takeoff distance performance graph
in figure 9-11 (page 218) for questions 5 to 14.

What effect does each of the following have on

12.

13.

14.

Given a true OAT of 100°F, a pressure altitude of

2,000 feet, a takeoft weight of 2,750 pounds, and

the headwind component is calm, determine:

a. the total distance for a takeoff to clear a 50-foot
obstacle.

b. the ground roll distance.

c. the takeoft speeds.

Given standard temperature, a pressure altitude
of 4,000 feet, a takeoft weight of 2,800 pounds,
and headwind component is calm, determine:

a. takeoff distance.

b. ground roll.

c. liftoff speed.

d. speed at 50 feet.

e. OAT in both °C and °F.

If OAT is 90°F, pressure altitude is 2,000 feet,
takeoff weight is 2,500 pounds, and there is a
20-knot headwind component, determine the

approximate ground roll distance required for
takeoft.

Landing Performance

Refer to the landing distance graph in figure 9-20

(page 224) for questions 15 to 18.

_ 15. What flap setting is indicated on the graph?
takeoff distance? . R _
. . . 16. Conditions are OAT 90°F, pressure altitude 4,000
a. An increase in pressure altitude. . a
. feet, weight 2,800 pounds, and tailwind 10 knots.
b. An uphill runway slope. :
. . . Determine:
c. An increase in headwind component. . .
_ ) , a. the landing distance from over a 50-foot
6. How is takeoff distance measured? obstacle.
7. What flap setting is indicated in the graph? b. the expected ground roll.
8. What is the maximum pressure altitude allowed c. the approach speed at 50 feet.
for in the graph? 17. Given the following data, determine the total
9. What is the maximum takeoff weight for the distance required to land:
airplane in the graph? OAT 90°F
10. What is the liftoff speed and the takeoft speed at Pressure altitude 3,000 feet
50 feet if the takeoff weight is 2,400 pounds? (Give Takeoff weight 2,900 pounds
your answer in knots.) Headwind component 10 knots
11. What is ISA (standard) temperature at 10,000 Obstacle 50 feet
feet? (Give your answer in both °C and °F.)
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18.

Given the following data, determine the approxi-
mate distance required to land.

OAT 32°F
Pressure altitude 8,000 feet
Takeoff weight 2,600 pounds
Headwind component 20 knots
Obstacle 50 feet

Refer to the landing distance performance table in

19.
20.

21.

22.

23.

24.

figure 9-21 (page 225) for questions 19 to 24.

What flap setting is indicated on the table?

Conditions are sea level, standard temperature

(59°F), and headwind 4 knots. What is:

a. the total landing distance over a 50-foot
obstacle?

b. the approximate ground roll?

Conditions are elevation 2,500 feet, 48°F, and

headwind 8 knots. What is:

a. the total landing distance over a 50-foot
obstacle?

b. the approximate ground roll?

Conditions are pressure altitude 3,750 feet, head-

wind 12 knots, and temperature standard. What

is:

a. the total landing distance over a 50-foot
obstacle?

b. the approximate ground roll?

Conditions are pressure altitude 1,250 feet, head-

wind 12 knots, temperature 55°F, and dry grass

runway. What is:

a. the total landing distance over a 50-foot
obstacle?

b. the approximate ground roll?

Given the following, determine the approximate
distance required to land over a 50-foot obstacle.

5,000 feet

8 knots
41°F

Hard surface

Pressure altitude
Headwind component
Temperature

Runway

Wake Turbulence
25.

26.

27.

28.

29.

30.

31.

32.

33.

The air beneath a wing of an airplane in flight
tends to leak around the wingtip and into the
lower static pressure area above the wing.

a. What does this leave a trail of?

b. What kind of turbulence does this trail cause?

Wingtip vortices tend to drift in which
direction(s)?

The greatest vortex strength occurs when the
generating aircraft is:

a. light, dirty (flaps down), and fast.

b. heavy, dirty, and fast.

c. heavy, clean (flaps up), and slow.

A large airplane generating turbulence. Where in
relation to its flight path is wake turbulence most
likely to be encountered?

You are departing behind a heavy airplane. How
do you avoid its wake turbulence?

How can a pilot minimize the hazard of wingtip
vortices during a takeoff made behind a depart-
ing large jet airplane?

A heavy jet airplane has landed on the runway
you intend to use for takeoff and there is a light
headwind blowing. When should you become
airborne in relation to its touchdown point?

What procedure should you follow to avoid wake
turbulence if a large jet crosses your course from
left to right approximately 1 mile ahead and at
your altitude?

Vortices created by a helicopter:

a. only descend downward in the prop-wash.

b. do not exist.

c. trail behind it and descend gradually, like from
fixed-wing aircratft.
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Ground Effect

34.
35.

36.

37.

38.

39.

What is ground effect?

An airplane leaving the ground will:

a. experience a reduction in ground friction and
require a slight power reduction.

b. experience an increase in induced drag.

c. require a lower angle of attack to maintain the
same lift coefficient.

If the same angle of attack is maintained in
ground effect as when out of ground effect, lift
will:

a. increase, and induced drag will decrease.

b. decrease, and parasite drag will increase.

c. increase, and induced drag will increase.

When can ground effect cause floating during a

landing?

After climbing out of ground effect immediately

after takeoft, the induced drag will:

a. increase, leading to decreased performance
capability.

b. decrease, leading to increased performance
capability.

c. stay the same, leading to the same performance
capability.

Ground effect is most likely to result in:

a. settling to the surface abruptly during landing.

b. becoming airborne before reaching recom-
mended takeoff speed.

c. an inability to become airborne even though
airspeed is sufficient for normal takeoff needs.

Windshear

40.
41.
42,
43.

What is windshear?

What is the “overshoot effect”?

What is “windshear reversal effect”?

A sudden decrease in headwind will cause the
airplane to briefly show a loss of airspeed equal
to the decrease in wind velocity. On approach

to land, could this be more dangerous than an
increase in headwind?

44.

45.

Which type of approach and landing is recom-
mended during gusty wind conditions?

a. A power-on approach and landing.

b. A power-oft approach and a power-on landing.
¢. A power-on approach and a power-off landing.

When turbulence is encountered during the

approach to a landing, what action is recom-

mended and for what primary reason?

a. Increase the airspeed slightly above normal
approach speed to attain more positive control.

b. Decrease the airspeed slightly below normal
approach speed to avoid over-stressing the
airplane.

c. Increase the airspeed slightly above normal
approach speed to penetrate the turbulence as
quickly as possible.

Commercial Review

46.
47.
48.

49.

50.

51.

Refer to the obstacle takeoff graph
in figure 9-39 for questions 46 to 52.

What flap setting is indicated in the graph?
How is the ground roll calculated?

If the takeoff distance is 2,000 feet, what is the
ground roll?

Given an OAT of 75°F, a pressure altitude of 6,000

feet, a takeoff weight of 2,900 pounds and a head-

wind component of 20 knots, determine:

a. the total distance required for a takeoft to clear
a 50-foot obstacle.

b. the ground roll distance.

c. the liftoff speed and the required takeoft speed
at 50 feet.

What is the liftoff speed and takeoft speed at 50
feet for a takeoff weight of 3,100 pounds?

What is the total takeoff distance over a 50-foot
obstacle given the following?

30°F

6,000 feet

3,300 pounds
20 knots

Temperature
Pressure altitude
Weight
Headwind
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ASSOCIATED CONDITIONS: EXAMPLE:
POWER TAKEOFF POWER OAT 75°F
SET BEFORE PRESSURE ALTITUDE 4,000 FT
BRAKE RELEASE TAKEOFF WEIGHT 3,10018
FLAPS 20" HEADWIND 20 KNOTS
RUNWAY PAVED, LEVEL, DRY SURFACE
TAKEQFF SPEED  1AS AS TABULATED TOTAL TAKEQFF DISTANCE
QVER A 50 FT OBSTACLE 1.350 FT
NOTE: GROUND ROLL IS APPROX 73% OF TOTAL TAKEOFF GROUND ROLL (73% OF 1,350)  9B6FT
DISTANCE OVER A 50 FT OBSTACLE 1AS TAKEOFF SPEED
LIFT-OFF 74 MPH
AT 50 FT 74 MPH
IAS TAKEOFF SPEED
WEIGHT | (ASSUMES ZERO INSTR ERROR)
(18 LIFT-OFF 50 FEET
MPH | KNOTS [ MPH | KNOTS
3,400 77 67 77 67
3,200 75 65 75 65
3,000 72 63 72 63
2,800 69 60 69 60
2,600 66 57 66 57
2,400 63 55 63 55
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Figure 9-39 Obstacle takeoff graph.

52. What is the ground roll required for takeoft over

a 50-foot obstacle given the following?

Temperature
Pressure altitude
Weight
Headwind

Refer to the landing distance chart in figure 9-40 for

100°F

4,000 feet
3,200 pounds
Calm

questions 53 to 57.

53. What flap setting is indicated in the chart?

54. What is the approach speed at maximum weight?

55. This chart applies to what type of runway surface?

56. Determine the approximate ground roll given the

following:
Temperature
Pressure altitude
Weight
Headwind

50°F

Sea level
3,000 pounds
10 knots

57. What is the total landing distance over a 50-foot
obstacle given the following?

Temperature 80°F
Pressure altitude 4,000 feet
Weight 2,800 pounds
Headwind 24 knots
ASSOCIATED CONDITIONS: EXAMPLE:
POWER AS REQUIRED TO MAINTAIN 800 FT/MIN OAT 75°F
DESCENT ON APPROACH PRESSURE ALTITUDE 4,000 FT
FLAPS DOWN LANDING WEIGHT 3,200LB
RUNWAY PAVED, LEVEL, DRY SURFACE HEADWIND 10 KNOTS
APPROACH SPEED 145 AS TABULATED
TOTAL LANDING DISTANCE
NOTE: GROUND ROLL IS APPROX 53% OF TOTAL LANDING OVER A 50 FT OBSTACLE 1,475 FT
DISTANCE OVER A 50 FT OBSTACLE. GROUND ROLL (53% OF 1,475} 782FT
IAS TAKEOFF SPEED 87 MPH IAS
1AS APPROACH SPEED
WEIGHT | (ASSUMES ZERO INSTR ERROR)
(LB)
MPH KNOTS
3400 90 78
3,200 87 76
3,000 84 73
2,800 81 70
2,600 78 68
2,400 75 65
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Figure 9-40 Normal landing chart.

Answers are given on page 676.
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10

En Route Performance

En route performance is an important consideration, especially in high-performance
airplanes. The incorrect selection of power settings, cruise speed, and cruise altitudes
can significantly affect the efficiency and economics of operating your airplane.

While you are required to extract only cruise performance data for the Private Pilot
FA A Knowledge Exam, we recommend that, at some stage, you read through the commer-
cial pilot sections of this chapter that include climb performance data, as well as different
presentations of cruise performance data. The additional knowledge gained will lead to
improved practical operation of your airplane.

Note. The Commercial Pilot Knowledge Exam requires that you have a knowledge of
climb performance as well as cruise performance, and that you can apply some basic
navigation and flight planning knowledge, such as wind effect increasing or decreasing
your groundspeed.

CRUISE ALTITUDE AND POWER SETTING

Choice of cruise altitude depends on:
o distance to destination;
o terrain;
« airplane gross weight;
 weather (visibility and cloud base);
o wind at various altitudes; and
o ATC and airspace requirements.

To level off at cruise altitude leave climb power set until the airplane has accelerated
to the desired cruise speed in level flight. The power is then reduced to cruise power, and
the mixture is leaned as recommended in the Pilot’s Operating Handbook.

The cruise speed maintained is determined by the power set. Cruise power settings are
usually specified as a percentage of maximum continuous power (MCP). Typical cruise
figures are in the range of 55%-75% MCP (or 55-75% BHP, where BHP means brake
horsepower). It is possible, of course, to set higher power for cruise, even 100% MCP as
the name maximum continuous power implies, but the consequences will be very high
fuel consumption and increased engine wear.

After cruise power is set, you should lean the mixture according to the procedures in
the Pilot’s Operating Handbook. Most engine manufacturers recommend that you lean
the mixture only when the power setting is 75% MCP or less—full rich is used at higher
power settings. Usually you would lean for best power, so that there is a slight excess of
fuel compared with the chemically correct mixture. This will give the best speed at that
power setting, and the small amount of excess fuel will help cool the cylinders. Correct
leaning procedure is important for long engine life.

Figure 10-1
Cruising.

The cruise speed
maintained is
determined by
the power set.

Lean the mixture for
best fuel consumption.
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As airspeed increases
the IOAT will be slightly
higher than the actual
outsider air temperature.

From a performance point of view, the engine—propeller combination is most efficient

at the altitude where the desired percentage power is obtained with the throttle fully open,
known as the full-throttle altitude.

Indicated and Outside Air Temperature

The temperature shown in the cockpit on the outside air temperature gauge is the indi-
cated outside air temperature (IOAT). As airspeed increases, air moving past the outside-
air-temperature probe will be compressed. When air is compressed, it warms, and this
will cause a slight increase in the temperature detected and displayed in the cockpit.

The actual temperature of the outside air is called the outside air temperature (OAT)
and also can be obtained from a weather forecast or report. When operating high-speed
airplanes a correction factor can be applied to the IOAT to obtain OAT.

Although you will find both IOAT and OAT in performance tables and graphs, in the
Private and Commercial Knowledge Exams, it is normal to find a simple reference to
“temperature” in the question setting.

Presentation of Performance Data

Manufacturers present performance data in different ways, the most common being tables
and graphs. The following examples are typical of the data for Piper and Cessna airplanes.

Piper Warrior Performance Data

To use the graph in figure 10-2, simply enter with the temperature and pressure altitude,
move across to the desired percentage power and then down to find the cruise TAS.

T ™
Ay BEST POWER CRUISE PERFORMANCE {H
T ASSOCIATED CONDITIONS: mam
. T MID CRUISE WEIGHT 2300 LBS. mas
,\hi - —~r’§7\M\’ WHEEL FAIRINGS INSTALLED EEE
o ':ﬁ con'\““““‘:\‘-‘gns BEST POWER MIXTURE PER HH
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Figure 10-2 Cruise performance graph for a Piper Warrior (PA-28-161).
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Note. On the graph in figure 10-2, at higher cruise altitudes, the maximum power
available in terms of percentage MCP is limited by the full throttle position.

Cessna 172 Performance Data

To use the table in figure 10-3, simply extract the figures. For instance, at 4,000 feet pres-
sure altitude at standard temperature and with 2,400 RPM set, you would be cruising at
65% BHP and would achieve 108 knots true air speed (KTAS) with a fuel flow/consump-

tion of 7.3 gph.

Note. All performance graphs and tables will have various notes printed on them,
giving details of the conditions that apply and information governing use of the data.
You should pay particular attention to these notes, and be aware that they will be

different for each graph or table.

SECTION 5 CESSNA
PERFORMANCE MODEL 172P
CRUISE PERFORMANCE
CONDITIONS:
2400 Pounds
Recommended Lean Mixture (See Section 4, Cruise)
NOTE: o o
Cruise speeds are shown for an airplane equipped with speed fairings which increase the
speeds by approximately two knots.
20°C BELOW STANDARD 20°C ABOVE
PRESSURE REM STANDARD TEMP TEMPERATURE STANDARD TEMP
ALTITUDE 9% % %
FT Bi—:P KTAS | GPH BHP KTAS | GPH BH KTAS | GPH
2000 2500 --- | ---|--- 76 114 8.5 72 114 8.1
2400 72 110 8.1 69 109 7.7 65 108 7.3
2300 65 104 7.3 62 103 6.9 59 102 6.6
2200 58 99 6.6 55 97 6.3 53 96 6.1
2100 52 92 6.0 50 91 5.8 48 89 5.7
4000 | 2550 - - - --- - 76 117 8.5 72 116 8.1
2500 77 115 8.6 73 114 8.1 69 113 7.7
69 | 100 | 78 | Cee_l 108 | 7.3)| 62 | 107 | 7.0
2300 62 104 7.0 59 102 6.6 57 101 6.4
2200| 56 98 6.3 54 96 6.1 51 94 5.9
2100 51 91 5.8 48 89 5.7 47 88 5.5
6000 |2600| - - - - - 77 119 8.6 72 118 8.1
2500 73 114 8.2 69 113 7.8 66 112 7.4
2400| 66 108 7.4 63 107 7.0 60 106 6.7
2300| 60 103 6.7 57 101 6.4 55 99 6.2
2200| 54 96 6.1 52 95 5.9 50 92 5.8
2100 49 90 5.7 47 88 5.5 46 86 5.5
8000 |2650) - - - ---]--- 77 121 8.6 73 120 8.1
2600 77 119 8.7 73 118 8.2 69 117 7.8
2500 70 113 7.8 66 112 7.4 63 111 7.1
2400 63 108 7.1 60 106 6.7 58 104 6.5
2300| 57 101 6.4 55 100 6.2 53 97 6.0
2200| 52 95 6.0 50 93 5.8 49 91 5.7
10,000 |2600| 74 118 8.3 70 117 7.8 66 115 7.4
2500 67 112 7.5 64 1m 7.1 61 109 6.8
2400| 61 106 6.8 58 105 6.5 56 102 6.3
2300| 55 100 6.3 53 98 6.0 51 96 5.9
2200 50 93 5.8 49 91 5.7 47 89 5.6
12,000 | 2550 67 114 7.5 64 112 71 61 11 6.9
2500| 64 111 7.2 61 109 6.8 59 107 6.6
2400| 59 105 6.6 56 103 6.3 54 100 6.1
2300 53 98 6.1 51 96 5.9 50 94 5.8
Figure 10-3 Cruise performance table for a Cessna 172P.
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Performance Data used for the Private Pilot Knowledge Exam

The table of cruise power settings used in the Private Pilot Knowledge Exam is shown in
figure 10-4. It is based on an airplane gross weight of 2,800 pounds with 65% maximum
continuous power set, or full throttle at higher altitudes. Enter this table on the left-hand
side with pressure altitude, and temperature using either ISA deviation at the top of the
table when planning, or with IOAT when in flight. Note that you will see that the IOAT
values are slightly higher than the OAT. For instance at sea level, the ISA temperature is
+15°C, whereas the IOAT for a TAS of 150 knots is +17°C. Now you can find:

o power setting to achieve 65% MCP in terms of RPM and manifold pressure (MP);

o fuel flow in gallons per hour (gph), with the expected fuel pressure gauge indication

in pounds per square inch (psi); and
o true airspeed (TAS) in knots or miles per hour (MPH).

For example, at 4,000 feet pressure altitude with standard temperature (ISA), you can
extract:
a. power setting 2,450 RPM, MP 20.7 in. Hg;
b. fuel flow 11.5 gph (expected fuel pressure 6.6 psi); and
¢. TAS 156 knots (or 180 MPH).

Cruise Power Settings
65% maximum continuous power (or full throttle), 2800 pounds

ISA -20°C (-36°F) STANDARD DAY (ISA) ISA +20°C (+36°F)
FUEL FUEL FUEL
PRESS ENG. | MAN. |[FLOW PER ENG. | MAN. |[FLOW PER ENG. | MAN. |[FLOW PER
ALT. | IOAT |SPEED|PRESS| ENGINE TAS IOAT |SPEED|PRESS| ENGINE TAS IOAT |SPEED|PRESS| ENGINE TAS
FEET | °F | °C | RPM | INHG | PSI |GPH| KTS|MPH|| °F | °C | RPM | INHG | PSI |GPH|KTS [MPH|| °F | °C | RPM | IN HG | PSI |GPH|KTS|MPH
SL |27|-3|2450| 20.7 | 6.6 |11.5| 147|169 ||63 |17 | 2,450 | 21.2 | 6.6 |[11.5/150| 173 (|99 |37 | 2,450 | 21.8 | 6.6 |11.5| 153|176
2,000 |19 |-7| 2,450 | 204 | 6.6 |11.5/149|171||55|13| 2,450 | 21.0 | 6.6 |11.5|153 | 176 || 91|33 | 2,450 | 21.5 | 6.6 |11.5|156 | 180
4,000 |12 |-11] 2,450 | 20.1 6.6 115152 | 175 || 48 | 9 {2,450 X 20.7 ]@@ 156 @ 8429|2450 | 21.3 | 6.6 |[11.5) 159|183
6,000 | 5 |-15| 2,450 | 19.8 | 6.6 |[11.5|155 178 || 41| 5 | 2,450 | 204 | 6.6 |11.5|158 | 182 (|79 |26 | 2,450 | 21.0 | 6.6 |11.5| 161|185
8,000 | -2 |-19| 2,450 | 195 | 6.6 |11.5|157 |181||36| 2 | 2,450 | 20.2 | 6.6 |11.5|161 |185 || 72|22 | 2,450 | 20.8 | 6.6 |11.5| 164 | 189
10,000| -8 |-22| 2,450 | 19.2 | 6.6 [11.5/160| 184 || 28 |-2 | 2,450 | 19.9 | 6.6 |[11.5/ 163 | 188 || 64 | 18 | 2,450 | 20.3 | 6.5 11.4@ 191
12,000|-15(-26| 2,450 | 18.8 | 6.4 [11.5 @)186 21 |-6 2450 | 18.8 | 6.1 |10.9 @ 188 || 57 |14 | 2,450 | 18.8 | 5.9 |10.6|163 | 188
14,000|-22|-30| 2,450 | 17.4 | 5.8 |10.5/159 | 183 || 14 |-10| 2,450 | 17.4 | 5.6 |10.1|160 | 184 || 50 | 10 | 2,450 | 17.4 |54 | 9.8 | 160 | 184
16,000|-29 |-34| 2,450 | 16.1 53 |9.7|156 | 180 || 7 |-14| 2,450 | 16.1 5194 156 | 180 (|43 | 6 | 2,450 | 16.1 | 4.9 | 9.1 | 155|178
Note:

1. Full throttle manifold pressure settings are approximate.
2. Shaded area represents operation with full throttle.

Figure 10-4 Airplane power setting table used in the Private Knowledge Exam.

Interpolation

Often the figures you require lie somewhere between the tabulated figures, and so you
must interpolate.

Example 10-1

Press | I0AT | TAS | I0AT | TAS Refer to figure 10-4. The IOAT at 6,000 ft is -5°C, what is the TAS?
alt °C kt °C kt From table 10-1, you can see that at 6,000 ft, an IOAT of -15°C gives
6,000 | -15 | 155 +5 158 a TAS of 155 knots and +5° gives 158 knots. Since -5°C is halfway
between -15 and +5°C, the TAS is:
Table 10-1
Extract of table for interpolation. 155 + (158 ; 155) — 155+ 1.5 = 156.5 knots
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Fuel Consumption

Once the flight distance has been measured and the TAS and fuel flow found from the
performance graph or chart, the fuel consumption for the flight can be calculated:
« first find the flight time by dividing the flight distance by the TAS. For example, to
cover 240 nautical miles (NM) at 90 KTAS will take 2440 = 2.67 hours; and
« find the fuel consumption by multiplying the flight time by the fuel flow. For
example, if the fuel flow was 6.6 gph over 2.67 hours the fuel consumption would
be 6.6 x 2.67 = 17.6 gallons.

Note. These calculations can be done either on an electronic calculator or on a flight
computer (see chapter 24).

Example 10-2

Referring to figure 10-4, what is the expected fuel consumption for a 420 NM flight in
no-wind conditions at 65% MCP under the following conditions? Specify the power
settings.
Pressure altitude 6,000 feet
Forecast temperature -15°C
Wind calm

First find which ISA column to use. ISA at 6,000 feet is [15 — (6 x 2)] = 3°C. Therefore
-15°C is equivalent to ISA-18°C. This is closest to ISA-20°C, so we can extract:

o power setting: 2,450 RPM, MP 19.8 in. Hg;
TAS 155 knots; and

 11.5 gph. . _ distance _ 420 _ h
1. Time calculation: T1me = TAS 155 2.71 hours
2. Fuel calculation: Fuel = time x fuel flow = 2.71 x 11.5 = 31.2 gallons.

Effect of Wind in Cruise

Normally during cruise, there is a wind that will affect the distance covered over the
ground. If there is a headwind, the air in which the airplane is flying will be moving
backward over the ground and therefore in a given time the ground distance covered,
measured in nautical air miles (NM), will decrease. Conversely a tailwind will increase
the ground distance covered in a given time. However the distance flown through the
air, measured in nautical miles (NM), will remain the same.

Because the effect of wind will alter the time to cover a set ground distance, such as
between two airports, it will also affect the amount of fuel required. A strong headwind
will increase your flight time and fuel consumption, a hazardous situation if you had
planned your fuel requirements without wind.

Example 10-3

Using the information in example 10-2, what will be the flight time and fuel consumption
if there is now a 30-knot headwind?

_ ground distance _ 420 420

B ground speed ~ (KTAS - headwind) (155 - 30)
2. Fuel = time X fuel flow = 3.36 x 11.5 = 38.7 gallons.

= 3.36 hours

1. Time
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Commercial Pilot |

CLIMB PERFORMANCE

There are three types of climb that you may use at the start of a cross-country flight:

1. the maximum angle of climb at speed V allows you to gain the maximum altitude
in the shortest distance. It is normally used only immediately after the takeoff to
provide a steep climb gradient over any obstacles, after which the airplane’s nose is
lowered slightly and the airspeed allowed to increase to normal climb speed. Since
this type of climb is only of short duration, no performance tables (in terms of fuel
flow and distance covered) are provided;

2. the maximum rate of climb at speed V allows you to gain the maximum altitude in
the shortest time. This climb speed is used when you want to reach cruise altitude
as quickly as possible. Performance charts or tables, such as that shown in figure
10-6, are provided, since this type of climb may be prolonged and used all the way
up to cruise altitude. The important figures from a flight planning point of view
are the time, fuel and distance to top of climb. A wind will not affect the time, fuel
and air distance to reach the required altitude, but it will affect the ground distance
covered; and

3. the normal climb at the specified climb speed is somewhat faster than the maximum
rate climb speed, and is sometimes called a cruise climb. Performance tables or
charts are provided.

For all climb types the fuel required from start-up to cruise altitude will be the climb
fuel plus a fuel allowance for start, taxi and takeoff.

Vy " Vy
. aximum-
Maximum-angle .
4 climb . & rate climb
Altitude Y
gained in a ) b a L

given time Z
,,,,,,,,,,,,,,,,,,,,,,,, 5% - - - ¥ Cruise

Distance traveled in a given time

Figure 10-5 The three different types of climb.

Maximum Rate of Climb

Figure 10-6 shows a maximum rate of climb performance table. To see how simple it is
to use, follow this explanation. Consider a maximum rate climb from a sea level airport
to 8,000 feet under ISA conditions, with a takeoff weight of 3,700 pounds.

Under standard conditions, it should take 12 minutes to climb from MSL to 8,000 feet,
and you will cover 23 nautical miles (NM). Fuel used on the climb will be 24 pounds
(plus the 16 pounds for start-up, taxi and takeoff, making a total of 40 pounds used from
start-up to top of climb). Initial rate of climb will be approximately 700 fpm, decreasing to
approximately 665 fpm by 4,000 feet MSL, and 625 fpm as you approach 8,000 feet MSL.
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WEIGHT | PRESS | RATE OF FROM SEA LEVEL
LBS ALT CLIMB | T\\ME | FUEL USED |DISTANCE|  CONDITIONS:
FT FPM MIN | POUNDS NM Flaps Up
Gear Up
4000 S.L. 605 0 0 0 2600 RPM
4000 570 7 14 13 Cowl Flaps Open
8000 530 14 28 27 Standard Temperature
12,000 485 22 44 43
16,000 430 31 62 63 NOTES: _
20.000 365 41 82 87 1. Add 16 pounds of fuel for engine start,
’ taxi and takeoff allowance.
@ 2. Increase time, fuel and distance by
4gOL0 665 g 12 1(1) 10% for each 10°C above standard
.. (625 .@ @ temperature.
128388 580 19 37 37 3. Distang:es shown are based on
16,000 525 26 52 53 zero wind.
20,000 460 34 68 72
S.L. 810 0 0 0 PRESS ALT MP PPH
4000 775 5 10 9 S.L.TO 17,000 35 162
3400 8000 735 10 21 20 18,000 34 156
12,000 690 16 32 31 20,000 32 144
16,000 635 22 44 45 22,000 30 1392
20,000 565 29 57 61 24,000 o8 120

Figure 10-6 Climb performance table.

If the temperature is warmer than standard, climb performance will be poorer (see
Note 2), with time, fuel, and air distance all increasing. Rate of climb will be poorer.
Under ISA+10°C conditions, time, fuel and air distance must be increased by 10% to
110% of the ISA figures—we can calculate these by multiplying the tabulated figures by
1.1 to obtain the following:

If temperature is colder than standard, use the tabulated figures.

12 minutes x 1.1 = 13.2
23NM x 1.1 = 253 NM
241b x 1.1 = 26.4 gallons

Remember. A headwind will reduce the ground distance covered on the climb. For
instance, an average 30-knot headwind acting for the estimated 9 minutes of climb
would have an effect of -30 x %o = -4.5 NM, with 14.3 NM becoming 14.3 — 4.5 = 9.8
NM. (This method is quicker than working out the TAS and then finding the ground-
speed.) Conversely, a tailwind will increase the ground distance covered.

Climbing from a High-Elevation Airport

The technique for calculating a climb to cruise altitude following takeoff from a high-
elevation airport is:
o determine the climb figures from sea level to cruise pressure altitude; and
o subtract the climb figures for an imaginary climb from sea level to airport pressure
altitude.

10]1d [e19JoWWOo |

Figure 10-7
Maximum angle climb.
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Example 10-4

Cruise altitude
- R

Using figure 10-6, determine the climb figures a7/ ) /;3_‘“3'

for a maximum rate climb to 12,000 feet pressure § ! ﬁ#ﬁhin 22)
altitude where the temperature is +1°C from an qu’: / Computed 7 ?
airport with pressure altitude 4,000 feet. There --- & - - fimP

TS,
is a 20-knot headwind on the climb. Airplane W
weight is 3,700 pounds.

First find the ISA deviation. At 12,000 feet,
ISA = 15 — (2 x 12) = -09°C. Therefore +1°C is
equivalent to ISA+10°C. A temperature correc-
tion will therefore be required.

The answer is: 14 minutes, 44 1b, 29 NM,
26 NM.

Figure 10-8 Climb to cruise altitude
from a high-elevation airport.

Note. Fuel has been rounded-up to the next whole gallon to be on the safe side.

Time (minutes) Fuel (Ib) Distance (NM)
Climb from sea level to 12,000 ft (#1) 19 37 37
Climb from sea level to 4,000 ft (#2) 6 12 11
Climb from 4,000 to 12,000 ft (#1-#2) 13 25 26
Correction for temperature deviation 14 (14.3) 28 (27.5) 29 (28.6)
ISA+10°C, so increase figres by 10%,
i.e. multiply by 1.1)
Startup, taxi, takeoff allowance - 16 -
Totals 14 min 44 1b 29 NM
Wind effect: —20 x (9 + 60) = -3
26 NM

The Cruise or Normal Climb

Figure 10-9 shows a typical climb performance chart. To use this chart, enter with the
temperature at the cruise level and read vertically up to the pressure altitude at the top of
climb. Then move horizontally until reaching the fuel, time, and distance curved lines,
and read vertically down to determine fuel, time, and distance.

Next, enter with the temperature at the start of climb and read vertically to the depar-
ture pressure altitude. Then move horizontally to extract the fuel, time, and distance
values as before. The difference between the two sets of figures is the actual climb data.
See the example on the chart.
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ASSOCIATED CONDITIONS:

MAXIMUM CONTINUOUS POWER *, 3,600 LB GROSS WEIGHT

i i i i i i FLAPS UP, 90 KIAS, NO WIND
| | |
I
s =l * 2,700 RPM & 36 IN M.P. (3-BLADE PROP) |
— DEPARTURE AIRPORT PRESSURE ALT.: 1,400 FT 2,575 RPM & 36 IN M.P. (2-BLADE PROP)_
| | DEPARTURE AIRPORT OAT: 15 °C
CRUISE PRESSURE ALTITUDE: 12,000 FT
— CRUISE OAT: 0 °C
| | FUEL TO CLIMB: 7.5 MINUS 0.5 = 7.0 GAL
TIME TO CLIMB: 14 MINUS 1.5 = 12.5 MIN
| DISTANCE TO CLIMB: 20 MINUS 2 = 18.0 NM
‘ [
| 0
S NEERE= = /
i =
|| 18,000 T | | o / \\3« r
T 16 01)0 ——T 1| 3 § »\\Ov;
: >/
e =] gL
14,000 T | Sl N Y
E ALT - FT « )
I PRESSURE A ——— CRUISE AR
12,000 e e et ==
1\ I
p—
10,000 — "
T /W)
8,000 \ s / /
6,000 - )4
6,000 T\
o 11y
4,000 \ [ 1/
i 1
2,000 \ — / I
T N\ o == -
SEA LEVEL \ DEPARTURE v
40 -30 -20 -10 0 10 20 30 40 0 10 20 30 40
OUTSIDE AIR TEMPERATURE - °C FUEL, TIME, AND DISTANCE TO CLIMB

Figure 10-9 A climb performance chart.

CRUISE PERFORMANCE

This part of the chapter looks at the cruise in greater depth. If it has been a while since
you read chapter 3, we suggest you review range and endurance (see pages 65-68).

Fuel Reserves

Fuel reserves for Visual Flight Rules (VFR) flights are specified in the Federal Aviation
Regulations, Part 91. Reserve fuel is designed not to be used. It is a safety reserve, available
for unplanned situations, such as unexpected closure of your destination airport due to
a runway obstruction, or unforecast poor weather. Reserve fuel is fuel in your tanks that
you should not plan on using—think of it as an emergency reserve.
The reserves specified in Part 91 are:
« VEFR day reserve: 30 minutes at normal cruising speed; and
o VER night reserve: 45 minutes at normal cruising speed.

10]1d [e19JoWWOo |
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Specific Range
Specific range is the distance traveled per unit of fuel burned. It may be expressed in

various units, such as NM/pound or NM/gallon for specific range.

nautical miles _ nautical miles/time _ airspeed
fuel fuel /time fuel flow

Specific range =

Specificrange _ _ TAS and specificrange _ _ GS
(air) fuel flow (ground) fuel flow

Example 10-5

With a given power setting, you can achieve 150 KTAS with a fuel flow of 9 gallons per
hour (gph). Calculate specific air range. Also calculate specific ground range if a headwind
of 30 knots exists.

Speciﬁ'c range _ 150 KTAS _ - NM/ gallon
(air) 9 gph
Specific range _ 120 knots GS

(ground) 9 gph = 13.3 NM/gallon

Flying for Range

Normal cruise speed takes into account time-to-destination as well as fuel burn. However
sometimes you will want to keep fuel used over a given flight distance as low as possible,
which reduces fuel costs. This is achieved by flying at the correct speed for maximum
range and keeping fuel burn to a minimum.

The maximum range speed occurs where the wing is most efficient, which occurs at
the airspeed for minimum drag. Maximum range airspeed for most airplanes is consider-
ably slower than normal cruise speed, and typically requires about 45% MCP. As weight
reduces with fuel burn, the maximum range airspeed also reduces.

Efficiency during cruise requires that you lean the fuel/air mixture correctly according
to procedures specified in the Pilot’s Operating Handbook. To achieve maximum range:

» keep airplane gross weight to a reasonable minimum;

o fly at full-throttle altitude if possible (throttle butterfly fully open, causing less

restriction to the airflow through the carburetor);

o use the correct power setting and airspeed (usually the highest recommended “high

MP/low RPM” combination for maximum engine efficiency);

+ lean the mixture as recommended in the Pilot’s Operating Handbook;

« avoid use of carburetor heat if possible; and

« minimize drag (ensure in-trim, gear up and flaps up).

Wind Effect on Range

The maximum range airspeed in no-wind conditions is illustrated in figure 10-10. A
tailwind will increase the range over the ground, and this range can be further increased
by flying a little slower than the no-wind maximum range airspeed, which gives the
wind more time to carry the airplane farther. Conversely, a headwind will reduce the
range over the ground, but this reduction can be minimized by flying a little faster than
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the no-wind maximum airspeed, giving the wind less time to act on
the airplane. Typical increases or decreases in airspeed for strong wind
conditions are 5%.

Whereas specific air range is nautical air miles per unit of fuel, specific
ground range is nautical ground miles per unit of fuel. Best range will be
achieved at the airspeed that provides the best specific ground range—the
maximum number of nautical ground miles per pound of fuel burned.

T P Tangent to power curve
" in 40 kt headwind

Power 7~ conditions

required

Tangent to power curve
in no-wind conditions

T T T » TAS
TAS 0 TAS 40 Best range TAS Best range TAS
GS 0 GS 0 in no-wind in 40 kt headwind
no wind  in 40 kt h/wind conditions conditions
Figure 10-11 Graphical explanation of increased best-range TAS for strong winds.

Example 10-6

10]id |e1oJawwo) |

Thrust
required
or
Drag
7777777777777 Minimum drag
(best L/D speed)
Velocity (TAS)
A
Power
required
! Velocity (TAS)
Maximum / Maximum
endurance range
speed speed
(speed for (best L/D,

minimum power)

minimum drag)

Figure 10-10 Maximum-endurance
speed and maximum-range speed.

Some typical cruise performance figures extracted from figure 10-13 (page 254), for a
particular airplane type at 6,000 feet and standard temperature are shown below. Consider
the effect of an 80-knot headwind on specific ground range at these power settings.

% BHP RPM | MP | KTAS pph SAR w/C | GS SGR
(Ib per hr) | (TAS/pph) (GS/pph)

75% BHP | 2,500 | 24 171 95 1.80 -80 | 91 0.96

63% BHP | 2,400 | 22 159 79 2.01 -80 | 79 1.00

48% BHP | 2,200 | 20 138 62 2.22 -80 | 58 0.94

In no-wind conditions, specific air and ground range will be the same, and best range
performance in the above case is 2.22 NM/Ib, obtained at the low speed of 138 KTAS.

You can see that an 80-knot headwind has a very significant effect on specific ground
range, reducing it to only 0.94 NM/Ib at speed 138 KTAS. Note that the maximum specific
ground range of 1.00 NM/Ib is achieved at the higher speed of 159 KTAS in strong
headwind conditions.
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Flying for Endurance

Occasionally you might want to remain in flight for the longest time possible without any
consideration of the distance covered, for instance when holding over a fix and waiting
for an ATC clearance to proceed. The airspeed at which you would hold is known as the
best endurance airspeed. To achieve this you need to keep the fuel flow as low as possible.
Fuel consumption of a piston engine depends on the power it produces. Therefore, for
best endurance, you should select an indicated airspeed near the minimum power speed
from the performance charts. Best endurance airspeed is slower than best range airspeed
(see figure 10-10).

At the appropriate endurance IAS, the power required is lowest at low altitudes—so,
for maximum endurance in a piston-engine airplane, fly at a low (but safe) altitude at
the speed for minimum power.

Commercial Pilot |

REVIEW 10
En Route Performance

Cruise Altitude and Power Setting 5. You are cruising at 10,000 feet pressure altitude

Refer to the cruise power setting table on a standard day (ISA temperatures) with 65%

in figure 10-4 (page 244) for questions 1 to 10.

. What true airspeed can you expect with 65%

maximum continuous power at 8,000 feet pres-
sure altitude with a temperature of 20°C below
standard?

. What true airspeed can you expect with 65%

maximum continuous power at 9,500 feet pres-
sure altitude with a temperature of ISA -20°C?
Give your answer in knots and mph.

. To achieve 65% maximum continuous power

at 4,000 feet pressure altitude with 2,450 RPM
set, what would be the manifold pressure, if the
temperature was ISA -20°C?

with a temperature of 36°F higher than standard:
a. 20.9in. Hg.
b. 20.8 in. Hg.
¢. 21.0 in. Hg.

maximum continuous power.

a. What fuel flow in gph can you expect?

b. What true airspeed in knots would you expect
to achieve?

. You are cruising at 11,000 feet pressure altitude

on a standard day (ISA temperatures) with 65%

maximum continuous power.

a. What fuel flow in gph can you expect?

b. What true airspeed in knots would you expect
to achieve?

. Which of the following is the approximate true

airspeed a pilot will expect with 65% maximum
continuous power at 9,500 feet with a tempera-
ture of 36°F below standard?

. Which of the following is the approximate mani- a. 178 mph.
fold pressure setting with 2,450 RPM to achieve b. 181 mph.
65% maximum continuous power at 7,000 feet ¢. 183 mph.
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10.

Given the following, what is the expected fuel
consumption for a 500 NM flight?

Pressure altitude
Temperature
Manifold pressure
Wind

4,000 feet
+29°C
21.3in. Hg
calm

Given the following, what is the expected fuel
consumption for a 450 NM flight?

12,000 feet
-6°C

18.8 in. Hg
10 knots

Pressure altitude
I0AT

Manifold pressure
Headwind

Given the following, what is the expected fuel
consumption for a 1,000 NM flight?

Pressure altitude
Indicated temperature
Manifold pressure
Wind

8,000 feet
-19°C
19.5in. Hg
calm

Commercial Review

11.

12.

13.

14.

15.

16.

As altitude is gained, rate of climb:
a. increases.

b. decreases.

c. stays the same.

What is ISA+10°C equivalent to (in °C) at 6,000
feet pressure altitude?

True or false? A headwind will not affect the
amount of fuel burned in the climb to a given
altitude.

True or false? Higher gross weights will not affect
climb performance.

Fuel flow is 54 pounds/hr at 210 KTAS. Express
fuel consumption in NM/pound.

Fuel flow is 6.6 gph at 161 KTAS. Give:

a. fuel consumption in NM/gallon.

b. specific ground range in 30-knot headwind
conditions.

c. specific ground range in 30-knot tailwind
conditions.

17.

18.

19.

20.

21.

22.

Which maximum range factor decreases as
weight decreases?

a. Maximum range altitude.

b. Maximum range airspeed.

¢. Maximum range angle of attack.

Refer to figure 10-12 (page 254)
for questions 18 to 22.

Describe the following for a normal climb in this

airplane:

a. power set (RPM and MP);

b. indicated airspeed for flaps up and gear up;

c. cowl flap configuration; and

d. fuel allowance for engine start, taxi, and
takeoff.

Under ISA+14°C conditions, you would need to
increase the climb figures by 20%. How is this
best achieved?

With reference to figure 10-12, from SL to 12,000

feet under ISA conditions for an airplane weigh-

ing 4,000 pounds, give the:

a. climb figures (minutes, pounds, NM) in
no-wind conditions.

b. climb figures if there is an average tailwind
component of 24 knots.

c. fuel required from engine start through to top
of climb.

Calculate the fuel burn from engine start at a sea
level airport to top of climb at pressure altitude
14,000 feet under ISA conditions for an airplane
with gross weight 4,000 pounds.
Given the following using a normal climb, how
much fuel would be used from engine start to a
pressure altitude of 12,000 feet:
Aircraft weight
Airport pressure altitude
Temperature at 4,000 feet

3,700 pounds
4,000 feet
21°C

Chapter 10 En Route Performance

253



CONDITIONS:
Flaps Up
Gear Up
2500 RPM

30 Inches Hg

NORMAL CLIMB - 110 KIAS

120 PPH Fuel Flow

Cowl! Flaps Open

Standard Temperature

NOTES:

1. Add 16 pounds of fuel for engine start, taxi and takeoff allowance.
2. Increase time, fuel and distance by 10% for each 7 ‘C above standard temperature.
3. Distances shown are based on zero wind.

WEIGHT | PRESS | RATE OF FROM SEA LEVEL

LBS ALT CLIMB | TIME [FUEL USED | DISTANCE

FT FPM MIN | POUNDS NM

4000 S.L. 605 0 0 0

4000 570 7 14 13

8000 530 14 28 27

12,000 485 22 44 43

16,000 430 31 62 63

20,000 365 41 82 87

S.L. 700 0 0 0

3700 4000 665 6 12 11

8000 625 12 24 23

12,000 580 19 37 37

16,000 525 26 52 53

20,000 460 34 68 72

S.L. 810 0 0 0

4000 775 5 10 9

3400 8000 735 10 21 20

12,000 690 16 32 31

16,000 635 22 44 45

20,000 565 29 57 61

Figure 10-12 Fuel, time, and distance to climb table.

Refer to figure 10-13 for questions 23 to 27.

23. What would be the fuel flow given 6,000 ft
pressure altitude, ISA+10°C, 2,400 RPM power
setting, and 23 in. Hg MP?

24. Given the following, describe the maximum
available flight time:
a. with no reserves.
b. with VER night reserve.

Pressure altitude

Temperature

Power

Usable fuel available

6,000 feet
—-17°C

2,300 RPM, 23" Hg

370 1b

PRESSURE ALTITUDE 6,000 FEET CONDITIONS: !
Recommended Lean Mixture
3800 Pounds
Cowl Flaps Closed

20 "C BELOW i STANDARD 20 “C ABOVE
STANDARD TEMP TEMPERATURE STANDARD TEMP
-17°C 3'C 23°C

RPM | MP | % |KTAS| PPH % | KTAS| PPH % KTAS | PPH
BHP BHP BHP

2550 | 24 --- 78 173 | 97 75 174 | 94
23 76 | 167 | 96 74 169 | 92 71 171 89
22 | 72 | 164 | 90 69 166 | 87 67 167 | 84
21 | 68 | 160 | 85 65 162 | 82 63 163 | 80

2500 24 | 78 | 169 | 98 75 171 | 95 73 172 | 91
23 | 74 | 166 | 93 71 167 | 90 69 169 | 87
22 70 | 162 | 88 67 164 | 85 65 165 | 82
21 66 | 158 | 83 63 160 | 80 61 160 | 77

2400 | 24 73 | 165 | 91 70 166 | 88 68 167 | 85
23 69 | 161 | 87 67 163 | 84 64 164 | 81
22 65 | 158 | 82 63 159 | 79 61 160 | 77
21 61 | 154 | 77 59 156 | 75 57 1556 | 73

2300 | 24 68 | 161 | 86 66 162 | 83 64 163 | 80

| 28 65 | 158 | 82 62 159 | 79 60 159 | 76
| 154 | 77 59 155 | 75 57 156 | 72
|21 57 | 150 | 73 55 150 | 71 53 150 | 68

n
N
o
e

2200 | 24 63 | 156 | 80 61 157 | 77 59 158 | 75
23 | 60 | 152 | 76 58 153 | 73 56 154 | 71
22 57 | 149 | 72 54 | 149 | 70 53 149 | 67
144 | 68 51 144 | 66 49 143 | 64
| 20 50 | 139 | 64 48 138 | 62 46 137 | 60
| 19 | 46 | 133 | 60 44 132 | 58 43 131 | 67

n
o
w

Figure 10-13 Cruise performance table.

25. Given the following, describe the maximum
available flight time:
a. with no reserves.
b. with VFR night reserve.

Pressure altitude 6,000 feet
Temperature -17°C
Power 2,400 RPM, 23" MP
Usable fuel available 505 Ib

26. Given the following power settings, what cruise
performance (KTAS and fuel flow in Ib/hr) can
you expect at 6,000 ft pressure altitude and ISA
(i.e. 3°C)? (Calculate the distances in NM per 1 Ib
of fuel burned.)

a. 2,550 RPM, 22 MP.
b. 2,500 RPM, 22 MP.
c. 2,400 RPM, 22 MP.
d. 2,300 RPM, 22 MP.
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27.

28.

29.

30.

Given the following, describe the maximum
available flight time:
a. with no reserves.

b. with VER night reserve.
Pressure altitude 6,000 feet

+3°C

2,300 RPM, 22" MP

465 Ib

Temperature
Power
Usable fuel available

Refer to figure 10-14 for questions 28 to 31.

What flight time is available, allowing for VFR
day fuel reserve, under the following conditions
if the mixture is leaned correctly?

18,000 feet

—21°C

2,400 RPM, 28" MP
425 Ib

Pressure altitude
Temperature

Power

Usable fuel available

What flight time is available, allowing for VFR
night fuel reserve, under the following conditions
if the mixture is leaned correctly?

18,000 feet

—41°C

2,500 RPM, 26" MP
318 Ib

Pressure altitude
Temperature

Power

Usable fuel available

Given the following, calculate the available flight
time, allowing for VFR day fuel reserve, if the
mixture is leaned correctly:
a. for the tabulated figures.
b. for “best fuel economy” as mentioned in the

note in figure 10-14.
Pressure altitude 18,000 feet

-1°C

2,200 RPM, 20" MP

344 Ib

Temperature
Power
Usable fuel available

CONDITIONS:

4000 Pounds
Recommended Lean Mixture
Cowl Flaps Closed

PRESSURE ALTITUDE 18,000 FEET

NOTE

For best fuel economy at 70% power or less, operate
at 6 PPH leaner than shown in this chart or

at peak EGT.
20 °C BELOW STANDARD 20 °C ABOVE
STANDARD TEMP TEMPERATURE STANDARD TEMP
-41°C -21°C -1°C
RPM | MP | % |KTAS| PPH | % |KTAS| PPH | % | KTAS|PPH
BHP BHP BHP

2500 | 30 — | -8 [188| 106 | 76 | 185 | 100
28 | 80 [184 | 105 | 76 |182| 99 | 71 | 178 | 93
26 | 75 (178 | 99 | 71 | 176 | 93 | 67 | 172 | 88
24 | 70 [171 | o1 | e6 | 168 | 86 | 62 | 164 | 81
22 | 63 (162 | 84 | 60 | 159 | 79 | 56 | 155 | 75

2400| 30 | 81 | 185 | 107 | 77 | 183 | 101 | 72 | 180 | 94
28 | 76 |179 | 100 | 72 | 177 | 94 | 67 | 173 | 88
26 71 | 172 93 67 170 88 63 166 83
24 | 66 |165 | 87 | 62 | 163 | 82 | 58 | 159 | 77
22 61 | 158 80 57 155 76 54 150 72

2300| 30 | 79 |182 | 103 | 74 | 180 | 97 | 70 | 176 | 91
28 | 74 [176 | 97 | 70 | 174 | 91 | €5 | 170 86
26 | 69 [170 | 91 | 65 | 167 | 86 | 61 | 163 | 81
24 | 64 |162 | 84 | 60 | 159 | 79 | 56 | 155 | 75
22 | 58 [154 | 77 | 55 | 150 | 73 | 51 | 145 | 65

2200| 26 | 66 | 166 | 87 | 62 | 163 | 82 | 58 | 159 | 77
24 | 61 |158 | 80 | 57 | 154 | 76 | 54 | 150 | 72
22 55 | 148 73 51 144 69 48 138 66
20 | 49 |136 | 66 | 46 | 131 | 63 | 43 | 124 | 59

Figure 10-14 Cruise performance table.

31. In order to achieve 76% power at 18,000 ft under
ISA conditions with 2,500 RPM set with the
propeller control:

a. what manifold pressure would you set with the
throttle?
b. what true airspeed could be expected?
c. what fuel flow could be expected?
Refer to figure 10-15 for questions 32 to 36.

32. How much fuel is consumed for a takeoff and
climb at 70% power for 10 minutes?

33. Allowing for 45 minutes reserve (calculated at

cruise rate), what flight time is available if the
usage fuel on board is 47 gallons and you set 55%
cruise (lean) power?
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34. You have 65 gallons of usable fuel. Power setting 37. Fuel flow is 80 Ib/hr at 160 KTAS. Express fuel

is 55% best power level flight. How much flight consumption in NM/Ib.

time would be available with a 30 minute reserve 38, Fuel flow is 6.6 gph at 161 KTAS.

remaining? a. Express fuel consumption in NM/Ib.
35. With 38 gallons of fuel aboard cruising (lean) b. What is SGR with a 30-knot headwind?

at 55% power and a 45 minute fuel reserve, how c. What is SGR with a 30-knot tailwind?

much flight time is available?

36. You cruise with 75% best power level flight set.
What is the fuel flow in gallons/hour?
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—— TAKEOFF AND CLIMB FUEL FLOW J SEA LEVEL
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Figure 10-15 Fuel consumption versus brake horsepower graph.

Answers are given on page 677.
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11

Weight and Balance

AIRFRAME LIMITATIONS

An airplane must only be flown within certificated limits of weight and balance to ensure
that it remains controllable, performs adequately and is not overstressed. Correct weight
and balance means:

« maximum allowable weight is not exceeded; and

o center of gravity (CG) is within a specified range.

WEIGHT

The main force created to counteract the weight and allow the airplane to be maneuvered
is lift. In straight-and-level flight the lift will be approximately equal to the weight.
In certain maneuvers it may considerably exceed the weight—increased lift means an
increase in wing loading and load factor (see pages 79-80).

For instance, in a 2g maneuver such as a 60° banked turn, where the load factor is 2,
the load on the wings is double the weight. If the airplane weighs 3,000 pounds, the wings
will be carrying a load of 6,000 pounds.

The heavier an airplane is, the poorer its performance will be. In particular, it will have:

« ahigher stall speed;

« ahigher takeoff speed and a longer takeoff run;

o poorer climb performance (poorer climb angle and climb rate);

« alower cruising level;

o less maneuverability;

o higher fuel consumption, and less range and endurance;

o reduced cruise speed for a given power setting;

« ahigher landing speed and a longer landing distance; and

« greater braking requirements when stopping.

This is not to suggest that following a takeoff at maximum permissible weight, the
airplane will not perform perfectly safely; it simply draws attention to the effect of weight
on performance.

On the other hand, if the airplane is actually overweight, that is, above any weight
limitations imposed by the manufacturer, then not only will it perform poorly but it will
also be difficult to control. If turbulence is encountered, or other than gentle maneuvers
performed, the resulting wing loading may be so great that structural damage will result.

On a more mundane (but possibly expensive) level, operating an overloaded air-plane
may render your insurance invalid. Besides the limiting weights of maximum takeoff
weight, maximum landing weight, maximum zero fuel weight and maximum ramp
weight discussed in chapter 8, for weight-and-balance purposes we need to take account
of the following weights.

Figure 11-1
Load carefully.

Figure 11-2
Consider fuel quantity
and balance.

Never fly an
overloaded airplane!
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Figure 11-3
Weight and balance
affect all aspects of

airplane performance.

Be familiar with you
airplane’s weight
limitations.

Empty Weight
The empty weight of an airplane is a precise, measured weight for that particular airplane.
It is included in its weight-and-balance documents as the licensed empty weight.

The empty weight includes:

o theairframe and the powerplant;

o all permanently installed operating equipment (such as radios); and

« all nondrainable fluids (including unusable fuel, hydraulic fluid, and undrainable

oil—see note below).

Note. For some airplanes, the certificated empty weight specifically includes full oil.
You should check this point carefully in all your weight-and-balance problems—if full
oil is not included, then you must add its weight and moment.

Items that the empty weight does not include are:

o pilot(s) and their equipment and baggage;

 passenger(s);

» baggage, cargo and temporary ballast added for balance; and
o full oil (unless specifically included).

If the airplane has new equipment installed (such as a new GPS receiver), then a
qualified person should amend the empty weight and the empty-weight CG position
and moment in the weight-and-balance documents.

Gross Weight (GW)

The gross weight is the actual total weight of the airplane and its contents at any particular
time. In other words, gross weight is the empty weight plus pilot(s), payload (passengers
and cargo), added ballast and fuel load.

The gross weight should not exceed the maximum weight permissible for any partic-
ular maneuver. On takeoff, it must not exceed the structural maximum takeoff weight
or the performance-limited takeoff weight; on landing, gross weight must not exceed the
structural maximum landing weight or the performance-limited landing weight. If you
wish to operate the airplane in the utility category, rather than in the normal category,
you must ensure that the lower maximum permissible gross weight for the utility category
is not exceeded.

The Weight of Fuel and QOil

Note the following:
« one gallon of AVGAS weighs 6 pounds (Ib);
« one liter of AVGAS weighs 1.56 1b (0.71 kg); and
« one gallon of oil weighs 7.5 pounds (so 8 quarts or 2 gallons weighs 15 pounds).

Caution. Be careful when ordering fuel in foreign countries—some places measure
fuel quantity in units such as liters rather than US gallons.

Other Weight Limitations

There may be other weight restrictions specified in your airplane’s weight-and-balance
documents or on placards in the airplane—for instance, a maximum baggage compart-
ment load, or a maximum zero fuel weight (ZFW).

The more familiar you are with the weight limitations applicable to your airplane, the
easier weight-and-balance problems will become. In the following table, we show the
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important data for the loading of any airplane, and you should consider using this for
any airplane you fly.

MTOW (structural) = Ib

MLW (structural) = Ib

Empty weight = Ib (with/without oil)

Maximum fuel load = gal = b

Taxi allowance = Ib

Maximum number of passengers = gal = b

Maximum baggage compartment load = Ib

Maximum fuel gallons (total) Mains gal = Ib
Aux gal = Ib

Table 11-1 Typical loading table.

Note. In most small airplanes, it is not possible to carry both a full fuel load and a full
passenger-and-baggage load and remain within the maximum permissible gross weight.

BALANCE

The Moment of a Force

The moment of a force is its turning effect, and it depends on two things:
o the size (magnitude) of the force; and
o its moment arm, which is the distance from the point at which the force is applied
to the pivot point (or fulcrum).

| Arm (in.)

Moment (Ib-in) = Force (Ib) x Arm (in)
Force

Force

Figure 11-4 Force, arm and moment.

If the force being applied (weight) is measured in pounds (Ib) and the arm is in inches
(in.), then the moment is expressed in pound-inches (1b-in), or inch-pounds (in-1b).

We are all familiar with the effect of a lever—the longer the lever arm, the smaller
the force required to achieve the same turning effect. In the case of an airplane, we are
not trying to rotate it, but to balance it—to stop it rotating or pitching. This is like a
balanced beam, where the moments trying to turn it clockwise are perfectly balanced by
the moments wanting to turn it counterclockwise.

We can see in figure 11-5 (page 260) that the same turning effect (moment) is achieved
by placing half the original weight at double the distance. For instance:

« a2 pound weight, with an arm of 10 inches, has a moment of 2 x 10 = 20 Ib-in; and

« a1 pound weight, with an arm of 20 inches, has a moment of 1 x 20 = 20 Ib-in.

Chapter 11 Weight and Balance
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To balance a beam,
we need to provide
a supporting force at
its central position.

The CG position
remains the same
regardless of the
datum position.

Figure 11-5 Balancing (or turning) moment depends on weight and moment arm.

Balancing a Loaded Beam (or Airplane)

To balance aloaded beam (or airplane), we need to provide a supporting force at the point
where the total weight may be considered to be concentrated, and where the counterclock-
wise turning moments are balanced by the clockwise turning moments. This position
is called the center of gravity (CG). The magnitude of the supporting force will need to
equal the total weight. For a beam, the supporting force may be provided by a pivot or by
a rope; for an airplane, the supporting force is provided by the lift.

In this case you have probably already estimated the position of the CG to be closer to
the 6 pounds weight, in fact about 10 inches from it. If the supporting force is provided
at this CG position, the beam will balance.

For an airplane to be in balance, its CG must lie somewhere near the point where the
lift is produced by the wings.

We need to reduce this situation ... ... to this situation.
) 31b Total
supporting rope weight
91b
6 Ib 6 Ib
31b ]

: CG , : CG 5
! (balance point) ' ! (balance point) '
1 30!! ‘. :4—10" - 20" ‘.

Figure 11-6 Finding the total weight and CG position.

Finding the Position of the CG

To calculate the position of the CG (rather than just estimate it), we need to calculate the
total moment—the sum of the turning effects of the individual weights. Then we find the
position (CG arm) where a single weight (equal to the sum of the individual weights) will
have the same total moment. The CG arm can be found using the equation:

Total weight x CG arm = total moment

To do this we need to know the individual moment arms as measured from an appro-
priate datum. It does not matter which point we choose as the datum—the results for the
CG position will always be the same. We will take time out to illustrate this important
point. By convention, moment arms to the left of the chosen datum are negative; arms
to the right of the datum are positive.
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Conclusion
Refer to figures 11-7, 11-8 and 11-9. The choice of datum makes no difference to the results

for CG position.
Datum A
-10" 0" +20"
-~ Arm —»i< Arm > @ Total 9 Ib
6 b Datum A 5 6 b
Y 3 1b
Weight Arm Moment Total CG Total
6lb X —10in = —60 Ib-in Weight Arm Moment
3lb X +20 in = +60 Ib-in 91b x CGarm = 0 Ib-in
91b 0 Ib-in 0lbdin o
Totals total total Therefore CG arm = =" = 0" from datum,
weight moment i.e. CG is at Datum A, which is 10" from the
left end of the beam, as expected.
Figure 11-7 Using the estimated CG position as datum.
Datum B
61b ! Datym B 61b
€ 9 y .
i Arm ] i Arm —»E
0" +30" 0"

Weight Arm Moment Total CG Total
6lb X 0in = 0 lb-in Weight Arm Moment
31b x 30in = 90 Ib-in 91b b3 CG arm = 90 Ib-in
91b 90 Ib-in

Totals total total Therefore CG arm = %’ = 10" from datum,
weight moment i.e. CG is +10" from Datum B, which places
the CG 10" from the left end of the beam,
the same position as calculated before.
Figure 11-8 Using another datum, the left end of the beam.
Dan?m C 5 1b Datu:m C 6 1b
Y ———————— : (s Elb) Y ——————————— :
b Arm > ' i Arm >
0" +20" +50" 0"

Weight Arm Moment Total CG Total
61b X 20in 120 Ib-in Weight Arm Moment
3lb X 50 in 150 Ib-in 91lb X CG arm = 270 Ib-in
91b 270 Ib-in

Totals total total Therefore CG arm =%) = 30" from datum,
weight moment i.e. CG is +30" from Datum C, which places
it +10" from left end of the beam, the same

position as in the previous two cases.

Figure 11-9 Using an external datum, 20 inches left of the beam.
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STA 0 STA 40

Allowable
CG range

Front occupants Rear occupants

Basic empty weight
Figure 11-10

The datum can be at any convenient point
on the longitudinal axis.

»r

Downward
aerodynamic force

w

Figure 11-11
Final balance is provided by the horizontal
stabilizer.

If the CG is too far aft,
the airplane might not
recover from a spin.

Airplane Datums

In the case of airplanes, the manufacturer specifies a datum
point in the weight-and-balance data supplied. Some manu-
facturers choose the nose of the airplane as the datum; others
choose the firewall behind the engine; and others choose an
external point along the extended longitudinal axis, ahead of
the nose. The datum point for your particular airplane will be
stated in its weight-and-balance documents.

The position of the datum is often referred to as “station
zero” (or STA 0). Other positions may be specified relative to
the station zero datum—for instance, a point 40 inches aft of
the datum is called “STA 40.” If the datum is behind the nose,
then all weights forward of this datum will have a negative arm
and a negative moment. The advantage of having a datum at or
forward of the nose is that all moments are positive, making the
calculations easier.

Effect of CG Position on Airplane Handling

The CG of an airplane is on the longitudinal axis and must
lie within a specified range for the airplane to be controllable
and to fly safely (and legally). The main supporting force in
flight counteracting the total weight of the loaded airplane is the
lift generated by the wings. It is considered to be concentrated
at the center of pressure (CP), usually situated somewhere on
the forward section of the wing—its position varies depending
on angle of attack and other factors. A small balancing force
(usually downward) is provided by the horizontal stabilizer.

If loaded with the CG well forward, the horizontal stabilizer
has along moment arm, the airplane will be very stable longitu-
dinally, and resist any pitching moment. The forward position
of the CG is limited to ensure that the elevator has sufficient
turning moment to overcome the nose-heaviness and excessive
longitudinal stability, ensuring that you are able to rotate the
airplane for takeoff and flare it for landing at relatively low
airspeeds.

If the CG is well aft, the airplane will be tail-heavy and less
stable longitudinally, because of the shorter moment arm from
the CG to the CP. The aft position of the CG is limited to ensure
that the airplane remains sufficiently stable so that a reasonably
steady nose position can be held without excessive and frequent
control movements being necessary, and so that the elevator-feel
experienced through the control column remains satisfactory.

With a CG that is too far aft, the airplane will be very tail-
heavy, will be difficult to control, and tend to stall and/or spin
more easily—a situation from which it may be more difficult (or
even impossible) to recover.
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A Simple Layout for Weight-and-Balance Calculations

The CG is the position through which all of the weights, combined into a gross weight
(or total weight), may be considered to act. The total weight should have the same turning
moment as the sum of the individual moments.

Arm A =10"

0"' CG arm—»{

00— ArmB=40'——————————»

ol "\ o

! | !

6 1b 31b 91b

Figure 11-12 The actual situation. Figure 11-13 The modified situation.

Sum of individual ~ total =~ total its moment
moments - moment  weight arm

(6x10) + (3x40)= 1801b-in= 9 pounds x CG arm

The CG position can now be found by dividing the total moment by the total weight.

_ total moment _ 180 lb-in

CGarm = total weight __ 91b = 20 inches

Therefore the CG position is 20 inches aft of the datum. This can be neatly laid out in
tabular form, which is the way we do many of our airplane weight-and-balance problems.

Weight (Ib) Arm (in) Moment (Ib-in)
6 10 60
3 40 120
Totals 9 20 CG position 180

Take particular note when doing these problems that you cannot add the individual
arms to obtain the location of the CG. This answer can be found only by dividing the
sum of all the moments by the total weight.

To help you visualize the method by which you can solve this type of problem, the
figure below shows the pattern of the steps to be taken—and this pattern can be applied
to almost all airplane weight-and-balance problems.

Weight (Ib) Arm (in) Moment (Ib-in) To find the CG position:
1. calculate the individual moments;
2. calculate the total weight and the
6 X 10 = 60 total moment; and
+ STEP 1 + 3. find the CG arm:
3 x 40 = 120 total moment
| i — total weight
Total 9 1804 = 20 180
f |

Figure 11-14 How to find CG position.
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Finding the CG for a Loaded Airplane

Using a tabulated layout, like that suggested above, will make all airplane weight-and-
balance problems easy to do, and easy to check.

Example 11-1

Given the following information regarding a loaded airplane, calculate total moment
and CG position:

L]

maximum gross weight 2,400 pounds;

CG limits are 35 inches forward limit and 47.3 inches aft limit;

empty weight 1,200 pounds acting at position 40 inches aft of the datum;
pilot and passenger in front seat (arm 36 inches) 300 pounds;

passengers in rear seat (arm 72 inches) 400 pounds;

baggage in baggage compartment (arm 100 inches) 35 pounds;

tuel 30 gallons (arm 50 inches); and

oil 8 quarts (arm — 10 inches).

Note the following:

1.

W

Figure 11-15
The loaded airplane.

Figure 11-16
Flow chart of CG
calculation.

oil is obviously in front of the datum, since it has a negative arm (it may be that the
datum on this airplane is the firewall behind the engine);

. a calculator will help you in these weight-and-balance problems;
. using the tabular form provided in most POHs will keep things neat; and
. adiagram of the airplane is not necessary, but we show one here to help you visualize

the situation.

Arms aft of datum are positive ———
40"
36" 50" 72"

100"

E Seat E
Row 2
: Baggage
ue /
— A—
151b

Allowable 300 Ib 180 Ib 400 Ib 351b
CG range
(35" to 47.3") 1,200 Ib

Item Weight (Ib) Arm (in) Moment (lb-in)

Empty weight 1200 40 48000

Pilot + front passenger 300 36 10800 N

Rear passengers 400 72 28800 N
STEPAN ————[3—

Baggage 35 100 3500

Fuel: 30 gal (x 6 Ib) 180 50 9000 N

Oil: 8 qt (2 gal x 7.5 Ib) 15 -10 -150 g

Totals 2130 ma;ﬁ 46.9 @3!1 99950
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Total moment (99,950 1b-in) = total weight (2,130 pounds x CG arm)
Therefore:

_ 99,950 Ib-in

CGarm = 2130 1b = 46.9 in aft of datum

With every weight-and-balance problem, you should always check that:
 no weight limit is exceeded; and
o the CG is within limits.

For this airplane, maximum gross weight is 2,400 pounds, so 2,130 pounds is OK.
Center of gravity limits are 35 inches forward limit and 47.3 inches aft limit, which
means the CG must lie between 35 and 47.3 inches aft of the datum, so 46.9 inches is OK.
Therefore this airplane is loaded correctly.

Weight and/or CG Outside Limits

If the airplane was shown to be loaded incorrectly, then you would have to reorganize
the loading so that it is within the weight and CG limits:
o iftheairplane is too heavy, then you must remove some of the load, which is baggage,
passenger(s) or fuel (make your choice!); and
o if the airplane is out of balance, with the CG outside the specified limits, then you
must move the CG position. There are three ways in which this can be done:

1. shift the load—for example, move the CG forward by moving baggage forward
from the baggage compartment to an empty seat (where you would need to
restrain it);

2. remove some of the load—for example, move the CG forward by removing some
baggage from the baggage compartment, or by leaving one of the rear passengers
behind; or

3. add ballast—for example, move the CG aft by adding ballast to the baggage
compartment.

Later in this chapter we will show how to ensure that the CG position is within the

allowable CG range, and that it remains between the forward and aft limits throughout
the flight as fuel is used.

Index Units
When calculating the weight and balance of an airplane, the moments are often quite large
numbers, such as 28,800 lb-in. The size of these numbers can be reduced, for instance
by dividing them by 1,000 to give moment/1,000 and 28,800 1b-in would therefore equal
28.8 index units, where 1 index unit = 1,000 Ib-in.

In some cases, you will see the moment divided by 100 to give moment/100 and 28,800
Ib-in would then equal 288 index units, where 1 index unit = 100 lb-in.

Example 11-2

If you are given moment/1,000 = 93.2 1b-in/1,000, then the moment = 93,200 Ib-in (found
by multiplying the index unit by 1,000 in this case).

Example 11-3

If you are given moment/100 = 1,617 1b-in/100, then the moment = 161,700 Ib-in (found
by multiplying the index unit by 100 in this case).

Figure 11-17
Consider passenger
distribution.
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Graphical Presentation of Weight-and-Balance Data

To eliminate the need to calculate moments or index units, some airplane manufacturers
provide a small loading graph that you can use to find the moment in index units. Enter
with the weight in pounds on the left-hand side of the graph, move across horizontally
to the appropriate guideline (for front seat position, fuel position, and so on), and then
vertically down to read off the moment in index units (in this case moment/1,000).

400
0\
e‘\Q’e
350 ‘Q&"
O
?\0
300
0)
% 250 g
= =
% 200 (Maximum Usable Fuel | a
g * Standard tanks %
** Long range tanks gl
g 150 . 99 J =
o
|
100
Baggage or passenger on
child’s seat (120 Ib max.)
50
0 5 10 15 20 25 30

Load Moment/1,000 (pound-inches)

Notes: 1. Lines representing adjustable seats show the pilot or passenger CG on adjustable
seats positioned for an average occupant. Refer to the Loading Arrangements
diagram for forward and aft limits of occupant CG range.

2. Engine Qil: 8 gt = 15 Ibs at -0.2 Moment/1,000
3. The empty weight of this airplane does not include the weight of the oil.

Figure 11-18 Graphical weight-and-balance data. See the following table for calculations.
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Sample Loading Problem Weight (Ib) Mom/1,000 (Ib-in./1,000)
1 Basic empty weight 1463 56.9
(includes unusable fuel and full oil)
2* Usable fuel (35 gallons) 210 10.0
3 Pilot and front passenger 390 14.5
Rear passenger 260 19.0
5 Baggage area 1 54 5.0
6** Baggage area 2 - -
7 Ramp weight and moment 2377 105.4
8 Fuel allowance for start, taxi and runup —7 -0.3
g+ Takeoff weight and moment 2370 105.1

Note that given figures are entered in white boxes. Calculated figures are in blue boxes.

*35 gal @ 6 Ib/gal = 210 Ib. Enter loading graph with 210 Ib, go across fuel line, and then read down
to get 10.0 mom/1,000

**Add items 1to 6

***Plot on CG Moment envelope Graph in figure 11-19

Having found the total weight and moment, we can check figure 11-19:

o the weight is outside acceptable limits; and

o the airplane is balanced correctly.

2,300

2,200

2,100

2,000

1,900

1,800

Loaded Airplane Weight (pounds)

1,700

1,600

1,500

Normal
category

45 50 55 60 65 70 75
Loaded Aircraft Moment/1,000 (pound-inches)

80 85

95 100 105 110

Figure 11-19 Cessna 172 weight-and-balance data.
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The maximum weight is specified in figure 11-19: 2,300 pounds for normal category

operations; and 2,000 pounds for utility category operations:

« the total weight should not exceed the specified maximum weight;

o if the total moment lies within the CG moment envelope (figure 11-18), then the
airplane is in balance with the CG within limits (even though you may not have
calculated the actual position of the CG, but only the total moment); or

« if the center of gravity lies within the CG limits (figure 11-19), then the airplane is
in balance—but finding the CG involves the extra calculation:

CG position = total moment
total weight
Using the graph in figure 11-19 avoids the need to calculate the CG position. To illus-
trate this point, notice that total weight 2,300 pounds and total moment 109,000 pound-
inches places the airplane on the extreme limit of the CG moment envelope. If you go
ahead and calculate the CG position for this case, you will get:

~ 109,000 Ib-in

CG position = 23006 47 4 inches

This puts you at the extreme limit of the CG limits graph, which is the same message
in a slightly different form.

Weight and Balance for the Private Knowledge Exam

The airplane weight-and-balance graphs used in the Private Pilot Knowledge Exam are
used in exactly the same way as the Cessna 172 weight-and-balance data. The following
example uses these graphs, shown in figure 11-20.

Example 11-4

Using the graphs in figure 11-20, determine the airplane loaded moment and aircraft
category with the following data.

Weight (Ib) Mom/1,000
Empty weight 1,350 51.5
Pilot and front passenger 340
Full fuel (standard tanks) | Full (38 gallons)
Qil, 8 quarts
Gross weight
Answer: 74.8 pound-inches, utility category.
1. Fill in the table as far as possible.
Weight (Ib) Mom/1,000 (Ib-in/1,000)
Empty weight 1,350 51.5
Pilot and front passenger 340 12.5
Full fuel (standard tanks) 228 11
Qil, 8 quarts 15 -0.2
Gross weight 1,933 74.8
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Read the notes carefully. The bottom note states that the empty weight does not include
oil and therefore it must be considered separately. Note 2 gives the oil’s weight and
moment index units. (Do not omit the minus in the index unit.) The maximum usable
fuel in standard tanks is shown in the top graph and is 38 gallons at 6 Ib/gal. The fuel
therefore weighs 38 x 6 = 228 Ib and has an index unit of 11 pound inches. Similarly,
to find pilot and front passenger index unit move horizontally across at 340 1b until
you meet the pilot and front passenger line and then vertically down to read off the
moment index of 12.5.
2. Add up the gross weight and its index unit. Then using the bottom center of gravity
moment index, plot the gross weight and moment index unit to discover it falls
within the envelope in the utility category.

T Figure 11-20
L L Loading and CG
400 LOADING enveloge charts.
GRAPH %
Q) as
340 P
8 (_ffgf it ‘\0("?‘
Z 300 & o
5 4N u QW
o <, O\ “Tas* ng\
a & X x
W 250 S 7z
Q> J}ngﬁw* 52
o 200 SHES AT
S PN any8 !
A 30
2 150 A
9 &g MAXIMUM USABLE FUEL
yap 2R r GEB Pd‘\ *
100 AT e STANDARD TANKS
1o A A **LONG RANGE TANKS
b, & 5?)‘
50 4 GGP“ 0°
o M
T oM T
T
0 T
0 5 1 2.5) 15 20 25 30
LOAD MOMENT/1000 (POUND-INCHES)
NOTES: (1) Lines representing adjustable seats show the pilot or passenger center of gravity
on adjustable seats positioned for an average occupant. Refer to the Loading
Arrangements diagram for forward and aft limits of occupant CG range.
(2) Engine Oil: 8 Qt. =15 Lb at —=0.2 Moment/1 000.(\.
NOTE: The empty weight of this airplane does not include @
the weight of the oll.
2300
CENTER OF GRAVITY NORMAL
) 2200 MOMENT ENVELOPE : iy
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3 2100 74
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Tabular Presentation of Weight-and-Balance Data

Some manufacturers present their weight-and-balance data, not in graphical form, but
in the form of tables as shown in figures 11-21 and 11-22. From figure 11-21, the empty
weight is 2,015 pounds (the * indicating that full oil, 10 quarts, has been included in the
empty weight), with an empty weight moment of 1,554 mom/100 (155,400 1b-in). Since
full oil is included here, there is no need to consider it separately in your calculations.

Useful Load Weights and Moments

Baggage or 5th seat occupant Occupants
ARM 140 Front seats ARM 85 Rear seats ARM 121
Weight Moment/100 Weight Moment/100 Weight Moment/100
10 14 120 102 120 145
20 28 130 110 130 157
30 42 140 119 140 169
40 56 150 128 150 182
50 70 160 136 160 194
60 84 170 144 170 206
70 98 180 153 180 218
80 112 190 162 190 230
90 126 200 170 200 242
100 140 Usable fuel
110 154 Main wing tanks ARM 75
120 168 Gallons Weight Moment/100
130 182 E =5 =5
140 196 10 60 45
150 210 15 90 68
160 224 20 120 90
170 238 25 150 112
180 252 30 180 135
190 266 35 210 158
200 280 40 240 180
210 204 44 264 198
220 308
230 300 Auxiliary wing tanks ARM 94
240 336 Gallons Weight Moment/100
250 350 S 30 28
260 364 10 60 56
270 378 15 90 85
Empty weight ~2,015 19 1 17
MOM/100 ~1,554 oil*
Moment limits vs weight Quarts Weight Moment/100
Moment limits are based on the fol- 10 19 5
lowing weight and center of gravity
limit data (landing gear down). *Included in basic empty weight.
Weight condition Forward CG limit AFT CG limit
2,950 Ib (takeoff or landing) 82.1 84.7
2,525 b 775 85.7
2,475 |b or less 77.0 85.7

Figure 11-21 Loading and CG limits in tabular format.
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Figure 11-21 allows you to extract the moment (as an index unit) for a series of weights
at each station, without having to multiply the weight by the arm. This tabular presenta-
tion saves time and is sufficiently accurate.

Moment Limits vs Weight (Continued)

Figure 11-22 CG limits.

Finding the Moment Index for an Item

To find the mom/100 for any item, there are two ways to proceed. For example, find the
mom/100 for a pilot weighing 180 pounds in the front seats.
a. Using tabular data: from front-seat table, enter with 180 pounds and extract 153
mom/100.

b. Mathematically: moment = weight 180 Ib x arm 85 in. = 15,300 lb-in, or 153
mom/100.

Minimum Maximum Minimum Maximum Minimum Maximum

Weight Moment/100 | Moment/100 Weight Moment/100 | Moment/100 Weight Moment/100 | Moment/100
2,100 1,617 1,800 2,400 1,848 2,057 2,700 2,144 2,303
2,110 1,625 1,808 2,410 1,856 2,065 2,710 2,155 2,311
2,120 1,632 1,817 2,420 1,863 2,074 2,720 2,166 2,319
2,130 1,640 1,825 2,430 1,871 2,083 2,730 2,177 2,326
2,140 1,648 1,834 2,440 1,879 2,091 2,740 2,188 2,334
2,150 1,656 1,843 2,450 1,887 2,100 2,750 2,199 2,342
2,160 1,663 1,851 2,460 1,894 2,108 2,760 2,210 2,350
2,170 1,671 1,860 2,470 1,902 2,117 2,770 2,221 2,358
2,180 1,679 1,868 2,480 1,911 2,125 2,780 2,232 2,366
2,190 1,686 1,877 2,490 1,921 2,134 2,790 2,243 2,374
2,200 1,694 1,885 2,500 1,932 2,143 2,800 2,254 2,381
2,210 1,702 1,894 2,510 1,942 2,151 2,810 2,265 2,389
2,220 1,709 1,903 2,520 1,953 2,160 2,820 2,276 2,397
2,230 1,717 1,911 2,530 1,963 2,168 2,830 2,287 2,405
2,240 1,725 1,920 2,540 1,974 2,176 2,840 2,298 2,413
2,250 1,733 1,928 2,550 1,984 2,184 2,850 2,309 2,421
2,260 1,740 1,937 2,560 1,995 2,192 2,860 2,320 2,428
2,270 1,748 1,945 2,570 2,005 2,200 2,870 2,332 2,436
2,280 1,756 1,954 2,580 2,016 2,208 2,880 2,343 2,444
2,290 1,763 1,963 2,590 2,026 2,216 2,890 2,354 2,452
2,300 1,771 1,971 2,600 2,037 2,224 2,900 2,365 2,460
2,310 1,779 1,980 2,610 2,048 2,232 2,910 2,377 2,468
2,320 1,786 1,988 2,620 2,058 2,239 2,920 2,388 2,475
2,330 1,794 1,997 2,630 2,069 2,247 2,930 2,399 2,483
2,340 1,802 2,005 2,640 2,080 2,255 2,940 2,411 2,491
2,350 1,810 2,014 2,650 2,090 2,263 2,950 2,422 2,499
2,360 1,817 2,023 2,660 2,101 2,271

2,370 1,825 2,031 2,670 2,112 2,279

2,380 1,833 2,040 2,680 2,123 2,287

2,390 1,840 2,048 2,690 2,133 2,295
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Nontabulated Weights

For nontabulated weights, it will be necessary to interpolate when using the tabular data.
For example, find the mom/100 for a passenger weighing 177 pounds in the rear seat.
There are several ways of interpolating, as follows:

o for a difference of 10 pounds between 170 pounds and 180 pounds, there is a
mom/100 difference of 12. A moment/100 difference of 12 for 10 pounds = 1.2 per
pound—therefore, for 7 pounds = 7 x 1.2 = 8.4 mom/100, plus the 206 gives 214
mom/100; or

o for a difference of 7 pounds between 170 pounds and 177 pounds, there will be a
mom/100 difference of 7/10 of 12 = 8.4 (say 8), and for a weight of 177 pounds, the
mom/100 =206 + 8 = 214.

Note. For nontabulated weights, or for weights outside the table, it is easier to use the
mathematical method to find the moment index.

Moment

weight 177 pounds x arm 121 inches
= 21,417 Ib-in, or 214.7 mom /100

Weight-Shift Calculations

If, after calculating the weight and balance, you find that the CG is outside the limits
of the CG range, it will be necessary to shift some weight to bring the CG position back
within limits.
Note. The tabulated method shown here does not require the use of a formula. Some
instructors prefer to use a formula for weight-shift and weight-change problems. We
discuss the formula method at the end of this chapter in the section for commercial pilots.

Example 11-5

You have calculated the total weight to be 4,000 pounds with the CG located at 100 inches
aft of datum. What is the new CG position if you shift 50 pounds of baggage from the
rear baggage area at station 200 to the forward baggage area at station 50?

Weight (Ib) Arm (in) Moment (Ib-in)
Original totals 4,000 100 400,000
Rear baggage out -50 200 —-10,000
Forward baggage in +50 50 +2,500
New totals 4,000 98.13 392,500

Answer: 98.13 inches aft of datum. Remember: Moment + Weight = Arm. You cannot add
the arm values to derive total arm.

Example 11-6

You have calculated the total weight to be 4,000 pounds with the CG located 100 inches aft
of datum. You wish to move the CG to 98 inches aft of datum, by shifting some baggage
from the rear baggage area at station 200 to the forward baggage area at station 50. How
much should you shift (to the nearest pound)?

Answer: 53.3 1b. Assume that you shift “w” Ib.
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Weight (Ib) Arm (in) Moment (Ib-in)

Original totals 4,000 100 400,000

Rear baggage out -w 200 —200w

Forward baggage in +W 50 +50w
New totals 4,000 98 400,000 - 150w
CG position = total mor.nent
total weight
98 = 400,000 - 150 w
4,000

Multiply both sides of the equation by 4,000:

4,000 x 98 = 400,000 - 150 w
392,000 = 400,000 - 150 w
150 w = 400,000 - 392,000 = 8,000

_ 8,000

150 53.51b

You should do a quick check as follows:

New moment (Ib-in) = 400,000 - 150 w
therefore new moment = 400,000 - (150 x 53.3) = 392,005

392,005
therefore new arm =

= ‘M)T(Wt) = 98 inches

Weight-Change Calculations

Having calculated the weight and balance, you may decide to change the weight, perhaps
because the airplane is overweight (reduce the load), perhaps because the airplane is
below maximum weight (you can add extra load), or perhaps because the CG is out of
limits and you want to shift it (by removing weight or adding ballast). You can work out
a formula to assist in this calculation, but the simplest approach is to follow your now-
familiar tabular pattern.

Example 11-7

Your airplane total weight is 4,100 Ib with the CG located at 100 inches aft of datum.
Maximum permissible weight is 4,000 b, so you decide to remove 100 Ib of baggage from
the baggage compartment at station 200. What is the new CG position?

Answer: 97.5 inches aft of datum.

Item Weight (Ib) | Arm (inches) | Moment (Ib-inches)
Original totals 4100 100 410000
STEP 1 — W —
Baggage change -100 200 —20000
Revised totals 4000 E;Ic} 97.5 @E 390000

Figure 11-23 Flow chart of calculation.
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Example 11-8

You have calculated the total weight to be 2,400 Ib with the CG located at 73.5 inches,
which is 1.5 inches outside the aft limit of 72 inches. Maximum permissible weight is
2,400 Ib and the airplane is fully loaded, with no possibility of shifting the load. What is
the minimum baggage (to the next pound) you must remove from station 150 to bring
the CG within limits for takeoff?

«_ »

Answer: 47 Ib. Set up the table and assume you remove “w” 1b of baggage.

Weight (Ib) Arm (in) Moment (Ib-in)

Original totals 2,400 73.5 176,400
Baggage change -w 150 —150w
Revised totals 2,400 - w 72.0 176,400 — 150w

New CG position 72.0 = totalm—or'nent
total weight

176,400 - 150 w
720 = 72400 —w

Multiplying both sides by (2,400 — w) (note that the (2,400 w) cancels out on side of
the equation):

72 x (2,400 - w) = 176,400 — 150 w

172,800 — 72w = 176,400 — 150 w
150w — 72w = 176,400 — 172,800
78 w = 3,600
3,600
= 290 = 4615
T

To the next pound to be on the safe side, this is 47 Ib.

Weight-Shift/Change Calculations

A more usual occurrence is for there to be a change in both the location and weight of
passengers, fuel or baggage.

Example 11-9

You have calculated the TOW to be 2,800 Ib, with the CG moment at 2,296 mom/100 index
units. Before departure you are advised that a passenger weighing 180 Ib and seated at
STA 85.0 will not be traveling, and will be replaced by another person weighing 200 1b and
carrying 40 Ib of luggage. This passenger will be seated at STA 85.0 and the accompanying
luggage stowed at STA 140.0. Calculate the new CG moment in index units, and how far
the CG has moved forward or aft.
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Weight (Ib) Arm (in) Moment (Ib-in)
TOW 2,800 82.0 2,296
Passenger OUT -180 85.0 —153
New totals 2,620 - 2,143
Passenger IN +200 85.0 +170
Baggage IN +40 140.0 +56
New TOW 2,860 82.83 2,369

Answer: The new mom/100 = 2,369, and the CG has moved (82.83 — 82.0) = 0.83 inches aft.

CG Movement

Up to this point, we have ignored the fact that during flight, the gross weight of the
airplane decreases as fuel is used. This change in weight will cause the position of the
CG to move gradually. The amount of movement of the CG will depend on the location,

and therefore the moment arm of the fuel tanks. The airplane designer ensures that the
fuel tanks are positioned so that their effective arms, when full and empty, are not much

displaced from the fore-and-aft CG limits of the airplane.

To be precise in your weight-and-balance calculations, you should confirm that the CG
position (or total moment) is within limits throughout the flight. This is done by checking

that the CG is within limits at both the takeoff weight (TOW) and zero fuel weight (ZFW).

Note. If you considered weight and balance at the landing weight (rather than at the
zero fuel weight), and found that the CG was right on the rear limit, then any further

fuel burn-off (say for an emergency diversion) may take you out of the CG envelope.
Therefore, it is better to consider the moment at the ZFW, rather than at the LW.

Despite this, you may be asked in the Knowledge Exam to compute the weight and

balance at landing, and some airplane loading data may require it (see the note on

tigure 11-26).

Usable fuel
added

Figure 11-24 Zero fuel weight.

Example 11-10

You have calculated the loaded weight and moment of your airplane to be 3,400 Ib and
180 1b-in/1,000. The fuel on board is 60 gallons. Is the airplane loaded satisfactorily? If

Figure 11-25 Gross weight.

not, offer a suggestion. (Refer to the graphs in figure 11-26.)

The center of gravity
moves during flight
as fuel is used.
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Answer:

Weight (Ib) Mom/1,000 (Ib-in/1,000)

Takeoff weight 3,400 180 (OK—just within limits)
Fuel: 60 gal -360 —15.5 (Moment from top graph)
Zero fuel weight 3,040 164.5 (NOT OK—outside limits)

At takeoff, the total moment is right on the rear limit. As fuel burns off, however, the
CG moment position on the graph will move toward the ZFW CG moment position,
which is outside limits. Therefore this flight should not commence unless the airplane is
loaded differently—a solution could be to shift passengers or baggage forward if possible.
Then you should recalculate the weight and balance to confirm within limits.

Suppose you decide to move a 150 Ib passenger from a rear seat to an empty center seat.
Total weight will be unchanged, but the moment for this passenger will change from 15.0
in the rear seat to 10.7 in the center seat, a decrease of 4.3 1b-in/1,000. Now recalculate
the weight and balance.

Weight (Ib) Mom/1,000 (Ib-in/1,000)
Original TOW and Moment 3, 400 180
Adjustment—move 150 Ib
0 -4.3
passenger from rear to center
New TOW Moment 3,400 175.7 (OK—within limits)
Fuel: 60 gal -360 —15.5 (OK—within limits)
Now ZFW and Moment 3,040 160.2

To help in deciding how much weight you have to move in order to bring the ZFW
within the CG limits, you can easily establish the required minimum change in moment
from the graph. In this example we find:

ZFW 3,040, actual moment 164.5 mom /1,000
for ZFW 3,040, limiting rear moment 160.5
therefore minimum change required in moment = 4.0 mom/ 1,000

Since 164.5 is outside the rear limit, this required change must be forward. Moving
from the rear seat to the center gives a moment change of 4.3; this is slightly more than
the minimum and is therefore acceptable.

Note. It is unlikely that you will encounter zero fuel weight problems until operating

a twin-engine aircraft.

Example 11-11

State if the CG is within the allowable CG envelope for the following load configuration.
(See figure 11-26.)
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Empty weight (oil included)
Empty weight moment

Pilot + front seat passenger
Center passengers

Aft passengers

Baggage

Fuel

Note. A convenient way to tabulate your answer is to calculate the ZFW and moment
(without fuel) and then add the fuel weight and moment to find the takeoff weight

and moment.

2,260 Ib

93.2 Ib-in/1,000

380 Ib
240 1b
220 Ib
120 Ib
75 gal

Answer: Yes, the CG is within limits throughout the flight.

Weight (Ib) Mom/1,000 (Ib-in/1,000)

Empty weight 2,260 93.2
Pilot and front seat passenger 380 14.0
Center passengers 240 17.0
Aft passengers 220 22.0
Baggage 120 16.5

ZFW 3,220 162.7 (OK)
Fuel: 75 gal 450 19.2

Total weight 3,670 181.9 (OK)
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Note for Commercial Students. The weight-and-balance graphs used in the Commer-
cial Knowledge Exam are shown in figure 11-34 (page 286). Practice questions using
these graphs are in the commercial review at the end of the chapter.
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Figure 11-26 Example 11-11.
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WEIGHT-SHIFT AND
WEIGHT-CHANGE BY FORMULA

Weight-shift and weight-change problems may be easily solved using our standard tabu-
lated layout, without the need to remember any formulas. Some pilots, however, prefer to
use a formula for these problems, and so we now include this method, which is based on:

Any change in individual moments = the change in total moments.

Weight Shift
Suppose weight “w” is shifted from the aft baggage compartment to the forward baggage
compartment (figure 11-27). This will have the effect of shifting the CG forward. Since
weight is shifted (not changed), airplane gross weight remains the same.

CG shift
distance
@ Original
CG

Figure 11-27 Shifting weight forward moves the CG forward.

Change in individual moments = change in total moment

Therefore:

Weight shifted x distance shifted = airplane GW CG shift

Example 11-12
Your loaded airplane weighs 4,000 Ib with CG at station 91.0. How much baggage must
be shifted from the rear baggage area (station 150) to the forward baggage area (station
30) in order to move the CG to station 89.0?
Weight shifted x distance shifted = GW x CG shift
w x (150 - 30) = GW x (91.0 - 89.0)

w X 120 = 4,000 x 2
4,000 X2
w = =D = 6671

10]1d [e1919WWOoY |
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[ Weight-Change » -,
a If weight “w” is added to the forward bag-gage cG
s compartment (figure 11-28), it will have the effect - shift »
o +W New Original
o of shifting the CG forward, as will removing cG | | ca
E weight from aft of the CG. Conversely, reducing
S weight ahead of the CG will shift the CG rear-
ward, as will adding weight aft. Weight added to w
shift the CG is known as ballast. W+ w
New weight
Change in individual moments =
Change in total moment Figure 11-28 Adding weight forward
moves the CG forward.
Therefore:
Weight shifted x distance shifted = new GW CG shift
Example 11-13 85.03"
84.0" 85.0" |
Your airplane weighs 4,000 Ib with the CG L
located at station 85.0. The fuel tanks are at
station 84.0, and the fuel consumption is 10 gph. ol 4 |GG shift
What is the CG position after 2 hours of flight? tanks @ o & " Pnew
cG  |ce
Answer:
Fuel burn = 2 hours @ 10 GPH
= 20 gallons new GW
20 x 61b = 1201b Figure 11-29 Removing weight forward
of the CG, shifts the CG aft.
Therefore:
New GW =4,000 — 120 = 3,880 Ib
As the fuel forward of the CG reduces, the CG will move aft:
Change in individual moments = change in total moment
120 x 1.0 = 3,880 x CG shift
. 120x 1.0
CG shift = 3880 - 0.03
Therefore, new position of CG is:
(85.0 + 0.03) = 85.03 inches aft of the datum (figure 11-29).
MEAN AERODYNAMIC CHORD
The mean aerodynamic chord (MAC) is the chord of an imaginary rectangular wing
that has the same aerodynamic characteristics as the actual wing. In effect, this replaces
the actual wing (which may have a quite different and more complicated plan form) for
calculation purposes with a theoretical simplified, rectangular average wing. The MAC
is the chord of this theoretical rectangular wing and its main use is as a reference for
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longitudinal stability characteristics (such as balance).
The MAC of the airplane illustrated in figures 11-30
Loading ecge MAC and 11-31 is:
_______________ o length of MAC 60.00 inches; and
« location of leading edge of MAC 80.00 inches aft
of reference datum.

This concept of MAC is used by designers when
they determine stability characteristics of the airplane,
bearing in mind that any turning moments generated
by the lift-weight and thrust-drag couples will have

Trailing edge MAC
140 inches

Figure 11-30
A typical to be balanced by a force (usually downward) from the
mean aerodynamic chord. horizontal stabilizer.

DATUM

¥
L

L/E MAC T/E MAC
80.00 in.|«<—— MAC 60.00 in.—| 140.00 in.

0 80 in.

Figure 11-31 MAC in relation to the airplane.

Calculating CG Position as a “Percentage MAC”

The greatest forces acting on an airplane are weight and lift. It is important that the
distance between them is not too great to ensure that their turning moment is kept within
limits. Since the lift force will act somewhere along the mean aerodynamic chord, it is
common for the CG to be specified as a position on the MAC, usually as a percentage aft
of the MAC leading edge.

distance aft of MAC leading edge 1

CG position as % MAC = MAC % % MAC

Example 11-14

Converta CG of 100.00 inches aft of reference datum to a percentage MAC. CG at 100.00
inches aft of datum is (100.00 — 80.00) = 20.00 inches aft of the MAC leading edge.

distance aft of MAC leading edge . 100

MAC 1
_ 20.00 _ 100

= 2 s 2 0
60.00 X 1 33.3% MAC

% MAC =

Note. The center of pressure (CP), through which the lift force may be considered to
act, is, for most airplanes in normal flight, somewhere on the forward half of the wing
chord. The CG (through which the weight force may be considered to act) should be
forward of the CP so that, if power fails, the nose will drop.

10]id |e1oJawwo) |
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Commercial Pilot |

Figure 11-32
Example 11-14.

DATUM

~— 100.00in.

DATUM

|

~-4—— 80.00in. ———— > |<«———— MAC 60.00 in. ———»

Relating the Allowable CG Range to the MAC

The weight-and-balance documents for a certain airplane specify the position and length
of the mean aerodynamic chord (MAC leading edge 219.0 inches aft of datum; length of
MAC 190.0 inches), which allows us to relate the allowable CG range to the MAC.

For this airplane, at all weights, the aft CG limit is 268.0 inches, which is (268.0 — 219.0)
=49.0 inches aft of the MAC leading edge:

49.0 x 100 _ 25.79% MAC

0, -
% MAC = 190.0 1

However the forward CG limit often depends on the airplane weight. Below a certain
low weight, the forward CG limit is at 240.0 inches, which is (240.0 — 219.0) = 21.0 inches
aft of the MAC leading edge:

210, 100 _ 11.05% MAC

0, - —
% MAC = 1500 * 1

At the maximum gross weight, the forward CG limit is 256.0 inches, which is (256.0
—219.0) = 37.0 inches aft of the MAC leading edge:

37.0 1, 100 _ 19.47% MAC

0, _ =
% MAC = 1500 * 1

Between these weights the forward limit progressively moves aft as weight increases.
These are quite typical figures, in that the CG range for most conventional airplanes lies
somewhere between 10% and 30% MAC. Provided that the CG lies within the CG limits
for that particular gross weight, the in-flight stability and control characteristics of the
airplane will be acceptable.

MAC 190 in. —

Fwd CG limit

1 1
| Aft CG limit ‘
Fwd CG limitat , atmaxGWw at all weights |
lower weights ! _—~ \ T - |
L/E MAC \?\ Max GW Tt —a Note: The shaded area represents
219.00 in — - i the CG envelope position on the
: ’ Se MiLow GW _ _ ——— wing at certain weights.
240.00 in, ——— === ==~
268.00 in.

Figure 11-33 The CG range related to MAC.

The allowable CG range is quite restricted (28.0 inches maximum, covering only some
15% of the forward part of the MAC) because the lift and weight forces are so large. Small
movements in the position of the CG or the center of pressure will produce large altera-
tions of turning moments, because of the magnitude of the forces involved.
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REVIEW 11

Weight and Balance

Weight and Balance 11. If all index units are positive when computing

1. What term describes the maximum allowable weight and balance, the location of the datum
gross weight permitted for takeoff? would be at the:

2. True or false? A short runway may not allow you a. centerline Of.th;' maln;vlfleels.. 1
to land at the MLW (structural) but at a lighter b. nose, (l)r outflnh ront of the e'lllrl})l arie. .
performance-limited landing weight. ¢. centerline of t ? nose or tailwheel, depending

_ _ _ on the type of airplane.

3. True or false? Landing weight = takeoff weight , ) ) .
minus fuel burn-off. 12. Given the following data, what is the maximum
- oht of olane includes which amount of fuel (in pounds and gallons) that

4. fehenflpl EY welg ,t 0 én airplane inciudes whic you can carry if the maximum takeoft weight is
ofthe following items: 2,400 1b? Tank capacity is 50 gallons. (No need to
a. airframe. - o0

consider CG position.)
b. powerplant. _
c. permanently installed equipment. Empty weight 1,432 Ib
d. full fuel. Front seat occupants 320 Ib
e. unusable fuel. Rear seat occupants 340 Ib
f. full oil. Baggage 20 1b
g. unusable oil. Oil 8qt15Ib
%" h}ldraulic fluid. 13. Given the following data, what is the maximum
L. pilots. weight of baggage that can be carried when the
). passengers. airplane is loaded for a takeoff that is perfor-
k. baggage. mance-limited to 2,910 Ib, because of a high eleva-

5. How many pounds do the following weigh: tion airport and high temperatures? (No need to

a. one gallon of AVGAS? consider balance.)
?
b. 26 gallons of AVGAS? Basic empty weight (incl. full oil) 2,015 Ib

6. An aircraft is loaded 110 pounds over maximum Front seat occupants 369 Ib
certificated gross weight. If fuel (AVGAS) is Rear seat occupants 267 Ib
drained to bring the aircraft weight within limits, Fuel (36 gal) —
how much fuel should be drained? _ . o

7. True or false? If the CG is located at the rear limit, 14. Where is the Cq locateq in the following S,m,l-

. . o ation? (No mention of oil, so assume full oil in
the airplane will be very stable longitudinally. )
empty weight.)

8. True or false? The longer the moment arm from a. 92 44.
the CG, the greater the turning effect of a given b. 94.01.
force. c. 119.8.

9. The CG of an aircraft may be determined by: Wi Arm Mom
a. dividing total arms by total moments. (Ib) (in) (Ib-in)

b. d1v1d.1ng.total moments by total weight. Empty weight  1,495.0 1014 151,593.0
c. multiplying total weight by total moments. Pilotand  380.0 64.0 -
10. If 1 index unit = 100 lb-in, what is the moment passengers
for 176 index units? Fuel — 96.0 —
(30 gal usable)
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Weight-and-Balance Calculations

Use the loading graphs in figure 11-20
(page 269) for questions 15 to 17.

15. Given the following data:
a.calculate the loaded index wunits
(moments/1,000) of the airplane.
b. determine in which category you may operate

it.
Weight (Ib) Mom/1,000

Empty weight 1,350 51.5

Pilot and front 310 —
passenger

Rear passengers 96 —
Fuel (38 gal) — —

Qil (8 qt) — -0.2

16. Given the following data:
a. calculate the loaded moment (normal cate-
gory).
b. determine if it is within limits.
¢. determine where the CG is.

Weight (Ib) Mom/1,000
Empty weight 1,350 51.5
Pilot and front 380 —
passenger
Fuel (48 gal) — —
Oil (8 qt) — —

17. What is the maximum amount of fuel that may
be in the tanks when the airplane is loaded as
given below:

a. 24 gallons.
b. 32 gallons.
c. 40 gallons.

Use the tables in figures 11-21 and 11-22
(pages 270 and 271) for questions 18 to 20.

18. Calculate the maximum weight of baggage that
can be carried when the airplane is loaded as
follows:

Front seat occupants 387 Ib
Rear seat occupants 293 b
Fuel 35 gal

19. Given the following:
a. determine the weight.
b. determine the balance.
c. calculate if the CG and weight of the airplane
are within limits.
Front seat occupants 350 Ib
Rear seat occupants 325 Ib
Baggage 27 Ib
Fuel 35 gal

20. Isthe following weight and balance within limits?
Front seat occupants 4151b
Rear seat occupants 110 1b
Baggage 321b
Fuel 63 gal

Weight-Shift Calculations

Refer to figures 11-21 and 11-22
(pages 270 and 271) for questions 21 to 25.

21. Which action can adjust the airplane’s weight to
the maximum gross weight and the CG located
within limits for takeoff, when it is loaded as
given below?

a. Drain 12 gallons of fuel.
b. Drain 9 gallons of fuel.

Weight (Ib) Mom/1,000
Empty weight 1,350 51.5 c. Transfer 12 gallons of fuel from the main tanks
Pilot and front 340 — to the auxiliary tanks.
passenger Front seat occupants 425 |b
Rear passengers 310 — Rear seat occupants 300 Ib
Baggage 45 — Fuel (main tanks) 44 gal
Oil (8 qt) — —
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22. On landing, the front passenger (180 Ib) departs
the airplane. A rear passenger (204 Ib) moves to
the front passenger position. What effect does this
have on the CG if the airplane weighed 2,690 1b
and the mom/100 was 2,260 prior to the passen-
ger transfer?

a. CG moves forward approx. 3 inches.
b. Weight changes, but CG is unaffected.
c. CG moves forward approx. 0.1 inch.

23. With the following loading:
a. can you carry 100 Ib of baggage (if not, what
action could be taken to carry it)?
b. what is the final CG position?
Pilot 180 Ib
2 passengers on rear seats 2x 170 1b
Minimum fuel required 30 gal

24. What effect does a 35 gal fuel burn have on the

weight and balance, if the airplane weighs 2,890

Ib and the mom/100 is 2,452 at takeoff?

a. Weight reduced by 210 Ib, and CG is aft of
limits.

b. Weight reduced by 210 Ib, and CG is unaffected.

c. Weight reduced to 2,680 1b, and CG moves
forward.

25. Given the following:

a. can you take off under the following conditions
and, if not, what ballast must be added in the
baggage locker?

b. calculate the landing weight and CG location
(assume auxiliary fuel used first).

300 Ib
180 Ib
60 Ib

59 gal
35 gal

Pilot & passenger (front)
Passenger (rear)

Baggage

Fuel (44 mains + 15 aux)
Planned fuel burn-off to landing

Commercial Review

26. Calculate the position of the CG for the following
weights at the given locations.

Weight A 165 Ib at 135 in. aft of datum.
Weight B 125 |b at 115 in. aft of datum.
Weight C 75 Ib at 85 in. aft of datum.

27. Determine the CG under these conditions.

Empty weight 857 Ib, arm +29.07 in.

Pilot (fwd seat) 145 Ib, arm —45.30 in.
Passenger (aft seat) 175 Ib, arm +1.60 in.
Ballast 15 Ib, arm —45.30 in.

Refer to figure 11-34 (page 286)
for questions 28 and 29.

28. Given the following, is the airplane loaded within
limits?
a. Yes, the weight and CG is within limits.
b. No, the weight exceeds the maximum allow-
able.
c. No, the weight is acceptable, but the CG is aft
of the aft limit.
Empty weight (oil included)
Empty weight moment
Pilot + copilot
Rear seat passenger
Cargo
Fuel

1,271 b

102.04 Ib-in/1,000
400 Ib

140 Ib

100 Ib

37 gal

29. Given the following, will the CG remain within
limits after 30 gallons of fuel have been used in
flight?

a. Yes, the CG will remain within limits.

b. No, the CG will be located aft of the CG limit.

c. Yes, but the CG will be located in the shaded
area of the CG envelope.

1,271 Ib
102.04

Empty weight (oil is included)
Empty weight moment
(in-1b/1,000)

Pilot and copilot

Cargo

Fuel

360 Ib
340 b
37 gal
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LOAD WEIGHT IN POUNDS
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30.

Solve questions 30 and 31
using the tabular method.

The airplane is loaded to a gross weight of 5,000
Ib, with three pieces of luggage in the rear baggage
compartment. The CG is 98 inches aft of datum,
which is 2 inches aft of the permissible rear limit.
If you move two pieces of luggage weighing a total
0f 100 Ib from the rear baggage compartment (145
inches aft of datum) to the front compartment (45

33.

Given an airplane loaded with a ramp weight of
3,650 1b and having a CG of 94.0, approximately
how much baggage would have to be moved
from the rear baggage area at station 180, to the
forward baggage area at station 40, in order to
move the CG to 92.0?

a. 52.14 Ib.

b. 62.24 Ib.

c. 78.14 Ib.

inches aft of datum), what is the new CG? 34. .UsirTg the Moment Limit versus Weight table
. 7 in figure 11-22 (page 271), express the fwd
31. Determine the position of the CG after 1 hour 45 (minimum) and rear (maximum) CG limits as %
minutes of flight time, given the following data: MAC for an airplane with a gross weight of 2,700
Total weight 4,037 Ib Ib. The leading edge of the MAC is 75 inches aft
CG location station 67.8 of the datum, and the length of the MAC is 40
Fuel consumption 14.7 gph inches.
Fueltanks  station 68.0 35. Given the following, what minimum weight must
Obtain the solutions to questions be added as ballast in the rear baggage compart-
32 to 34 by formula. ment (120 inches aft of datum), to bring the CG
within limits?:
32. G1V§n the. following data, after 1 hour 30 mlnl.ltes Total weight 2,017 b
of flight time, the CG would be located at station: CG location 58.5 in. aft of datum
a. 67.79. CG limits between 60 and 68 in. aft of datum
b. 68.79.
c. 70.78. 36. Theleading edge of the MAC is 75 inches aft of the
) datum, and the length of the MAC is 40 inches.
cG Ioc:;?;?ll ;’::;?;: 271 27 b What are the CG limits expressed in inches aft of
Fuel consumption 137 aph datum if the MAC limits are forward 13.75% and
Fuel tanks station 68.0 rear 25.07%?
Answers are given on page 678.
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Human factors, as it relates to flying an aircraft, is the interaction between the pilot, the
tlying environment, and the aircraft. The area defined by human factors is complex and
is where most errors occur. To safely operate an aircraft, you need to develop an aware-
ness of not only the physiological aspect of flying, but also those that influence workload
and fatigue, decision making, and situational awareness. It is vital that you, as a pilot,
understand and appreciate how these factors affect your everyday flying.

This chapter will discuss the following elements of the human in the cockpit:

o the physical pilot;

« the flight environment;

« health and well-being;

o vision and visual illusions;

« hearing and balance;

« situational awareness; and

« decision making.

THE PHYSICAL PILOT

Circulatory System .
Brain and body

The circulatory, or cardiovascular, system moves blood around the body, tissues
carrying oxygen and nutrients to the cells, and takes away waste products
such as carbon dioxide. Blood is composed of plasma that carries red and
white blood cells, or corpuscles. The red blood cells contain the iron-rich
pigment hemoglobin, the principal function of which is to transport oxygen
around the body. The white blood cells, of which there are various types, Right
protect the body against foreign substances and are involved in the produc- auricle
tion of antibodies. The antibodies attack any substance that the body regards gt
as foreign or dangerous. Platelets in the blood function to form clots when

necessary to stop loss of blood from an injury.

Heart

The heart is a muscular pump, about the size of a closed fist, that is divided into two
sides, each with two chambers. The muscles of the heart contract in a double-action pulse,
forcing blood through the one-way heart valves and through the network of arteries.
This pump stroke causes a pressure pulse which can be felt at various parts of the body
where the arteries are near the surface (such as the wrist and the side of the neck). Blood
pressure is a measure of the pressure of the blood against the walls of the main arteries.
It is necessary for the blood to be continuously replenished with oxygen, which it gives
out to the tissues, and at the same time rid itself of the carbon dioxide that it acquires.

Figure 12-1
The pilot is human.

Left
auricle

Left
ventricle

Figure 12-2 Circulatory system.
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Circulation

On long flights you may be seated and stationary for very long periods. You can improve
circulation by contracting and relaxing your stomach diaphragm as well as the leg and
buttock muscles. Without the physical demand of activity, the heart will go into a dormant
mode and the circulation slows down. This leads to sleepiness and loss of concentration.
The muscles atrophy and you could suffer cramps. It is important to change your seating
position and, if possible, exercise individual muscles by stretching and straightening the
joints, and occasionally shaking a leg or twisting to improve circulation.

Respiratory System

The process of respiration brings oxygen into the body and removes carbon dioxide.
The body has a permanent need for oxygen; it is used in the energy-producing burning
process that goes on in every cell of the body tissues. The body is unable to store oxygen
permanently and hence the need for continuous breathing. Any interruption to breathing
lasting more than a few minutes may lead to permanent physical damage, especially of
the brain, and to possible death.

FLIGHT ENVIRONMENT

Atmosphere

Air is made up of 21%  The earth is surrounded and protected by a life-giving layer called the atmosphere. The
oxygen, 78% nitrogen, - atmosphere consists of a transparent mixture of gases that we call air. The atmosphere is
and 1% carbon dioxide K L. X K .
and other inert gases.  held to the earth by the force of gravity and, because air is compressible, it packs in around
the earth’s surface. As altitude is gained, the air thins with fewer and fewer molecules in
the same volume, but the percentage of each of the components of the air does not change.
Total air pressure falls with altitude, as does the partial pressure of each of the gases in
the air. (Total air pressure is a sum of all of the partial pressures.)

The International Standard Atmosphere

So that we have a common reference, scientists have agreed on average
atmospheric conditions called the International Standard Atmosphere
(ISA) or, simply, standard atmosphere. Like the “average” person, it never
exists, but it is an essential yardstick used for comparisons, especially of

Pressure I aircraft performance. The standard atmosphere is as follows:
decrease decrease . o oM.
T e ) o sea level temperature: 59°F (15°C);
(approximately) (approximately) . lapse rate: -3.5°F (-2°C) per 1,000 feet;

o freezing level (32°F/0°C): 7,500 feet;

o sea level pressure: 29.92 in. Hg (1,013.2 hectopascals);
 tropopause: 36,080 feet; and

« temperature at the tropopause: -56°C.

Standard pressure Standard temperature

29.92in. Hg (1013 mb) +59°F (+15°C) Flylng at AltltUde

Figure 12-3 Standard atmosphere. The human body is designed to function in the lower levels of the atmo-
sphere, where the air is fairly dense. Aircraft may operate at quite high
altitudes where the air density is very low, exposing the pilot to possible
oxygen deficiency and other problems such as low ambient temperatures.
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There are three major effects of altitude on the human body brought about by pressure
changes:

« lower external pressure causes gases inside body cavities to expand;

« lower oxygen pressure causes hypoxia; and

o dissolved gases form bubbles in the blood, also due to decreased external pressure.

Hypoxia
Hypoxia is a condition in which oxygen concentration in the tissues is less than normal.
Total absence of oxygen is called anoxia. Hypoxia is a lack of oxygen and may be caused
by:
« alack of oxygen in the air (called hypoxic hypoxia);
o apartial pressure of oxygen that is too low; or
« an inability of the blood to carry oxygen (called anaemic hypoxia) due to a medical
condition (anaemia) or to carbon monoxide poisoning in the blood (from, say, a
faulty engine exhaust system or smoking cigarettes).

Air pressure and density decrease with altitude; approximately 18,000 feet is where
atmospheric pressure is at 50% of sea level (1,000 mb versus 500 mb). As an airplane
climbs, the density of the air in which it is flying gradually reduces. The less dense the air,
the lower the mass of oxygen taken into the lungs in each breath. In addition, the lower
partial pressure of oxygen at altitude (i.e. fewer percentage of molecules), further reduces
the amount of oxygen that will diffuse across the alveoli membranes into the bloodstream.
A high cabin altitude therefore means less oxygen will be transported around the body,
and less energy will be generated (including in the brain). Hypoxia is subtle and it sneaks
up on you, like the effects of that extra glass of wine. Rapid rates of ascent can allow
higher altitudes to be reached before severe symptoms occur. In these circumstances,
unconsciousness may occur before any or many of the symptoms of hypoxia appear. At
9,000 feet, the partial pressure of oxygen in the air is about half that at sea level.

The initial symptoms of hypoxia may hardly be noticeable to the sufferer, and in fact
they often include feelings of euphoria. The brain is affected quite early, so a false sense
of security and well-being may be present. Physical movements will become clumsy, but
the pilot may not notice this. Difficulty in concentrating, faulty judgment, moodiness,
drowsiness, indecision, giddiness, physical clumsiness, headache, deterioration of vision,
high pulse rate, blue lips and fingernails (cyanosis), and tingling of the skin may all follow,
ending in loss of consciousness. Throughout all of this pilots will probably feel euphoric
and as if doing a great job.

In this oxygen-deficient condition, a pilot is less able to think clearly and perform
physically. The body attempts to compensate by increasing the pulse rate, and the rate and
depth of ventilation. Pilots between 25 and 50 years who are in good physical condition
and regularly exposed to low oxygen levels have a higher tolerance. Above about 8,000
feet cabin altitude, the effects of oxygen deprivation may start to become apparent in
some pilots, especially if the pilot is active or under stress. At 10,000 feet, most people
can still cope with the diminished oxygen supply, but above 10,000 feet supplementary
oxygen is required (i.e. oxygen supplied through a mask), if a marked deterioration in
performance is not to occur. At 14,000 feet without supplementary oxygen, performance
will be very poor and, at 18,000 feet, the pilot may become unconscious. This will occur
at lower altitudes if the pilot is a smoker, or is unfit or fatigued.

Hypoxic hypoxia is an
insufficient amount of
oxygen available to
the body. As altitude
increases pressure
decreases and the
body is less able to
uptake oxygen from
the atmosphere.

Hypemic hypoxia is
an oxygen deficiency
in the blood. Blood is
unable to absorb and
transport sufficient
amounts of oxygen

to the cells within the
body. Most commonly
occurs due to CO
poisoning.

Stagnant hypoxia
results when oxygen-
rich blood from the
lungs is unable to flow
to the tissues and cells
in the body essentially
becoming stagnant or
non-flowing. Examples
aleg or arm “falls
asleep”.

Histotoxic hypoxia
occurs when the
cells or tissues in the
body are unable to
effectively use the
oxygen-rich blood
being transported to
them. Often caused
by alcohol or drugs.
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Avoid hypoxia by using In general terms, 10,000 feet is considered to be the critical cabin altitude above which
;“/f;,gffc’q:bf’/f; /0;;5%‘22 flight crew should wear an oxygen mask (5,000 feet at night). The effects of oxygen
(above 10,000 feet) ~ deprivation are very personal in that they may differ from person to person and become
apparent at different cabin altitudes. Some people are more resilient than others; however,
the event of oxygen deprivation will eventually produce the same effects. For instance,
night vision will generally start to deteriorate at a cabin altitude of above 4,000 feet.
Susceptibility to hypoxia is increased by anything that reduces the oxygen available
to the brain, such as a high cabin altitude (of course), high or low temperatures, illness,
stress, fatigue, physical activity, or smoke in the cockpit. The reduction of the oxygen-
carrying capacity of the blood by smoking has the same effect as increasing the cabin
altitude by 4,000-5,000 feet and this effect intensifies as the airplane climbs to higher
altitudes. The preference of hemoglobin for carbon monoxide, as opposed to oxygen,
means that a person who has been smoking has less oxygen circulating than would have
been the case had CO not been absorbed. The onset of symptoms of hypoxia will occur
at a lower altitude in that person. However, a smoker is acclimated to being hypoxic and
may be more tolerant—to a degree.
Tolerance to hypoxia can be reduced by a loss of blood, as is the case after a person
has made a blood donation. It is therefore recommended that active pilots do not donate
blood. Should you decide you do want to give blood, it is recommended not to fly for 24
hours afterward.

Time of Useful Consciousness. If a person is deprived of an adequate supply of
oxygen, unconsciousness will ultimately result. The cells of the brain are particularly
sensitive to a lack of oxygen, even for a brief period. Total cessation of the oxygen supply to
the brain results in unconsciousness in six to eight seconds and irreversible damage ensues
if the oxygen supply is not restored within four minutes. The time available for pilots to
perform useful tasks without a supplementary oxygen supply, and before severe hypoxia
sets in, is known as the time of useful consciousness (TUC), or effective performance time
(EPT). TUC/EPT reduces with increasing altitude.

Altitude above Sudden failure of oxygen supply
sea level Moderate activity Minimal activity
18,000 feet 20 minutes 30 minutes
22,000 feet 5 minutes 10 minutes
25,000 feet 2 minutes 3 minutes
28,000 feet 1 minute 12 minutes
30,000 feet 45 seconds 1% minutes
35,000 feet 30 seconds 45 seconds
40,000 feet 12 seconds 15 seconds

Table 12-1 Time of useful consciousness (effective performance time).
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Barotrauma

Another effect of increasing cabin altitude is that gases trapped in parts of your body—
such as the stomach, intestines, sinuses, middle ear, or in a decaying tooth—will want
to expand as external pressure decreases. Either they will be able to escape into the
atmosphere, or they may be trapped and possibly cause pain known as barotrauma. Pain is
most severe on ascent with teeth and intestines and on descent with ears and sinus. Foods
such as legumes and leafy greens known to produce gas should be avoided when flying.

Barotrauma of the Ears. You hear sound because waves of air pressure move a
membrane within your ear (eardrum). The cavity behind the eardrum has a small tube
(the Eustachian tube) that is open through the nose and allows air pressure on the inside
to be balanced with outside air pressure. If you have a head cold or sinusitis, this tube can
become restricted or even totally blocked. If this is the case, as the aircraft climbs, the
air inside the ear easily escapes through the tube because that is the normal direction of
fluid movement. However, when you descend again, you end up in a situation where the
air on the outside of the drum is at a higher pressure than the air inside. It may collapse
the tube. Because of this restriction, air cannot pass through to balance the pressure and
so the eardrum is pushed in. This can be painful or even damaging. The pressure can
usually be helped to equalize and open the Eustachian tube by swallowing, chewing, or
by blowing with the mouth and nose held shut.

Decompression Sickness (The Bends)

Gas bubbles in the body will cause great pain and some immobilization in the shoulders,
arms and joints. This serious complaint is known as decompression sickness or the bends.
The remedy is to subject the body to a region of high pressure for a lengthy period of
time (in a recompression chamber, for example), and then gradually return it to normal
pressures over a period of hours or days. In an aircraft, the best you can do if the bends
is suspected is to descend to a low altitude, where air pressure is greater. Even landing
may not provide a sufficient pressure increase to remedy the problem, in which case seek
medical assistance without delay. Sometimes low altitude pressure will cause nitrogen to
form bubbles; however, this is unlikely below 18,000 feet.

Scuba Diving. Decompression sickness can result from flying after scuba diving. When
the body is deep under water it is subjected to strong pressures, and certain gases, such
as nitrogen, are absorbed into the blood under pressure, because the air cylinders have
to be pressurized above the local water pressure so the lungs can inhale increasing the
partial pressure of nitrogen. The deeper and longer the dive, the more this absorption
occurs. If the pressure on the body is then reduced too quickly—say, by rapidly returning
to the surface from a great depth or, even worse, by then flying in an airplane at high
cabin altitudes—the gases (especially nitrogen) will come out of the blood solution and
form bubbles in the bloodstream and tissues, especially the joints. (You can see the same
effect caused by a sudden reduction in pressure when the top is removed from carbonated
drinks and bubbles of gas come out.)

Rules regarding scuba diving and flying vary slightly from country to country. The
current Diver’s Alert Network’s recommendation is that you do not fly for 12 hours after
any single dive without decompression stops. A greater surface interval is needed after
multiple dives or dives with decompression stops. Ask your instructor for advice.

Decompression stops are necessary if a dive is deeper than 33 feet. At this depth,
the pressure is twice that at sea level, and the amount of nitrogen dissolved increases
appreciably.

Sinus cavities

Figure 12-4
Sinus cavities
in the skull.

Decompression
sickness can follow
scuba diving.

Figure 12-5
Do not fly within 24
hours of scuba diving.
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Hyperventilation is

an involuntary and
inappropriate increase
in breathing rate, and
is usually a symptom of
psychological distress.

Engine smells in the
cabin are warning
that carbon monoxide
may be present.

CARBON MONOXIDE DETECTOR

dark spot » [22\\[€]=:3

DATE REPLACE
OPENED AFTER 12
|:| o

Color restores as air freshens

Figure 12-6
CO detectors can alert
pilots to danger.

Carbon monoxide
poisoning is serious
and can be fatal!

Snorkeling will not cause decompression sickness as you are not taking in air under
pressure. The risk of suffering decompression sickness increases with the depth to which
you dive, the rate at which you resurface, how soon after you fly, how high you fly,
how quickly the cabin altitude increases, your age, obesity, fatigue, and reexposure to
decompression within 24 hours.

Hyperventilation

Hyperventilation occurs when the body over breathes due to some psychological distress
such as fear or anxiety (gasping for breath). It is most likely to occur with inexperienced
pilots in new situations. It is a self-perpetuating cycle, in which a feeling of breathlessness
and dizziness develops—one is unable to catch one’s breath and so one becomes more
stressed—and continues even if the triggering influence is removed.

Carbon Monoxide Poisoning

Carbon monoxide is produced during combustion. It is present in engine exhaust gases
and in cigarette smoke, both of which can sometimes be found in the cockpit. Its entry into
the cockpit may be from a faulty heating system. Carbon monoxide is a colorless, odorless,
tasteless and poisonous gas for which hemoglobin in the blood has an enormous affinity.
If carbon monoxide molecules are inhaled, then the hemoglobin will transport them in
preference to oxygen, causing the body and the brain to suffer oxygen starvation, even
though oxygen is present in the air. Hence, the first cigarette can cause light-headedness.
Carbon monoxide poisoning is insidious and can be ultimately fatal. Recovery, even on
pure oxygen, may take several hours.

Susceptibility to carbon monoxide poisoning increases as the cabin altitude increases
because there is already an oxygen deficiency. Many cabin heating systems use warm air
from around the engine and exhaust manifold as their source of heat. Any leaks in the
engine exhaust system can allow carbon monoxide to enter the cabin in the heating air
and possibly through open windows and cracks. To minimize the effect of any carbon
monoxide that enters the cockpit in this way, fresh air should always be used in conjunc-
tion with cabin heating. Regular checks and maintenance of the aircraft are essential.
Even though carbon monoxide is odorless, it may be associated with other exhaust gases
that do have an odor. Engine smells in the cabin are a warning that carbon monoxide
may be present. Symptoms of carbon monoxide poisoning include the following:

« headache, dizziness and nausea;

o deterioration in vision;

o impaired judgment;

« personality change;

 impaired memorys;

o slower breathing rate;

o cherry-red complexion;

o loss of muscular power;

« convulsions; and

« coma and eventually death.

If carbon monoxide is suspected in the cabin, carry out the following actions:
shut off the cabin heat;
« stop all smoking;
« increase the supply of fresh air through vents (except exhaust ones) and windows; and
o land as soon as possible.
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Many operators place carbon monoxide detectors in the cockpit. The most common
type contains crystals that change color when carbon monoxide is present. These detec-
tors are inexpensive and are a wise investment, but they do have a limited life, so check the
expiration date. If the detector is date-expired, it is not reliable. Indeed, the crystal-type
detector may not be as reliable as first thought. Increasingly, the more costly, but more
effective, electronic detectors are being recommended. Be aware that carbon monoxide
is not the only toxic chemical to which you may be exposed in aircraft operations (agri-
cultural pilots especially). Vapors and fumes from fuels and lubricants, poorly packed
dangerous goods, and other products of combustion may produce a range of symptoms
including skin, eye and lung irritation, dizziness, drowsiness, confusion and loss of
consciousness.

Dehydration

Dehydration is not only associated with hot days and intense sporting activities when you
don’t drink enough. It is also a problem when sitting relatively still when flying. As you
climb, the atmosphere becomes less dense and is much colder. Both decreased density and
temperature means less water is available in the atmosphere. So just by breathing, you are
going to lose moisture from your lungs at a greater rate than you would at sea level. On
large aircraft, the pressurization and air conditioning tend to reduce the moisture content
of the air still further. Aircraft manufacturers incorporate humidifiers in these systems to
keep the cabin environment comfortable. On any flight of more than an hour or so and
especially in summer, always carry drinking water and sip it regularly. Don’t wait until
you are thirsty. Dehydration can quickly affect the brain’s ability to function rationally.

Condition Cause/ Altitude S?/%n;)rtrc])?:s Notes Actions

Hypoxia Rare below Euphoria, visual May be unaware of Descend. Use oxygen.

10,000 feet. disturbances, condition due to 10,000-33,700 feet—
dizziness, light- decreased partial air-oxygen mix.
headedness, confused pressure of oxygen. 33,700-40,000 feet—
thinking, apprehension, 100% oxygen.
sense of well-being.

Hyper- Anxiety. Light-headedness, Overbreathing reduces | Control breathing rate.
ventilation Any altitude. dizziness, tingling, carbon dioxide level in Breathe into hand or

numbness, visual the blood. bag. If above 10,000
disturbances, feet, suspect hypoxia.

confused thinking,

tremors, faintness.

Carbon Faulty exhaust heating. Headache, Hemoglobin has Immediate fresh air.
monoxide Smoking. breathlessness, greater affinity for CO Oxygen. Land and
poisoning Any altitude. sluggishness, impaired than for oxygen. seek medical attention.

judgment, feeling of (Smoking makes night
warmth, cherry-red vision poor.)
skin.
Decompres- Flying after diving. Headache, pain Nitrogen forms Do not fly for 4 hours
sion Unlikely below (joints), paralysis, bubbles in lungs for dives less than 30
sickness 18,000 feet. choking, skin irritation. (chokes), joints feet; wait longer if
(bends), skin (creeps), deeper dive.
central nervous system
(paralysis).
Dehydration Workload. Darker urine, dryness. Carry drinking water in Sip water regularly in-
Radiant heat. the cockpit. Cover flight.
Perspiration. exposed skin.

Table 12-2 Summary of symptoms.
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HEALTH AND WELL-BEING
General Health and Well-Being

The effects of flight on the human body and mind are representative of an average human
in good health. Obviously, ill physical or psychological health adversely affects all of your
capabilities, capacities, stamina, concentration, memory, and tolerances to the stresses
of flight.

Health Indicators

You are the result of two primary influences: heredity (nature) and environment (nurture).
One of the most reliable indicators of general health is the parentage from which you are
born. If your parents were healthy and lived long lives then all you need to worry about
are the environmental factors.

Blood Pressure

There are two levels of blood pressure:
o systolic, which is when the heart pumps (should be around 120 mm Hg); over
o diastolic, which is when it pauses (should be around 80 mm Hg).

The resting (diastolic) blood pressure is a good indicator of potential problems. High
blood pressure can pertain with no apparent, underlying cause. It can be controlled with
medication. If identifiable, the cause of the high blood pressure (hypertension) should
also be addressed, whether it be physical or psychological.

Cholesterol

Cholesterol is formed by the body in response to dietary intake. There are two levels of
cholesterol in the blood:

« low-density lipoprotein (LDL), which is related to animal fats; and

« high-density lipoprotein (HDL), which is related to exercise.

The former is not good and should be controlled by diet and exercise.

Obesity

You should maintain a reasonable degree of physical fitness. It allows better physical and
mental performance during flight, and, in the long term, improves your chances of a
long and healthy life. Physical fitness helps pilots cope better with stress, fatigue, and the
reduced availability of oxygen. Diseases that have been directly related to obesity include
osteoarthritis, hypertension (and risk of cardiovascular problems), and gout.

Medical Fitness

Disqualifying llinesses

Disqualifying illnesses are conditions likely to restrict or deny the issue of a medical
certificate either temporarily or permanently. They include heart attack, stroke, diabetes,
kidney stones and ulcers.
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Debilitating llinesses

Migraines and Headaches. Headaches can be compromising due to stress, pain,
distraction and reduced attention. Migraine headaches are due to the constriction of the
arteries in a particular part of the brain. They can be totally incapacitating if accompanied
by vision impairment, nausea, vomiting, oversensitivity to light and sound, and severe
pain. Rarely, migraine attacks are accompanied by temporary, partial paralysis (one arm
or one side of the body). They seem to be triggered by allergic reactions to certain foods
such as cheese or chocolate, by stress, or by the removal of stress. Many are short lived
and may be related to temporary circumstances, but do seek medical advice. There are
treatments that are sometimes, but not always, effective. Heredity seems to be a significant
factor in your susceptibility to migraine attacks.

Viruses/Colds/Flu/Middle-Ear Infections. Each eardrum has ambient pressure from
the atmosphere or cabin on one side and air pressure in the middle ear on the other side,
the middle ear being connected to ambient air via the Eustachian tube. During a climb,
atmospheric pressure decreases and the differential pressure across the eardrum forces out
the eardrum, as well as causing air to flow from the middle ear through the Eustachian
tubes into the throat. In this way, the pressure differential is equalized. Any prevention of
this equalization process is hazardous because of the pain and the potential to perforate
the membrane of the eardrum.

Most pressurized aircraft have a low rate of climb (500 feet per minute or less) for the
cabin and cockpit, allowing adequate time for pressure equalization to occur through
the Eustachian tubes. This means that ear problems during the climb are generally not
serious. During descent, however, difficulties with the ears may be more serious due to
high rates of descent and problems with pressure equalization within the middle ear (the
air finds it easier to escape through the collapsed tubes during the climb but cannot pass
through the collapsed tube during the descent).

Further, the greatest proportional pressure differential occurs at lower altitudes and
so the first few thousand feet on the way up and the last few on the way down are the
difficult ones. Although the cockpit may be kept at 5,000 feet, the pressure change is
very significant. Moreover, a depressurization with blocked Eustachian tubes could be
overwhelming. High rates of descent worsen the situation. Pain in the ears can be debili-
tating, and there is a danger of the eardrums collapsing inward as the external pressure
builds up, giving rise to a loss of hearing that may be permanent. In extreme cases, the
balance mechanisms could be affected—a situation known as pressure vertigo. Blocked
ears can sometimes be cleared by holding the nose and blowing hard (a technique known
as the Valsalva maneuver), by chewing, swallowing or yawning. It is best not to risk flying
with a head cold if you have difficulty clearing your ears. Problems can also arise in the
sinuses, the cavities in the skull connected by narrow tubes to the nasal/throat passages.
Blockages can cause severe pain, equivalent to the most severe headache, such that you
cannot concentrate on flying.

Gastroenteritis. Gastrointestinal disorders are the most common cause of in-flight inca-
pacitation. They may result from an improperly prepared meal (food poisoning), impure
drinking water, or infection. Onset may be almost immediate following consumption of
the food or drink, or it may not become evident for some hours. Even then, onset may
be very sudden. The stomach pains, nausea, diarrhea and vomiting that accompany food
poisoning can make it physically impossible to perform pilot duties. Some of the reflexes
are uncontrollable (projectile vomiting and diarrhea, sometimes simultaneously). A wise
precaution is never to have the same meal as your crew.
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For the day prior to flight, avoid foods that are associated with food poisoning, including
shellfish, fish, mayonnaise, creams, overripe and thin-skinned fruits, uncooked foods
such as salads and raw foods, and old, tired food (e.g. food that has been cooked, then
stored for some time or reheated several times). If you suspect that some symptoms of food
poisoning are present or forthcoming, don’t take a chance—don’t fly. After the event, you
will be dehydrated and weak—very weak indeed. You should not fly for at least 72 hours
after the last symptoms of even a mild case of food poisoning. Gastroenteritis, flu, food
poisoning, and dysentery can leave you sitting on the toilet and vomiting simultaneously.
You cannot possibly fly with those symptoms. You are literally and totally incapacitated.

Cardiovascular Diseases. Diseases affecting the heart and circulatory system include
the following:

o thrombosis—a coronary thrombosis is caused by blood clots (embolisms) obstructing
the flow of blood to the heart. The heart muscle may go into irregular spasms
(fibrillation);

» myocardial infarction (heart attack)—sudden blockage may result in the death of
heart tissue;

o angina—part of the heart may be deprived of oxygen by a reduced blood flow
when demand is increased. It is felt as pain in the chest, neck, shoulders and arm,
especially the left, that comes and goes with exercise. If untreated, angina causes
heart inefficiency and gradual or sudden heart failure;

o arteriosclerosis—the arteries can be blocked by fats, often as a the result of high
cholesterol due to poor diet and lack of exercise;

« aneurism—a bursting of an artery, generally in the brain; and

o stroke—the blood flow in some part of the brain may be interrupted, leaving loss of
sensation or paralysis in any part of the body but commonly on one side of the face.

Cardiovascular risk factors, in order of priority, appear to be: family history of heart
disease, smoking, high blood pressure, high cholesterol, obesity, lack of exercise, diabetes
and stress. Excessive alcohol consumption may also be an influence, but moderate
consumption may actually be beneficial in controlling stress and cholesterol. All the above
factors relate to inheritance or lifestyle, and pilots particularly need to manage the latter.

The normal electrocardiogram, or resting ECG, is a sensor that measures the heart-
beat at 12 locations. It is carried out while the body is resting to check whether there is
a deficiency in the action of the heart muscle. It is a here-and-now indicator that shows
congenital or preexisting defects, but it cannot predict future problems.

Physical and Mental Fithess

Exercise

Keeping fit takes some effort, and this effort must be continually maintained for fitness to
be retained; but it can also be good fun and very recreational. Walking, jogging, digging
in the garden, cycling, swimming, in fact anything that steadily raises your pulse rate,
will improve your fitness. If you are grossly unfit or obese, then allow yourself several
diet-conscious months with moderate exercise that is gradually increased, and consider
medical supervision. It might seem like a long haul, but the quality of life and your self-
esteem will improve along with your fitness.
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Fatigue and Sleep Deprivation

Fatigue, tiredness and sleep deprivation can lower a pilot’s mental and physical capacity Do not fly when
quite dramatically. Fatigue can become deep-seated and chronic. If personal, psycho- ~ faligued. It shows
logical or emotional problems are not resolved, they prevent deep rest and good sleep over poor judgement.
a prolonged period. Chronic fatigue won't be cured until the problems are resolved, or
at least are being addressed, and the person can relax and unwind. You should prohibit
yourself from flying if the distress is distracting.

Short-term fatigue can be caused by overwork, mental stress, an uncomfortable body
position, a recent lack of sleep, living-it-up a little too much, lack of oxygen or lack of food.

Stress

Stress is part of our lifestyle. It is inevitable but manageable. Management of stress is  Stress management
relatively easy, once learned. You have to learn a way that best suits you. You need to find I:C//c;jedr?ti‘ tﬁ;e following:
the particular technique that tickles your own fancy. The objective is not to confront stress 4>, ,C;/O ugs attitudes.
head on. Like a kite it will climb against the wind and become even more challenging. 2. Learning to modify

The idea is to defuse it—to divide it into bite-size chunks—and remind yourself that itis ~_ Your behavior
3. Recognizing and

temporary. It will pass and there is a future. Alcohol doesn’t defuse stress: it defers it and coping with stress.
then it is added to the next day’s lot. 4. Developing a method
Coping/defusing techniques include: [0 assess risks.

) : . 5. Using all your
o exercise/sports—physical demands that take your mind off mental problems are resources.

good for you. Physical demand that also requires mental concentration is even 6. Being able to
better; for example, golf, skiing or sailing are more diverting and therefore relaxing gﬁgfntfa% ZZ
than jogging;
o fresh air—the wide world around you keeps everything in perspective and reinforces
your hope and realization that you are both small and large in the scheme of things;
o diversions/hobbies—the mental and manipulative occupation of hobbies are a
marvellous relaxant as their appeal usually claims one’s total concentration; and
o relaxation therapy and meditation—these use the same technique of mental occupa-
tion and diversion so the build-up of stress is deflated by inattention. It is not the
same as lying in the sun and snoozing as the brain dwells on the problem. They are
effective and easy to learn techniques for focusing the single-channel processor of
the conscious mind on a trivial routine symbol.

Diet and Nutrition

We are what we eat. Diet concerns what you eat, how much and in what proportions. It
receives much attention in the media these days because in western society our dietary
intake is poorly managed: too much animal fat, too much processed sugar, too few vege-
tables, cereals and fruit. In all, too much quantity and too little exercise. The suggested
eating pattern is to have smaller, more varied servings often, rather than larger servings
less frequently. Snacks, such as fruit, muesli bars and cereals, keep the hunger at bay and
avoid the temptation to eat a large meal too quickly. Eating slowly allows the digestive
system to process the food and to feel satisfied with a lesser quantity.

Water is best. Drink lots of it. Don’t wait until you feel thirsty. The color of your urine
should be light straw or paler. Any darker means potential dehydration. Too much fruit
juice can cause bowel problems and also adds calories. Mineral-enriched health drinks
are for athletes. Use them for severe exercise; otherwise, drink water. Avoid too much of
the sugary soft drinks, as they make you even thirstier.
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Do not fly under the

influence of alcohol.

Recreational drugs
such as marijuana,
cocaine and LSD

must never be mixed

n

with flying. Persons
who are dependent
on such drugs are
ot permitted to hold
a pilot certificate.

Tea and Coffee. Caffeine is a drug and stimulant. Coffee contains the most, especially
espresso. Caffeine increases the pulse rate, prevents sleep, increases urination and there-
fore fluid loss (it is a diuretic), causes headaches and increases the level of stress. It may
wake you up but it won't let you rest. There are also withdrawal symptoms when you stop
consuming it.

Dependencies
Alcohol

Even small quantities of alcohol in the blood can impair one’s performance, in addition to
the danger of relieving anxiety so that the person believes he or she is performing marvel-
ously. Alcohol severely affects a person’s judgment and abilities. Reduced oxygen worsens
the effect. Alcohol is a depressant. It lowers the body’s natural sensitivities, cautions and
tears (shown as overconfidence) and, at the same time, it lowers capabilities—a deadly
combination as demonstrated by the road accident statistics. It also represses social mores
and allows emotions, that would otherwise be controlled, to run free, such as aggression,
anger, passion, violence, showing-off and taking risks. In some personalities, it causes
depression and low self-esteem.

It takes time for the body to remove alcohol. As a general rule, a pilot must not fly
for at least 8 hours after drinking small quantities of alcohol and increase this time if
greater quantities are consumed. After heavy drinking, alcohol may be present in the
blood 24 hours later. Sleep will not speed up the removal process; in fact, it slows the body
processes down and the elimination of alcohol may take even longer. Exercise is better.
Having coffee, soup or water between drinks only helps if they are taken instead of an
alcoholic beverage. Otherwise, the body receives the same total amount of alcohol in the
same time, so it takes the same time for it to be discarded and for its effects to be removed.

Tobacco

Smoking is detrimental to good health, both in the short term and long term. Smoking
also significantly decreases a pilot’s capacity to perform by reducing the amount of oxygen
carried in the blood, replacing it with the useless, poisonous byproducts of cigarette
smoke. A pilot does not have to be the active smoker to suffer the effects. Second-hand
smoke is also detrimental.

Drugs and Medication

All drugs affect the body (as well as the disease they are taken to combat). They may be
incompatible with flying. Sedatives, and their side effects, are a prime example of this,
also antihistamines. Some drugs may have long half-lives; that is, their concentration stays
too high for too long, e.g. certain sleeping pills. Other drugs, called potentiating agents,
change or exaggerate the effect of other drugs taken in combination with them, especially
alcohol. Until cleared by a doctor, it is safest to assume that any drug or medication will
temporarily ground you. Don’t accept or use non-prescribed drugs.

There are several thousand medications currently approved by the U.S. Food and
Drug Administration (FDA), not including over the counter (OTC) drugs. Virtually
all medications have the potential for adverse side effects in some people. Additionally,
herbal and dietary supplements, sport and energy boosters, and some other “natural”
products are derived from substances often found in medications that could also have
adverse side effects. While some individuals experience no side effects with a particular
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drug or product, others may be noticeably affected. The FAA regularly reviews FDA and
other data to assure that medications found acceptable for aviation duties do not pose an
adverse safety risk. Drugs that cause no apparent side effects on the ground can create
serious problems at even relatively low altitudes. Even at typical general aviation altitudes,
the changes in concentrations of atmospheric gases in the blood can enhance the effects
of seemingly innocuous drugs that can result in impaired judgment, decision-making,
and performance. In addition, fatigue, stress, dehydration, and inadequate nutrition can
increase an airman’s susceptibility to adverse effects from various drugs, even if they
appeared to tolerate them in the past. If multiple medications are being taken at the same
time, the adverse effects can be even more pronounced.

Some of the most commonly used OTC drugs, antihistamines and decongestants, have
the potential to cause noticeable adverse side effects, including drowsiness and cognitive
deficits. The symptoms associated with common upper respiratory infections, including
the common cold, will often suppress a pilot’s desire to fly, and treating symptoms with a
drug that causes adverse side effects only compounds the problem. Particularly, medica-
tions containing diphenhydramine (e.g., Benadryl’) are known to cause drowsiness and
have a prolonged half-life, meaning the drugs stay in one’s system for an extended time,
which lengthens the time that side effects are present.

Another important consideration is that the medical condition for which a medica-
tion is prescribed may itself be disqualifying. The FAA will consider the condition in
the context of risk for medical incapacitation, and the medication as well for cognitive
impairment, and either or both could be found unacceptable for medical certification.

Toxic Substances

Some pilots will come in contact with toxic substances—fuel additives, cleaning agents,
aerial agriculture sprays and powders, defoliants, compressed gases and extinguishants.
Don’t ever take shortcuts. Observe the special precautions and protections required for
each. If in doubt, don't fly.

VISION AND VISUAL ILLUSIONS

Eyes provide the brain with a visual image of the environment. Each eye acts as a natural
and very sophisticated digital camera. Its basic function is to collect light rays reflected
from an object, using the lens to focus these rays into an image on a screen (the retina),
and then converting this image into electrical signals that are sent via the optic nerve to
the brain. This is how you see. The brain matches the image to previously stored data so
you recognize (perceive) the object. The connection of the optic nerve to the brain is so
close and integral, and the importance of the messages sent to the brain is so dominant,
that the eyes can almost be considered an extension of the brain.
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Figure 12-7 Structure of the eye.

Binocular Vision

Binocular vision describes the process whereby optical information is received and
processed from two eyes. To track a moving object with both eyes, they need to move
in harmony, and this means coordinated control of the two sets of muscles by the brain.
In a fatigued person, this coordination sometimes fails, and the result is quite different
images from each eye resulting in double vision.

Figure 12-8 Binocular vision.

Blind Spot

Absolute distance can only be judged by triangulation (the convergence of sight lines)
and this is the prime reason for binocular vision. The other reason is to compensate for
the blind spot in each eye. The blind spot is the small area on the retina of the eye where
the nerve fibers from the light-sensitive cells (rods and cones) on the retina lead into the
optic nerve. At this point, there is no coating of light-sensitive cells, and hence any light
falling here will not register; that is, it is literally a blind spot. However, it is not possible
for an image to fall on the blind spot of both eyes simultaneously because it will be in
Figure 12-9 different relative position for each. Even when an image falls on the blind spot of one eye,
Blind spot. and is therefore not registered, the brain will receive a message from the other eye and
so the object will still be seen.
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You can observe the existence of the blind spot in each eye by viewing figure 12-10.
Hold the page at arm’s length, cover your right eye, and then with your left eye focus
on the airplane on the right. It will be clearly recognizable as a biplane because it will
be focused on your retina. Move the page closer and as you still focus on the biplane,
you will notice that the helicopter will eventually disappear. Its image has fallen on the
position on the retina occupied by the optic nerve. In practice you must be careful when
you are scanning the sky that another aircraft is not blocked from view by the magnetic
compass or some part of the windshield structure. If it is blocked from the view of both
eyes, you will not see it at all; if it is blocked from the view of only one eye, you will lose
the blind-spot protection provided by binocular vision.

<O

Figure 12-10 Example of blind spot.

Vision Limitations

Rods and cones are the endings of the optic nerve. As an extension of the brain, they will
be affected by anything that affects the brain. With a shortage of oxygen (hypoxia), or
an excess of alcohol, medication, or other drugs, sight is one of the first senses to suffer.
High positive g-loadings, as in strenuous aerobatic maneuvers, will force the blood into
the lower regions of the body and temporarily starve the brain and eyes of blood, leading
to a grayout (black-and-white tunnel vision) or unconsciousness (blackout).

Vision Defects

With normal vision, the lens focuses an inverted image of the object on the rear of the
eyeball (the retina). The shape of the lens changes to adjust for the distance of the object
from the lens to ensure the visual data is focused on the retina. Inability to focus may
result naturally from a lens that has become less flexible with age, or it may result from
a lens or eyeball that is not shaped correctly. In almost all cases, artificial lenses in the
form of spectacles or contact lenses can be made to correct the specific deficiency and
restore sharp vision, just like the focus of a camera. Since good eyesight is essential for
safe flight, professional assistance is required whenever there is a problem.

Rods and cones are
the nerve endings that
feed the optic nerve.
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Visual Acuity (Clarity or Focus of What We See)

Visual acuity is the ability of the eye to see clearly and sharply. Perfect visual acuity (focus)
means that the eye sees the object exactly as it is, clearly and without distortion, no matter
how distant the object is. The degree of visual acuity varies between different people and
also between the two eyes of any one person, as well as for the single eye at different times.
This depends upon whether the person is fatigued, suffering hypoxia (lack of oxygen),
or under the influence of alcohol or some other drug. To describe differences in visual
acuity, the standard is considered to be what a normal eye is capable of seeing clearly at
a particular distance. The eye test chart usually has lines of letters readable for a normal
eye from 120, 80, 60, 40, 30, 20 and 16 feet respectively.

The standard testing distance between the eye and the eye chart is 20 feet; the normal
eye is capable of clearly seeing letters of a certain size at this distance. If another eye at 20
feet cannot read the 20-foot line clearly, and can only identify letters on the chart that a
normal eye can see clearly at 30 feet, then the abnormal eye is said to have 20/30 vision.
This is compared with the 20/20 vision of the so-called normal eye. As a rule of thumb,
pilots should be able to read a car license plate at a distance of approximately 130 feet.

BFXD BFXD
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Figure 12-11 An eye chart seen with 20/20 vision and 20/30 vision.

Perfect visual acuity within the individual eye occurs when the image is focused
sharply by a high-quality cornea and lens onto the central foveal region of a healthy
retina, where the cone receptors predominate. The cone receptors are very sensitive to
small details and send very sharp, colorful images to the brain. Light rays that are focused
on the retina away from the central foveal region in areas where there are not so many
cone receptors but more rod receptors will not be seen as clearly nor will they be in color.
Visual acuity (focus) will therefore be less for these images. To illustrate the difference
between central and peripheral vision, look at the words on this page. You must move
your eyes so that the image of the word that you want to read falls on the central foveal
region. While you can clearly read the word you are looking at right now, you will not be
able to read words some distance away from it—up, down, or sideways from it—unless
you move your eyeball so that the image of that word falls on the central high visual
acuity area of the retina.

304

Ground School Airplane and Pilot Performance



Color Vision

Colors are detected in the central foveal region of the retina by the cone receptors, which
are only active in fairly bright light. There are some eyes that cannot distinguish any
colors at all, even in bright light. Males are more susceptible to color blindness. Defec-
tive color vision shows up as difficulty in distinguishing between red and green. It may
cause problems during night flying, as well as in poor visibility, with the white, red and
green navigation lights of other aircraft used for recognition, with red or green taxiway
or threshold lighting, and also with visual light signals from the control tower used in a
radio-failure situation instead of radio voice messages (an uncommon event nowadays).

Night Vision

Adaptation of the Eyes to Darkness. At night, there are some special considerations
regarding vision. Your attention during night flying is both inside and outside the cockpit.
It takes the eyes some minutes to adapt to a dark environment, as experienced when
walking into a darkened cinema stumbling over other patrons in an attempt to find an
empty seat. As mentioned, night vision is susceptible to hypoxia: it is affected by cabin
altitudes above 4,000 feet. The time it takes for the eyes to adapt depends, to a large extent,
on the contrast between the brightness of light previously experienced and the degree of
darkness of the new environment. Conversely, when the lights are turned on at the end
of a movie the opposite effect takes place. Whereas the cones, concentrated in the central
region of the retina, adjust quickly to variations in light intensity (about seven minutes
to return to normal), the rods (which are most important for night vision) take some 30
minutes to adapt fully to darkness. In dim light, the cones become less effective, or even
totally ineffective, and there is a chemical change in the rods to increase their sensitivity.
Thus we adapt more quickly to brightening lights rather than dimming light.

Protecting Night Vision. It is a common misconception that, at night, you are using
your night vision in the cockpit or looking at the runway. When you are looking at
something that is well illuminated, you are using normal vision. The night fighter pilots
of World War II sat blindfolded in darkened rooms and used red cockpit lighting (and
ate carrots) so they could look for other aircraft or ground features not illuminated due
to the blackout. The only equivalent situation for today would be when you are looking
for ground features like lakes or coastlines or the shadows of hills on a moonlit night;
otherwise, you use normal vision. The disadvantage of red lighting is that red lines or
tints on maps do not show up.

Keep the internal lighting to an acceptably low level to minimize reflections and to
allow best transmission of light through the transparencies. It’s the same as other natural
processes; the transmission depends on the energy difference—outside to in. More light
outside and less light inside provides best transmission of light through the windows.
Even wear a dark-colored shirt for night flying as the traditional white pilot’s shirt adds
considerably to the reflections off the face of the instrument glass. Avoid brilliant lights
as they temporarily reduce the sensitivity of the eyes to less well-lit objects. Be espe-
cially careful of viewing sunsets and then trying to see down-sun at the darkened earth.
Exposure to glare and bright sunlight should be avoided before night flights, possibly by
wearing sunglasses. Vision is also affected by reduced oxygen levels and so, at night in
an unpressurized aircraft, avoid smoking and use supplemental oxygen (recommended
above 5,000 feet).

Cockpit lighting should
be dimmed at night.

Adapt your eyes to

darkness before night

flying by avoiding
bright lights for at
least 30 minutes
before flight.
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Protection of Vision

Safety Glasses. A pilot’s vision is precious. Always wear eye protection for sports, when
using tools, or when gardening.

Sunglasses. When flying into a rising or setting sun or above cloud layers, the pilot is
exposed to very high intensity light coming from all angles. The eyes are protected from
light coming from above by the forehead, eyebrows, eyelashes, and strong upper eyelids,
they are not so well protected from light coming from below. Bright sunlight reflected
from cloud tops, for instance, can be particularly bothersome because of this lack of
natural protection. In conditions of glare, it is advisable to protect your eyes by using high
quality sunglasses that reduce glare but not your visual acuity. The contrast between the
glare of a very bright outside environment and the darker cockpit interior may also make
it difficult for the eyes to adjust quickly enough to read instruments and charts inside the
cockpit. Sunglasses should be impact resistant, having thin metal frames. They should
transmit 10 to 15% of the light, filtering out damaging ultraviolet rays. They should not
be worn in decreased light.

When landing directly facing the sun, 100% of your vision can be lost at the moment
of flare. Even when the sun is 40° to the side, vision is reduced by 42%.

Visual Scanning
Scanning by Day

The central (foveal) region of the retina provides the best vision, and in full color but only
during reasonable daylight. Objects are best seen by day if you can focus their image on the
foveal region, and you do this by looking directly at them. The most effective method of
scanning for other aircraft for collision avoidance during daylight hours is to use a series
of short, regularly spaced eye movements to search each 10° sector of the sky. Systemati-
cally focusing on different segments of the sky for short intervals is a better technique
than continuously sweeping the sky. This is sometimes called the saccade/fixation cycle,
where the saccade or movement takes about one-third of a second.

Figure 12-12 Methodical scan.
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Relative Movement. If there is no apparent relative motion between you and another
aircraft, you may be on a collision course, especially if the other aircraft appears to be
getting bigger and bigger in the windshield. Due to the lack of movement across your
windshield, an aircraft on a collision course with you will be more difficult to spot than
one that is not on a collision course.

Any relative movement of an object against its background usually makes it easier
to notice in your peripheral vision. The image of the other aircraft may not increase in
size much at first, but, shortly before impact, it would rapidly increase in size. The time
available for you to avoid a collision may be quite brief, depending upon when you see
the other aircraft and the rate of closure.

aircraft

*Constant
rangle

Figure 12-13 Constant relative position = collision course.

If you are flying at 100 knots and it is flying at 500 knots in the opposite direction,
the rate of closure is 600 knots, i.e. ten nautical miles per minute. If you spot the other
aircraft at a distance of one nautical mile, you only have Y10 of a minute (six seconds) to
potential impact. If you are a vigilant pilot and spot it at 3 nautical miles you have eighteen
seconds in which to act.

In hazy or low-visibility conditions, your ability to see other aircraft and objects with
edges that might be blurred will be diminished and, if you can see them, they may appear
to be further away than their actual distance. You might be closer than you think.

Empty-Field Myopia. When trying to search for other aircraft in an empty sky, the
natural tendency of a resting eye is to focus at about six feet. Consequently, distant aircraft
may not be noticed. To avoid this empty-field myopia, you should focus on any available
distant object, such as a cloud or a landmark, to lengthen your focus. If the sky is empty
of clouds or other objects, then focus briefly on a relatively distant part of the airplane
like a wing tip as a means of lengthening your focus. Having spotted an airplane in an
otherwise empty sky, be aware that it could be closer to you than it appears to be, because
you have no other object with which to compare its size.

In hazy conditions,

objects may be closer

than they appear.
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At night, scan
slowly using your
peripheral vision.

Specks. A small, dark image formed on the retina could be a distant aircraft, or it could
be a speck of dirt or dust, or an insect spot, on the windshield. Specks, dust particles, a
scratch, or an insect on the windshield might be mistaken for a distant airplane. Simply
moving your head will allow you to discriminate between marks on the windshield and
distant objects.

Figure 12-14 Specks?

Scanning by Night

The central (foveal) region of the retina containing mainly cones is not as effective at
night, causing an area of reduced visual sensitivity in your central vision. Peripheral
vision, provided by the rods in the outer band of the retina, is more effective albeit color
blind. An object at night is more readily visible when you are looking to the side of it
by ten or twenty degrees, rather than directly at it. Color is not perceived by the rods,
and so your night vision will be in shades of gray. Objects will not be as sharply defined
(focused) as in daytime foveal vision.

The most effective way to use your eyes during night flight is to scan small sectors of
sky more slowly than in daylight to permit off-center viewing of objects in your peripheral
vision, and to deliberately focus your perception (mind) a few degrees from your visual
center of attention (that is, look at a point but look for objects around it).

Since you may not be able to see the aircraft shape at night, you will have to determine
its direction of travel making use of its visible lighting:

o the flashing red beacon;

o the red navigation light on the left wing tip;

« the green navigation light on the right wing tip; and

« asteady white light on the tail.
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Figure 12-15 Position lights.

Visual Judgment on Approach

The eyes and brain use many clues and stored images of known objects to help in judging
distance, size and height. The relative size and relative clarity of objects give clues to their
relative distances: a bigger object is assumed to be nearer than a smaller one and a more
clearly defined object nearer than a blurry one. When the object is near, binocular vision
(the slightly different images of a nearby object relative to its background seen by each
eye) assists in depth perception.

Texture also assists in depth perception: the more visible the texture, the closer the
object appears to be. On final approach as you near the aim point, the surface texture
will appear to flow outward in all directions from the point on which you are focused.

This is one means by which you can visually maintain the flight path to the aim point:
adjust the attitude and heading so that the point from which the texture appears to be
moving outward remains the desired aim point.

Constant

Figure 12-16 Aim point.
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On hazy days, objects
are closer than they
appear. On clear days,
objects may be further
away than they appear.

Texture is also used for the estimation of height; for instance, as you approach flare
height for a landing, the actual texture of the runway or the grass passing by the cockpit
becomes increasingly noticeable. Relative motion also aids in depth perception. Near
objects generally appear to pass by faster than more distant objects. This helps a visual
pilot estimate height above the runway before and during the flare: the closer the airplane
is to the runway, the faster the runway surface and the surrounding environment appears
to pass by.

Depth perception can be difficult in hazy or misty conditions, where edges are blurred,
colors are muted, and light rays may be refracted unusually. This gives the impression of
greater distance, an impression reinforced by the fact that we often have to look at distant
objects through a smoggy or hazy atmosphere. This illusion is referred to as environmental
perspective. In hazy conditions, the object might be closer than it seems; in very clear
conditions, the object might be further away than it seems. On hazy days, you might
touch down earlier than expected; on very clear nights, you might flare a little too soon.

Visual lllusions

Sometimes what we perceive in our brain (what we think we see) is not actual because
images sent from the eyes can sometimes be misinterpreted by the brain.

Autokinesis

The visual illusion of autokinesis (self-motion) can occur at night if you stare continuously
at a single light against a generally dark background. It will appear to move, perhaps in
an oscillating fashion, after only a few seconds of staring at it, even though in fact it is
stationary. You could lose spatial orientation if you use it as your single point of reference.
The more you try to concentrate on it, the more it may appear to oscillate. You can guard
against autokinesis at night by maintaining movement of your eyes in normal scanning,
and by monitoring the flight instruments frequently to ensure correct attitude.

Unless you have a distant object in view at night, your eyes will tend to focus at a point
about three to six feet ahead of you, especially if you are an older person, and you may
miss sighting distant objects. This empty-field myopia or night myopia (short-sightedness)
can be combated by searching for distant lights and focusing briefly on them. Beware
also of false horizons at night (see later in this chapter).

Haze

In hazy conditions, you may be closer to the runway than you appear to be, an illusion
that may lead to an unnecessarily hard landing if you are not prepared for the effect of
haze on your vision. This also has an effect on your ability to estimate distances to the
airport or checkpoints. The effect of haze over featureless terrain or over water virtually
eliminates any reference to the horizon.

False Horizons

Sloping layers of cloud by day, angled lines on the ground, lights along a coastline at
night, or areas of lights by night can present a pilot with a false horizon, which can be
very misleading. This is not uncommon with a ragged, lowering cloud base and associated
drizzle or rain obscuring the horizon.
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Figure 12-17 False horizon.

Figure 12-18 False level.

Visual lllusions in the Pattern

Visual Estimation Of Height. A pilot flying a right traffic pattern may get the impres-
sion that the aircraft is higher than normal. This illusion could occur to a pilot who
has developed the habit of visually judging pattern altitude and position by relating the
position of the runway lights to some feature of the aircraft, such as a particular position
in a side window. Such a rule of thumb that worked satisfactorily for the more typical
left patterns could lead a pilot to descend lower to achieve the same picture when making
right traffic patterns. Like most habits, such a practice could happen unconsciously.
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Apparently lower—wing tip on runway

Figure 12-19 Downwind spacing in the traffic pattern.
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Visual lllusions on Approach

Runway Slope. Most runways are of standard
width and on flat ground. On every approach, you
should try to achieve the same flight path angle
to the horizontal, to which your eyes will become
accustomed, allowing you to make consistently
good approaches along an acceptable approach
slope merely by keeping your view of the runway
through the windshield in a standard perspective.

When approaching a sloping runway, however,
the perspective will be different. A runway that
slopes upward will look longer, and you will feel
that you are high on slope, when in fact you are
right on slope. The tendency will be for you to go
lower or make a shallower approach.

More attitude change
in the flare than for
a horizontal runway

/ Upslope

*, Level ground
,
Downslope

Figure 12-20 Runway slope.

Appears high g
ot

Horizontal

Figure 12-21 Upsloping runway.

A runway that slopes downward will look shorter, and you will feel that you are low
when in fact you are on the correct path. The tendency will be for you to go higher and

make a steeper approach.

If you know the runway slope, you can allow for it in your visual estimation of whether

you are high or low on approach.

Smaller attitude change
in the flare, compared
with a horizontal runway

Appears low Z

Figure 12-22 Downsloping runway.
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Runway Width. A runway that is wider than usual will appear to be closer

than it really is. Conversely, a runway that is narrower than usual will
o ﬁf‘fj’a"; appear to be further away than it really is. A wide runway, because of the
runway .. angle at which you view it peripherally in the final stages of the approach
’ N and landing, will also cause an illusion of being too low, and you may
flare and hold off too high as a result. This may lead to “dropping in” for
a heavy landing.

Conversely, a narrow runway will cause an illusion of being too high,
and you may delay the flare and make contact with the runway earlier (and
harder) than expected. If you know that the runway is wider or narrower
than what you are familiar with, then you can allow for this in your visual
judgment of flare height.

Night Approach. A powered approach is preferred. Power gives the pilot

Figure 12-23 more precise control, a lower rate of descent and a shallower approach path.

Runway width. The approach to the aim point should be stabilized as early as possible
(constant airspeed, path, attitude, thrust and configuration). Use all the
available aids, such as the runway lighting and a visual approach slope
indicator (VASI).

If the runway edge lighting is the only aid, correct tracking and slope is achieved when
the runway perspective is the same as in daylight. On centerline, the runway will appear
symmetrical.

Guidance on achieving the correct approach slope is obtained from the apparent
spacing between the runway edge lights and the distance of aim point below the horizon.
If the aircraft is low, the runway lights will appear to be closer together or closing. If
above slope, the runway lights will appear to be further apart and separating. VASI will
provide correct indications, but the perspective provided by runway edge lighting may
be misleading due to runway slope or width.

v o ol aldhapa D il

[T P W] FYT R T
2o v L0

-~ LS
Cd %o,

Becoming low Correct Becoming high
Light spaces decreasing Light spaces increasing

Figure 12-24 Night runway aspect.

Black-Hole Approach. Flying an approach to a runway with no other visible references
can often be difficult. This can occur when approaching a runway on a dark night where
the only lights visible are the runway edge lights, with no town lights or street lights to be
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seen, and no indication of the nature of the surrounding terrain. This is what isknown as a
black-hole approach. Alternatively, there could be city lights in the area beyond the airfield
but no visual cues near the threshold. Black-hole approaches also occur on tropical atolls,
at remote desert airfields, or on approaches to runways that are surrounded by water.

SO TR Ve FEFY
' 1 '

Black-hole approach Approach with good
ground reference

Figure 12-25 Black-hole approach.

The tendency is to think that you are higher than in fact you are, resulting in an urge
to fly down and to fly a shallower approach—to sink into the abyss, the black hole.

Bright city lights

Unlit ocean or featureless terrain

Figure 12-26 Black hole with high-contrast illumination.

The worst black-hole problem of all is to be found in remote airfields on a dark night
(say, under cloud) where there is no other light source or any ground texture, and auto-
kinesis might generate an impression of movement when there is none. Rely on the
instruments, not your eyes, to maintain horizontal and vertical navigation plots.
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If VASI is not available, crosscheck the vertical speed indicator (VSI) to ensure that
the rate of descent is proportional to the approach speed (V). As a guide, the rate of
descent should be close to five times the groundspeed for a 3° approach. The glidepath is
approximately 300 feet of altitude AGL for every mile from the runway, i.e., you should
be at 900 feet AGL if you are on a three-mile final. Target an altitude of 300 feet one
mile from the runway with a rate of descent of approximately 450 feet per minute with
a 90-knot approach speed (use DME or GPS distance from the threshold, if available, to
better plan descents).

Similar situations to a black-hole approach arise in conditions where the ground is
covered with snow, making it featureless (white-out approach). The lack of a horizon
and details around the runway threshold make depth and slope perception much more
difficult.

Normal perspective Obscured approach

Figure 12-27 Reduced visibility.

A variety of atmospheric and terrain conditions may produce visual illusions on
approach. When you encounter such situations, anticipate and compensate for them.

Situation lllusion Result

Upslope runway or terrain Greater height Lower approaches
Narrower-than-usual runway Greater height Lower approaches g_’
Featureless terrain Greater height Lower approaches %
Rain on the windshield Greater height Lower approaches ‘_Eg
Haze Greater height Lower approaches
Downslope runway or terrain Less height Higher approaches o
Wider-than-usual runway Less height Higher approaches g
Bright runway and approach lights Less distance Higher approaches 2

Table 12-3 Visual illusion on approach.
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HEARING AND BALANCE

The ears provide two senses: hearing and balance. Hearing allows you to perceive sounds
and to interpret them; the sense of balance lets you know which way is up and whether you
are accelerating or not. Balance is the next most important sense for a pilot after vision.

Sound is defined as energy that you can detect with your ears. It is often very useful and
pleasant, as with voice messages and music; however, excessive sound may be annoying
and fatiguing, and can even lead to damage within the ear. Irregular, unwanted and
unpleasant sound is called noise and is best filtered out. Sound signals are caused by
pressure waves traveling through the air, and these cause the eardrum to vibrate. The
inner ear converts these pressure vibrations into electrical signals that are sent via the
auditory nerve to the brain where they are interpreted.

Similarly, balance and acceleration signals from the balance mechanism in the inner Earslzgc;ﬁ’sg;zlffor
ear pass to the brain as electrical signals for interpretation. The interpretation is some- hearing.
times tricky in the case of an airborne pilot, since the brain is accustomed to the person
generally being upright and slow moving on the earth’s surface.

Structure of the Ear
The ear is divided into three areas: the outer, middle, and inner ear.
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Figure 12-29 Structure of the ear.
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Hearing

The ear is never switched off. Loud or particular noises to which you have a conditioned
response can always stir you from the deepest sleep. A quiet room is essential for sound
sleep. It is also interesting to note that you can extract messages important for you out
of a noisy background; for instance, a radio message directed at you, the sound of your
own child on a crowded beach, or your own name mentioned in a distant conversation
can all be discerned. This is known as the cocktail party effect.

The region of the middle ear has much to do with your sensations of movement and
balance. It is for that reason that people with middle-ear infections often lose their sense
of balance. Furthermore, disturbed signals from these sensors lead to a feeling of nausea.
In extreme cases, vertigo, the total loss of balance with massive and disturbing disorienta-
tion, results. The comments that follow apply to the hearing aspects of the ear; balance
is discussed later in the chapter.

Sound is what you hear, and each sound can be defined by the following qualities:

« frequency or pitch, which is the number of pressure waves per second (or hertz, Hz)
that the sound source produces. Perfect human hearing is in the range of 20 Hz to
20,000 Hz, and voices use the frequency range 500 Hz to 3,000 Hz;

o loudness or intensity, which is the strength or amplitude of the pressure waves,
measured in decibels (dB), a logarithmic scale where an increase of 20 dB signifies
anincrease in intensity of ten times. (20 dB is ten times as loud as 0 dB, the threshold
of hearing; 40 dB is ten times louder again, i.e. 100 times as loud as 0 dB; 60 dB is
1,000 times as loud as 0 dB and 100 times as loud as 20 dB); and

o duration, which is how long the sound lasts.

Fatigue and Damage From Noise

Unwanted sound, especially if it is loud and disagreeable, is noise. It can be mentally
fatiguing through its effect on our ears, but it also affects the rest of our body, especially
if it is associated with vibration as is often the case. Noise can interfere with communi-
cations, and with concentration. Extreme noise levels can also do permanent physical
damage to our ears, with duration and recurrence of exposure being as important as
loudness.

Loss of Hearing

A person can experience a temporary hearing loss after exposure to noise. The noise of an
engine, for instance, may no longer be heard after a while even though the engine noise
is still there. Some factory workers lose the ability to hear frequencies they are subjected
to all day long. A temporary hearing loss may disappear after a few hours.

Exposure to high noise levels (greater than 80 dB) for long periods can also lead to a
permanent hearing loss, especially in the high-frequency range. This is a risk area for
pilots who are exposed to a noisy work environment for long periods. Put it together with
visits to the car races, noisy night clubs, plus a top set of speakers at home and you are in
a high-risk environment from the point of view of your hearing.

Very, very gradually, and imperceptibly, a person can lose the ability to hear certain
sounds clearly, speech becomes more difficult to comprehend and radio communications
become more difficult. Sudden, unexpected loud noises (greater than 130 dB), such as an
explosion or the sound of an impact, can cause damage to hearing, possibly even physical
damage to the eardrum or to the small and delicate ossicles.
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Level (dB) | Situation

130 Standing near a jet aircraft (noise becoming painful).

120 Standing near a piston-engine aircraft (noise becoming uncomfortable).
Several hours per day for three months could lead to deafness.

110 Maximum recommended for up to thirty minutes’ exposure.

100 Maximum recommended for two hours’ exposure.

90 Maximum recommended for eight hours’ exposure (a working day).

80 Standing near heavy machine_ry. Above 80 dB for long periods can lead to
temporary or permanent hearing loss.

60 Loud street noise, trucks, etc.

50 Conversation in a noisy factory.

40 Office noise.

30 Quiet conversation.

20 Whispering.

0 The threshold of hearing.

Table 12-4 Noise levels of typical sounds.

Aircraft Type Takeoff Cruise Landing
Aero Commander 680 102 92 83
Beechcraft A36 97 86 75
Cessna 172 94 89 75
Piper Pawnee 103 102 89
Bell 206 91 92 89

Table 12-5 Indicative cockpit noise levels (decibels).

Hearing loss can also result from:

 problems in the conduction of the sound due to a blocked outer canal (ear wax), or
fluid or pressure problems in the middle ear, e.g. barotrauma or damaged ossicles
(known as conductive hearing loss);

o loss of sensitivity of the hair cells in the cochlea due to exposure to noise, infection,
or age (known as a sensory or noise-induced hearing loss);

o presbycusis, a natural loss of hearing ability with increasing age, especially in the
higher frequencies (down about 5% by age 60 and 10% by age 70); and

« excessive use of alcohol or medications.

Precautions for Minimizing Hearing Loss. A noise-induced hearing loss may develop
gradually over a period of years without the person noticing. It is something that cannot
be reversed, hence the need for prevention rather than cure. As a pilot, you are lucky in
that you will have regular audiometry tests that can be compared over the years to look
for any gradual loss of hearing, especially in the higher frequencies. Wear hearing protec-
tion when in noisy areas. A good noise-canceling headset is highly reccommended for the
cockpit, and earplugs or earmuffs for when you are moving around outside the aircraft.
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Avoid spatial
disorientation by
looking outside or by
looking at the flight
instruments. Do not
rely on body signals.

Earplugs can reduce noise by about 20 dB, and good earmuffs by about 40 dB. The radio
headset, especially if it is well sealed, will block out background noise. Unprotected, close
exposure to jet-engine noise can be hazardous to the balance mechanism in the ears also,
which is another reason to wear hearing protection on the tarmac.

Balance

The sense of balance makes it possible for you to remain upright. The most powerful
reference is visual. If you can see, you can tell directly whether you are vertical (if there
is a vertical or horizontal reference). If you close your eyes, things are not so easy. Try
standing on one leg and closing your eyes.

The secondary sensing mechanisms are those devices (other than vision) from which
your brain might be sent orientation messages. The secondary signals are very feeble
indeed, compared to visual cues. They really only supplement visual perception. In other
words, they can only make sense in partnership with the vastly more powerful visual
picture. These sensory mechanisms were designed for three-dimensional orientation but
not three-dimensional motion or accelerations. However, if you have no visual horizon,
these other sensors will supply fall-back information, but it is not totally reliable.

In the absence of a powerful visual cue, your system will crave orientation signals
and accord them equal weight. The secondary sensing mechanisms will be sensed very
strongly indeed, but they are always misleading. You cannot rely on any of them. You must
never use them to judge your flight path. You can only guard against that by knowing
what they will try to tell you, and by becoming familiar with their illusive signals. To be
confident and competent in cloud requires training, experience and recency in cloud or
in a motion simulator.

Spatial Orientation

Orientation is the ability to determine your position and alignment in space. It is usually
achieved by a combination of three senses:
o vision, the most powerful sense;
« balance, the vestibular sense (gravity, acceleration, and angular acceleration); and
« “seat-of-the-pants” (bodily feel or the proprioceptive sense).

The brain uses all information that it has available to assemble a picture. If there are
conflicting signals, vision is given first priority. In most situations, each of the three
senses reinforce the others; however, in flight, this is not always the case. Each of these
senses can sometimes have its messages misinterpreted by the brain. Not knowing your
attitude (i.e. which way is up) is spatial disorientation. When you are denied external
vision, and flying is solely by reference to the instruments, a range of false sensations can
be perceived. Hence, the need to rely totally on your flight instruments (but also scan to
check that they agree with each other).

Human Balance Mechanism: The Vestibular Apparatus

The balance mechanism is designed to keep you upright—i.e. vertical and balanced—
while standing or moving without input from the eyes. In the absence of visual references,
the inner ear can sense what it believes is vertical by two means:

« sensing tilt angle; and

« sensing tilting motion (backward/forward or left/right).

The angle of tilt is sensed by the equivalent of a pendulous mass (which senses gravity
as vertical) and the tilting motion by the fluid-filled semicircular canals.
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Sensing Gravity (Verticality)
Gravity is detected by sensory hairs in a sac filled with gelatinous material, commonly
known as the otolithic organ or utricle. The sac’s outer membrane is studded with small
crystals of calcium carbonate. These are called ofoliths and give the organ its name.
The otolithic organ has a resting position when the head is upright. The brain interprets
the message sent from the small hairs at this time as up; that is, the sac is affected by a 1g
force directly downward. If the head is tilted to one side, or forward or backward, then
the otoliths act as weights moving the sac under the force of gravity and taking up a new
position, thus bending the hairs, which sends a different signal to the brain.

Head upright Head tilted

g (down) g (down)

Figure 12-30 Sensing vertical.

Q S

Down Down

P
s
~ -

Figure 12-31 Pendulous effect.

The otolithic organ detects the direction of g-forces but cannot distinguish their origin;
that is, it cannot tell whether it is the force of gravity or a centripetal force pulling you
into a coordinated turn. You must remember that the body was designed for fairly slow
motion on the face of the earth, with a consistent 1g force of gravity exerted on it, and
not for the three-dimensional forces you experience in flight (or zero g for that matter).
In a turn, it will recognize the direction of the total load factor as a false vertical.

Your body can
sense accelerations
(g-forces).
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Figure 12-33 Semicircular canals.
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Figure 12-34 Cupula.
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Figure 12-32 Apparent vertical—straight and turning flight.

Sensing Angular Movement (Rotation). The three semicircular
canals of the inner ear—the vestibular apparatus—contain fluid. These
three semicircular canals are at right angles to each other (they are
orthogonal) like the pitch, roll and yaw planes of an airplane, and
therefore they can detect angular accelerations (change in the rate of
rotational speed) in pitch, roll and yaw.

The cupula is a saddle-shaped chamber at the base of each canal
as depicted in the diagram opposite. It has a cluster of fine hairs that
protrudes into the fluid. Movement in the fluid is sensed by these hairs.
Nerve endings at their base send corresponding signals to the brain for
interpretation (perception).

The semicircular canals are not designed to detect linear changes
in motion or linear acceleration, because the upper and lower volumes
of fluid are self-canceling. For example, if the fluid at the top of the
semicircular canal tries to move counterclockwise around the canal
due to an acceleration forward, then the fluid at the bottom will try to
move around clockwise to the same degree. The net effect is no relative
movement of the fluid and the sensory hairs of the cupula will remain
straight.

The vestibular apparatus senses angular acceleration by recognizing
changes in rotary motion due to the lag of the viscous fluid. During
angular acceleration, the relevant semicircular canal moves around a
mass of fluid that lags. This lag in the fluid bends the sensory hairs to
send a signal to the brain that the head is rolling, yawing or pitching
(three dimensions—three channels—three canals). Once the rate of
roll steadies—that is, there is no more angular acceleration—the fluid
will catch up with the surface of the semicircular canals, straightening
the sensory hairs of the cupula. This means you will detect the entry
to the roll but not its continuing steady state. Similarly, you will sense
the opposite acceleration as you stop the roll (decelerate) at the required
bank angle.
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During linear acceleration (forward or rearward),
fluid inertia self-cancels. No movement of hairs.

Figure 12-35 Linear acceleration.

Visc_ous ~. ‘ Fluid stays
fluid da— stationary as S~
Q head moves
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™ Sensory

Nerve hairs

channel

to brain .

Figure 12-36 Angular acceleration—rotation.

In flight, the sensory mechanisms are suppliers only of crude and potentially deceptive
messages (compared to the direct orientation images flowing through the sight channel).
As is the case with any stimulus or sensation, there is a threshold below which movement
will not be detected. For example, you will sense a rapid change in roll rate, but not a gentle
one. In reality, you do not necessarily detect the angular acceleration that commences
the roll as a rolling sensation. You may feel the entry into the roll as a rolling sensation
if the roll is rapid enough. Similarly, you may sense the rotary deceleration that stops
the roll at the selected bank angle. You may also sense rolling signals from adjustments
to the control input while adjusting either roll rate or angle of bank. However, in many
flight regimes, your control inputs will be so gentle that you will not detect any rolling
sensation at all. The potential for confusion is serious.

Sensations in Turning Flight. In a balanced turn, a full glass of water on top of the
instrument panel will remain unspilled; it will remain level with respect to the glass. It is
as if the weight of the fluid is acting through the aircraft’s vertical axis. It is. The apparent
weight is the result of gravity and centrifugal reaction.

Your body will also sense up and down as acting in that same axis. There will no
longer be any rolling sensation, nor is there any other sensation source other than seat-
of-the-pants. In other words, once you are established in a turn, you will feel that you
are in straight and level flight. And that feeling will be the same regardless of the bank
angle, except that the load factor is increased. When you bring together this feeling of
certainty of where down is and the sensation of rolling, things can become very confusing,
a condition generally known as the leans. The leans can profoundly interfere with your
mental equilibrium, but only if you let them.

Chapter 12 The Human in the Cockpit

323



Straight
and leve|

Balanced
turn

Down

Figure 12-37 Sensed vertical.

Disorientation and lllusions

The Leans

Let’s look at another situation. If the turn entry is very gentle, it is not sensed by the
semicircular canals, but the stop-roll deceleration is detected. The end result is quite
discomforting:
« the gentle onset of roll into the turn is not perceived;
« next, no sensation is available during the steady-state roll;
« but, when the stop-roll control movements are made briskly, the angular decelera-
tion that stops the roll and establishes the bank angle is felt—strongly;
o however, it is felt as a roll to the left; and
« as there is no canceling sensation available, the sensation of rolling—continuous
rolling—persists, though it will slowly dissipate as the fluid stops moving and the
sensory hairs get to stand up straight again.

In entering this turn, the only sensation perceived was the stop-roll angular decelera-
tion. The signal sent to your brain is read as a roll to the left. With no corresponding
canceling sensation, it will be a sensation of continuously rolling. When you then roll out
of the turn, and the rollout is briskly commenced (enough to be detected), you will then
experience the sensation that the left-roll movement has become faster.

Perception of rapid roll rates can quickly produce strong sensations of disorientation.
You can get the leans from turn entries or exits. That is:

 you might be wings level and yet absolutely convinced you are rolling into or estab-

lished in a turn; or

o equally, you can be in the turn and certain that your wings are level.

Slow rates of roll (or movement around the other two axes) will not be detected. Brisk
control inputs will induce sensations, and the brisker, the stronger. A common leans
scenario is the following:

« you slowly let a wing drop then suddenly notice the wing-low condition;

« you spontaneously and rapidly roll to wings level (and perhaps be looking down at

a map or over your shoulder for the runway after a night takeoff); and

« you feel a strong rolling sensation.
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Nose-Up Pitch lllusion of Linear Acceleration

The otoliths are tiny weights on the membrane enclosing the utricle sac and its sensing
hairs. When you tilt your head back, or lean backward, the weights cause the sac to slump
in that direction. The corresponding sensor-hair movement tells your brain that your
vertical axis is now inclined rearward.

The same sensation is caused by linear acceleration. Under acceleration, the sac lags
behind, and sensor hairs send a message of tilting backward. This sensation of the nose
rising as you accelerate is known as the somatogravic illusion (somato meaning originating
in the body, gravic meaning sense of gravity). The greater the acceleration, the stronger
the feeling. Obviously, it is not a problem when there are clear visual cues, but it can have
very serious consequences when there are few, or none, as on a dark night. The forward
acceleration through takeoff and then to climb speed will be sensed as backward tilt or,
rather, as a higher nose-attitude and pitch-up than actually exists. There is a temptation
to lower the nose with sometimes fatal consequences.

a0
jnlol II I°|°

Erect (no
acceleration)

S

Tilt (rearward) Acceleration
(forward
acceleration)
(* or deceleration to stop
from rearward motion)

Nose-Down Pitch lllusion of Linear Deceleration

There is a converse to the somatogravic illusion, but not as serious, as it is less likely to
happen near the ground. Deceleration in flight is sensed as tilting forward. It is particu-
larly noticeable in higher performance aircraft when reducing thrust and extending the
speed brakes. If the aircraft is already descending, the deceleration will be sensed as a
steepening descent.

Again, if there is clear visual reference, the sensation is hardly noticeable. If the
horizon is less clear, then they are more powerful. Fly attitude as depicted on your flight
instruments.
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Deceleration
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Figure 12-38
Rearward tilt or
acceleration?

Figure 12-39
Forward tilt or
deceleration?
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Motion Sickness

Motion sickness is usually caused by the balance mechanisms of the inner ear being
overstimulated by motion. This can be caused by turbulence, or maneuvers such as steep
turns or spins, in which forces other than the normal will be experienced, especially if
there is no clear horizon. A hot, smelly cockpit does not help. Psychological aspects can
also play a role in the onset of motion sickness. Anxiety, in particular, will make the
condition worse by causing the sufferer to lose control over where he or she looks and
focuses attention. Visual scanning is likely to become purposeless, random or fixed.

The visual channel is, by far, the most powerful spatial orientation reference. If the
messages coming in through non-visual channels—the balance organs—are accorded
priority, the sensory confusion causing airsickness will predominate. If the airsick person
focuses on the horizon, the visual messages will be given a chance to assert their authority
and to tone down the strength of the signals coming from other sources.

Many pilots have experienced airsickness, especially early in their training when stress
levels are higher, and unusual attitudes and g-forces are encountered perhaps for the first
time, so do not be discouraged if you experience it occasionally.

To avoid airsickness:

« anticipate and avoid areas of turbulence, known from weather forecasts and any

local effects such as the side of hills (if not a local, seek the views of someone who is);

o eat lightly before flight, but do eat something (don’t fly on an empty stomach);

o fly the airplane smoothly, gently and maintain trim and balance;

« focus on the horizon as much as you can;

« avoid maneuvers involving unusual g-forces; and

« ventilate the cabin with a good supply of cool, fresh air.

If turbulence is encountered:

o fly at best speed;

o relax, don’t fight, and maintain attitude;

« occupy a potentially airsick passenger in the flight, especially with looking outside
the airplane into the distance or at the horizon;

o asalastresort, recline the airsick passenger’s seat to reduce the effect of the vertical
accelerations and keep an airsickness bag handy; and

« land as soon as is reasonably possible (if necessary).

Load Factor

Speed has relatively little effect on the human body, whereas acceleration or deceleration
may produce pronounced effects ranging from the fatiguing characteristics of flight
to a complete collapse of the cardiovascular system. In aviation, acceleration is usually
expressed in multiples of the acceleration due to gravity of 32.2 fps? (9.81 m/s?) and is
represented by the symbol g.

The brain and eyes need a continuous supply of oxygen. They have little storage
capacity, so strong or prolonged g-forces, which reduce the supply, lead to reduced visual
acuity, loss of color vision, loss of sight and even unconsciousness. When the acceleration
is centripetal, as in turn or pitching maneuvers, it is felt by the pilot as an increase in
weight. In a 60°-banked level turn, you will experience +2g, or feel you are twice as heavy.
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All parts of the body are affected by g-force. The blood, for instance, will also get
heavier. It therefore is harder to pump and circulate, and tends to pool in the legs and
lower abdomen. At higher load factors of, say, +3.5g and upward, this can produce physi-
ological symptoms.

Reduced blood circulation diminishes the transport of oxygen and sugar to the head.
That is manifested as less blood supply and reduced local blood pressure. As there is very
little stored oxygen and sugar in the head (as opposed to muscles, which have some storage
capacity), the reduced blood supply can cause an immediate effect.

The first to notice anything is the eyes. As the eyeballs must remain balls—as opposed
to being squashed by surrounding tissue—they are inflated to positive internal pressure
(they feel hard to the touch.) A side-effect of this necessary condition is that blood flow
to the eyes, and the oxygen and sugar supply it carries, is inhibited. It’s an uphill slope.

If g-force is reducing the blood pressure in the head, then the eyes will be affected first
because of this pressure gradient. The supply of oxygen and sugar is necessary to process
sight signals. As g increases, sight becomes affected, with color vision the first to go. If
you are not used to high load factors, this stage of the phenomenon might occur at +3.5
to +4.5g. It is called grayout. All images are seen as shades of gray and white.

If the g keeps building, the field of view will begin to shrink, starting from the sides.
This limiting vision effect is called tunnel vision. Still increasing g-forces will lead to
total loss of vision, or blackout. At this point, the pilot is temporarily blind, though still
conscious. Further g increase will inevitably lead to insufficient oxygen and sugar supply
to keep the brain functioning—loss of consciousness.

So far, we have only talked about positive g—the plane is the right way up. If the aircraft
is inverted, the effect of negative g is not only uncomfortable, it is potentially dangerous.
It’s one thing for large amounts of blood under higher pressure to be accumulating in
the legs and lower abdomen, surrounded by tough and flexible muscle. To have that
happening in the head around all that delicate machinery is another thing altogether.

Most pilots, once they have accommodated to aerobatic maneuvering, can withstand
up to negative 2.5g. If, however, you push beyond that, you will encounter the phenom-
enon called redout. When you red out, the impression is of total loss of sight, because a red
veil is in the way. The reason for it is that your lower eyelid muscles have evolved to match
the human bodies needs. As we mostly stand erect, blinking requires the lower eyelid to
move only upward. Gravity will organize the return journey. There is no corresponding
muscle group to “unblink” the lower eyelid. So if you are inverted, and push to a certain
negative g limit, the lower eyelid will drop, covering the pupil, and you cannot force it
out of the way.

Many pilots will never experience any of these g-related phenomena. However, some
will go on to learn aerobatic maneuvers, or to fly military jets capable of high g-forces in
turns and maneuvering. For those who do, there is an especially insidious potential trap:
g-induced loss of consciousness or g-loc.

We saw earlier how positive g-force brings on a sequence of sight-related changes before
getting to the point of unconsciousness—grayout, tunnel vision, blackout. As all of these
occur while conscious, they can be controlled and relieved. Relaxing the back pressure
on the controls will bring nearly instantaneous relief from the degraded sight condition.
Indeed, in the case of blackout, the reaction to diminish the g-force by easing the control
forces is nearly reflexive. However, g-loc occurs with high rates of onset of g where the
warning symptoms are overruled.
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As the graph in figure 12-40 shows, the grayout to blackout phenomena acts as a
threshold or warning of unconsciousness. It enables forewarning and the chance to reduce
the control pressure. There is appreciable delay before the effects are felt and therefore
time to return to normal. That is what happens at the normal rate of g onset.
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Figure 12-40 Physical response to load factor.

If, however, the rate of onset of g is rapid, the warning signals of degraded sight will
be bypassed. The pilot will become instantly unconscious. If you blackout, you will,
intuitively relax the control pressure to reduce the g, and immediately regain full sight
and you remain conscious throughout. However, if you lose consciousness, it takes at least
15 seconds to recover. Loss of consciousness is a debilitating experience. Think of the last
time you saw someone faint: recall how disoriented and incapable they were during the
ensuing period. Momentary loss of consciousness in an aircraft can never be safe. Being
out of control for 15 seconds will often prove fatal. However, only aerobatic aircraft have
the structure and control power for flight capable of causing g-loc.

Coping With High Load Factors

Your personal resistance to g-forces is highest not only if you are physically fit but also
toughened—hardened by regular exposure. Serious exercise is a good idea for all pilots,
but it is especially so for those who want to be good at aerobatics. On the other hand,
no matter how fit you are, there will be times in your life (or day) when your resistance
levels are down, like when recovering from illness, tired after a long day, under domestic
stress or suffering work problems.
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A-loc

Another term that has been recently coined is a-loc. A-loc is almost loss of conscious-
ness due to g. The reason for the differentiation is that, even if the pilot does not lose
consciousness, there is a temporary period of confusion and even euphoria, where the
pilot either does not recognize, or does not care about, the seriousness of the situation.
It is momentary, but it is believed to have caused some otherwise unexplained pilot lack-
of-response during recovery from high-g maneuvers.

SITUATIONAL AWARENESS

We tend to think of piloting an airplane as a physical skill. However, there is more
to it—much more. Aircraft control, the manipulation of controls to achieve a desired
performance, is important, but it is only one element of the pilot’s total task. The pilot
must assemble information, interpret the data, assess its importance, make decisions,
act, communicate, correct and continuously reassess. We call this total process piloting.
But let’s start with the control process so that, once the aircraft is under control, we can
be sensitive to and more aware of the bigger picture.

Where am I, where am I going, when will I get there, with how much fuel, at what
time, what will the weather be like, how well is the aircraft performing, how tired am I,
how well are the passengers, how do I get to the town after I land, how to avoid weather,
how to avoid airspace, what calls I have to make . . . this is situational awareness. It is a
total appreciation of where you are at, where you want to be and how best to get there
safely and on time.

How You Process Information

The main feature of your brain, as a central decision-maker, is that it can only function
as a single-channel computer, which means that you can consider only one problem at a
time. Conscious decisions are therefore not made simultaneously, but sequentially. They
are placed in a queue according to a priority—but not always logically.

How the brain processes information is fascinating. There are six fundamental stages:

o stimulation and sensation where sensors receive a signal;

o perception for recognition, classification and remembering;

o analysis to work out what to do (make a decision);

o action for doing something (or nothing);

o feedback to check results; and

o correction to achieve acceptable standards of accuracy.

Brain

Single-channel

\ output

e ) =) =)

/

A string of separate decisions
(prioritized)

Figure 12-41 Single-channel processing.
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Assembling the Big Picture

The pilot’s task involves two processes:
o being in control of the airplane; and
 being in command of the situation.

Situational awareness is the process whereby the pilot gathers data from his or her own
senses via sight, hearing, smell, taste, touch, and feel. For a pilot, the eyes and ears are the
primary sensors—although control feel and “seat-of-the-pants” are important cues for
aircraft control. In addition to direct sight and sound, the eyes and ears are used to gather
information from the instruments, radios, and NAVAIDs so that the pilot can build and
maintain an awareness of position, time, fuel, weather, traffic, and aircraft status. From
these data, the pilot can prioritize the importance of the information, anticipate trends,
assess the need for urgency, and make decisions. The primary task of being the pilot-
in-command is decision making. The quality of the decision depends upon the quality,
completeness, and timeliness of the data—and is affected by pilot aptitude, training,
fatigue, stress, and personality.

The process of assembling data, making a decision, acting and correcting is called the

pilot’s control loop.
M

Acoustics

Perception/Analysis
Planning, processing,
decision making
(single channel)

Stimulation/Feedback

Acoustics
Stimulation/Feedback

Accelerometers
and plumb bob

Figure 12-42 The pilot’s central role in the control loop.

Flying as a Learned Set of Skills

While a student pilot is concentrating on learning to fly safely and accurately, the central
decision-maker will be almost fully occupied. There will be very little spare capacity
for other tasks such as navigation and radio calls—or even listening to the instructor.
Once the student has learned the motor skills and practiced them until they are second
nature, flying the airplane will occur with little conscious thought. In this case, a string
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of activities is run autonomously in the brain, leaving the central decision-
maker available for higher-level decisions. Strings (or sets) of skills are
often initiated by the central decision-maker. You might make a decision
to get up and walk toward the door, but once this decision has been made,
the central decision-maker can drop out of the picture temporarily and
let the motor program run the activity. As well as initiating the activity,
the central decision-maker will also return to monitor the motor program
from time to time, to check that the proper skill sequence is in use, and
to check progress and decide when to stop. )
. . L. Figure 12-43

If skills are not used regularly, they deteriorate, and an activity that was The primary pilot-airplane interface.
once run automatically by a single thought may now have to be managed
by conscious decision-making. This will occupy the central decision-
maker and, as a result, you can expect a temporary deterioration in the
performance of other tasks. Professional pilots returning from a holiday break notice
this, as do musicians and others who have to perform skilled tasks. We can certainly do
more than one thing at a time, thanks to skill programming, but we can only think about
one thing at a time.

Response Time

The time it takes for any initial stimulus to be perceived, considered, and acted upon can
take between a fraction of a second and several seconds, depending upon the complexity
of the decision to be made, the action to be taken and the acceptability of the degree of
deviation. In a control loop, such as an autopilot, this is known as the gain—high gain
means a quick response to any deviation, and low gain is a sluggish response. High gain
is less tolerant of deviations but can mean a rough ride and so autopilots have a soft-ride
or half-bank mode for less disturbances and a more comfortable flight.

Responding to a stimulus often requires a series of sequential decisions to be made:
this of course needs time due to the single-channel nature of the brain’s central decision-
maker. On approach to land, for instance, the landing gear has been selected down and
a horn unexpectedly sounds.

Some of the decisions that now need to be made are the following:

o establish a safe flight path—in this case, a go-around is essential to gain time and
place you into a position where you can sort out the problem. Continuing with the
approach is pushing you to a higher workload, with more critical demands on time;

o silence the horn to remove the distraction—the horn has been heard and the warning
has been noted;

o what does the horn mean?—is it landing gear not down, or something else? It means
that the landing gear has been selected down, but is not actually down;

o radio call—declare emergency to tower, ATC or other traffic; and

o carry out checklist items.

Throughout the decision-making process following a very simple unexpected event,
you must continue to switch attention through the tasks of aviating, navigating, and
communicating to allocate priorities and to trigger skilled responses. In a situation like
that above, you removed the pressure of time by deciding to make a missed approach, and
then allowing the learned skill to fly the aircraft. Once the safe response was seen to be
in progress, the conscious mind then established the next priority. Time was thus made
available to solve the problem. In other situations, you may not have that luxury—e.g. in
a takeoff that is rejected at a high speed on a limiting runway. This will require a split-
second decision and immediate actions. If the pilot of a large aircraft suspects a problem
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during the takeoff run, especially as the decision speed is approached, there is only two
seconds to decide what to do: stop or go? Stopping may not be possible if a tire has blown
and reduced the wheel-braking capability. Continuing the takeoff may not be possible
if the problem is with the flight controls, or if the problem is multiple engine failure due
to bird strikes. The enormous pressure of limited time between input and a necessary
decision can sometimes lead to a faulty decision and response.

The risk of making a poor decision, no decision, or an incorrect response is minimized
by maintaining a high level of knowledge, and by practicing a maneuver frequently so that
it becomes a conditioned response. The decision/response is thus based on the probability
of the best course of action and accepting the smallest odds. Simulators can play a big
role here, particularly when practicing critical maneuvers.

Mental Workload

Best performance is achieved by a combination of high levels of skill, knowledge, and
experience (consistency and confidence), and with an optimum degree of arousal. Skill,
knowledge and experience depend upon the training of the pilot; the degree of arousal
depends not only upon the pilot’s flying ability but also upon other factors, such as the
design of the cockpit, air traffic control, as well as upon the environment, motivation,
personal life, weather, and so on. Low levels of skill, knowledge and experience, plus a
poorly designed cockpit, bad weather, and poor controlling will lead to a high mental
workload and a poor performance. If the mental workload becomes too high, decision
making will deteriorate in quality, or maybe not even occur. This could result in concen-
trating only on one task (sometimes called tunnel vision) with excessive or inappropriate
load-shedding. You can raise your capability by studying and practicing, and by being
tit, relaxed and well rested.
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The pilot’s tasks need to be analyzed so that at no time do they demand more of the
pilot than the average, current and fit pilot is capable of delivering. There should always
be some reserve capacity to allow for handling unexpected abnormal and emergency
situations. At the aircraft design stage, the pilot is taken to be of an average standard.
On this basis, skills and responses are established during testing so that the aircraft can
be certificated as compliant. But there is some argument that the specimen should not
be the average pilot, because half of the pilot population would be below this standard.

The legislators establish the minimum acceptable standards for licensing but the
marginal pilot, who maintains only the minimum required standard, is not really of
an acceptable standard. You can each ensure that you are at an acceptable standard by
honestly reviewing the demand that the aircraft and the flight placed upon you. If your
capabilities, mental or physical, were stretched at all, then you need more practice, more
study or more training—at least in those aspects that challenged you. Many pilots feel
that, under normal conditions, they should be able to operate at only 40-50% of capacity,
except during takeoffs and landings, when that might rise to 70%. This leaves some
capacity to handle abnormal situations.

AERONAUTICAL DECISION MAKING

The essential, fundamental role of the pilot is to make decisions—reliably, safely and
timely. But fortunately or unfortunately, pilots are only human.

Information Processing

The decision-making process is one of assembling data, assessing its importance and
urgency, making the optimum decision (based on experience and training) and then
taking the appropriate action. The quality of this action reflects the pilot’s aptitude, skill,
discipline, training and recent experience (on the aircraft type, in those conditions and for
the particular phase of flight). The quality of the decision depends very much on having
complete and recent data (such as position, weather and traffic) for both existing condi-
tions and the likely trends. This big picture is called situational awareness. Then there is
the dimension that must have a high priority in the pilot’s mind: the “fourth dimension.”

The Fourth Dimension

An airplane operates in four dimensions:
o three-dimensional space; and
o time.

Everything in flight is changing, and the rate of change varies enormously. Learning
to fly is very much a process of being conditioned to the rate at which things happen.

The other aspect of time is that it is finite. You run out of fuel, daylight and clear
weather. You become tired. You may have limited time and space in which to make a
decision or to maneuver the aircraft.

Thus situational awareness for a pilot is knowing more than where you are. It is
knowing the aircraft’s position, environment and status, all in the context of time—time
gone, time to go and time available.

Figure 12-45
Make conscious
decisions.
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on flying the aircratt,

first and foremost.

Emotions in Decisions

Emotion plays a significant, often a dominant role, in the decision-making process. We
often decide on the basis of what we want to happen rather than what is most likely to
happen. What we hope instead of what is likely. What we expect can also be ambitious
or cautious, especially if we have pushed the boundaries and got away with it previ-
ously. Thus decisions also depend on personality and confidence. What are the chances
I wrongly perceive rather than correctly know what the odds really are? Do I by nature
err on the positive side or the negative? And in terms of safety, the negative is not a bad
thing. It is cautious and survival-oriented rather than goal/success oriented. I made it!
You must learn to make as much of a song-and-dance about sensible, reserved decisions
and actions, as you do about taking a risk and getting away with it.

Decisions and Stress

Internal Stressors

Decisions not taken cause stress. While you are deciding, and are under pressure to
decide, the level of stress can become unreasonable. Avoiding a decision also causes
stress because you know that ultimately the problem will have to be addressed. It won’t
go away. The solution is to make the decision and go for it. Stress is relieved by action,
either fight or flight.

External Stressors

External pressures have a significant effect on your decisions. You have human wants,
needs and fears: wanting to please, wanting to impress friends or siblings, wanting to
earn more money or be promoted, needing to be loved, needing to be noticed, needing
to be rewarded, fearing criticism or ridicule, fearing to lose a job, or fearing injury. A
completely rational decision is made in isolation and such decisions can often only be
made retrospectively: what you should have decided rather than what you did decide.
Accident investigations are largely of this ilk because they do not—cannot—know the
pressures under which the particular decision was made. We can rationalize why the pilot
should have made the correct decision when we read the accident report. It’s obvious.
What is not obvious is the emotional strings attached to that decision. Making correct
decisions sometimes takes considerable courage or, to use the old term, moral fortitude.

Destination Obsession

Destination obsession (also known as “get-there-itis”) is getting there, today, at all costs.
It seems not to be the result of a conscious, foolish decision, but more likely delaying a
decision to turn back and land until it is no longer safe to do so. Illusions and misinter-
pretation of the seriousness of the deteriorating situation complicate the decision.

Low Cloud, Pressing On

The problem with pilots pressing on under lowering cloud is well-known within the
aviation industry, and yet it just doesn’t go away. (Fatal accidents continue to occur due
to this problem.) The solution to the problem is elusive. The process involved obviously
affects judgment of distances—distance from cloud and height above the terrain. Incred-
ibly visual meteorological conditions (VMC) do not require a visual horizon! True we
can estimate the horizontal by perceiving the vertical —by looking down—but this is not
always reliable. What if the terrain is not level?
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Reduced light/visibility

Clear field of vision

Figure 12-46 Limited cone of vision.

With fewer cues available, those that can be read are given greater importance. They
appear more pronounced, more compelling in their meaning. They invite greater reli-
ance on what they are telling you. The main effect will be to deny a proper and accurate
assessment of height above terrain, distance from obstacles and cloud and you have a
false appreciation of level attitude.

With restricted forward visibility, your judgment of height and distance will be so
distorted as to be next to useless. You could become very close to the trees or ground
without realizing. But, by then, it’s far too late. We’ve all heard news reports of aircraft
engine noise low overhead, often for long periods before the actual crash.

All of which adds up the unsurprising conclusion that most, if not all, pilots who do
go on too far under cloud have no idea how low they are actually flying until they hit
something—or wind up in the “soup” itself, blind in cloud. The destination obsession
affecting their decision making and distorting their judgment must have been very
powerful indeed. Moreover, there is one more influence: visual illusion.

Many aircraft that have crashed under cloud into rising terrain having stalled while
under full power. With the limited field of view, there is a tendency to use the ground as
reference for level flight. The closer you get to the ground without a strong nose attitude
vs. horizon reference, the more prone will you be to seeing the fuselage being parallel to
the earth’s surface as an indication of level flight. As the slope increases, therefore, so
will the climb angle, until the inevitable stall.

It’s the same phenomenon as not being able to judge height, anymore—too few visual
clues available to make a correct assessment. The further you go pressing on, the less
you’'ll appreciate just how close you are to the cloud and the tree tops. But, of course, you
should never have got there in the first place. Unfortunately pilots do.
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Pilots must assess the
risks involved in any
flight. Good judgement
and decision-making
skills can be learned.

Figure 12-47 Rising terrain—false horizontal.

Personality and Matters of Choice

One of our defences against being discomforted by situations like these is the confidence
that, “It won’t happen to me.” On the other hand, most of us do know people who we
would rate as more-likely-than-most to do such a thing. Thus, the idea that some types
are more prone to taking higher risks than others is not especially controversial. The sort
or type of person is usually defined by a hazardous attitude.

Five Hazardous Attitudes

The FAA defines five types of hazardous mental attitudes for pilots. They include:

o antiauthority (don’t tell me!). People who don’t like others to tell them what to do
are often resentful of wise advice and prone to disregarding the rules. The antidote
to antiauthority is: Follow the rules; they are usually right;

o impulsivity (do something, quickly!). People who don’t stop to think before they act
are impulsive. They often do the first thing that comes to mind. The antidote is:
Not so fast. Think first;

o invulnerability (it won’t happen to me). We all know accidents happen, but some feel
it could never happen to them. They are far more likely to take chances and risks.
The antidote is: It could happen to me;

o macho (I can do it). Now, here’s a person with something to prove and he or she
will probably take risks to show off. The antidote is: Taking chances is foolish; and

o resignation (what'’s the use?). Resigned pilots figure that the flight went well because
they were lucky. If the flight goes poorly, however, it isn’t their fault, there’s nothing
they can, or will do to change things. The antidote to this attitude is: I'm not helpless.
I can make a difference.

Formal Decision-Making Processes

You can learn to make better decisions by itemizing the correct decision-making process:
1. identify the decision to be made or problem to be solved;
2. collect relevant information;
3. generate alternatives;
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4. analyze alternatives;

5. decide the most acceptable alternative;

6. action the alternative; and

7. monitor the outcome: if satisfactory, proceed; if not, repeat steps 2-7.

While this may seem to be time consuming, it gives structure and method to the
process and ensures no jumping to conclusions. Most airlines use these steps in crew
resource management (CRM), decision making and training. It is a valid way to make
decisions and to check if your normal process covers all options. But there is another
important element: how much time you have to make the decision.

The other problem is not making a decision, i.e. deferring the decision until it is too
late. You are forced into a situation where there is no decision to make. You are then
committed with no escape route.

There is a well-known model for decision making based on the mnemonic DECIDE.
This model implies the decision is a reaction to circumstances, a situation or a change
in events. A better way to make decisions is to anticipate—to be proactive rather than
reactive. Have the decision made before it is needed—on standby—like you practice emer-
gency procedures so you can anticipate a decision point and have most of the work done.

Crises? Decisions should ideally not be made under duress—in a crisis situation. They
should be made under controlled conditions and be stored—ready for use. A different
model is based on the mnemonic ACTION:

A Anticipate and assess the possible scenarios.
C Consider actions and outcomes.

T Time—if available, immediate decision or nominate decision point
(go/no-go point) and criteria.

I Implement decision—make a control input, transmission etc.
O Observe the result and correct—fine tune.

N Nominate the next milestone, decision point or potential hazard.

Many problems are due to no decision or a delayed decision. Decisions are easy to
defer. Deferring decisions is only acceptable if a nominated decision point is made and
adhered to.

Prior to each and every flight, all pilots must do a proper physical self-assessment to
ensure safety. A great mnemonic is IMSAFE, which stands for Illness, Medication, Stress,
Alcohol, Fatigue, and Emotion.

For the Medication component of IMSAFE, pilots need to ask themselves, “Am I taking
any medicines that might affect my judgment or make me drowsy? For any new medica-
tion, OTC or prescribed, you should wait at least 48 hours after the first dose before flying
to determine you don’t have any adverse side effects that would make it unsafe to operate
an aircraft. In addition to medication questions, pilots should also consider the following:

« don’t take any unnecessary or elective medications;

« make sure you eat regular, balanced meals;

o bring a snack for both you and your passengers for the flight;

» maintain good hydration—bring plenty of water;

« ensure adequate sleep the night prior to the flight; and

o stay physically fit.

D Detect a change.

E Estimate the need
to react.

C Choose an
outcome.

| Identify actions.

D Do the necessary
action.

E Evaluate the effect.

Figure 12-48
In-flight decisions must
be decisive.
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Additionally, you should wait at least five maximal dosing intervals, the time between
recommended or prescribed dosing, (e.g., a dosing interval of 5 to 6 hours would require
you to wait 30 hours) before flying after taking any medication that has potentially adverse
side effects (e.g., sedating or dizziness). Observing the recommended dosing interval
doesn’t eliminate the risk for adverse side effects because everyone metabolizes medica-
tions differently. However, five times the dosing interval is a reasonable rule of thumb.

Assembling What-If’s

Sesame Street (Envisioning Outcomes)

A fabulous episode of Sesame Street involved a child who was encouraged to imagine
outcomes before crossing the road:

« what if I run onto the road without warning . . . ?

« whatif I run out in front of a school bus. . . ?

o what if I run across the road and trip ... ?

 whatif I cross without looking in both directions . .. ?

This is exactly the what-if attitude a pilot needs to develop.

Choosing the Best Option

Priorities

The first priority must surely be to arrive safely, but we often neglect that or compromise it
for “must arrive today,” “must get to a meeting on time,” “must land before dark,” “haven’t
time to top off the tanks, complete a fuel check, complete an engine run-up check,” etc.

» <«

Bets and Betters

We endlessly evaluate bad decisions but what about some examples of good decisions? It
is better to spend a cold night in a sleeping bag in a tent under the wing of the airplane
than flying into deteriorating weather and impacting terrain. It is better to arrive late,
even the next day or next week, than not at all.

If you have to be there, have an alternative plan: “I will leave early enough so that if
the weather deteriorates over the mountains, I can land at . . . and take the bus and pick
up the airplane on the way home.”

It’s better to accept the rebuke, criticism and complaints of a passenger or employer by
refusing to overload the airplane or exceed the CG limits than crash on takeoff. Saying
“I told you so” is no consolation in the eddying seconds of the flight as you inevitably
impact the trees. (Incidentally, they expect you to protect them from themselves.) It is
better to land and leave your family safely on the ground rather than risk injuring all
of them because you have to get to a business meeting. But then shouldn’t you also stay
on the ground with them? It is better to pay several hundred dollars for taxis and hotel
rooms at an unplanned stop than miss your daughter’s wedding and have them attend
your hospital bed instead. It is better to be called a chicken than to be decimated and
burned in the wreck of an airplane that stalled and spun trying to attempt a low pass after
takeoff. It is better to go around and accept the extra time and expense than land when
the runway is occupied or when your threshold speed is too high. You bet!
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On Def Ears

Two common situations lead to dangerous situations. They are:
+ deference; and
o deferral.

Deference is when you relinquish the decision to someone or allow their views to
dominate such as when you avoid discussion and possible conflict, or when you want to
please by saying what they want to hear or doing what they want to do despite your inner
feelings that this option is perhaps risky. Deferral is avoiding making a decision—until
later perhaps until its too late. This is the reason you have to set your own milestones,
gates and go/no-go points and stick to them.

Choosing When to Implement a Decision

As important as the decision is the timing (when to implement it). But when is the right
time?

o Immediately?

« Before sunset?

« Before reaching the point of no return (PNR)?

« Before becoming fatigued?

+ Before becoming stressed due to weather or terrain?

Mostly a decision is needed now. But there are some occasions when a gate or milestone

can be set. For example:

o Iwill proceed until the PNR, but at that point, if T have any doubts about the weather
at the destination, I will turn back. (The decision is already made and the criteria
set. The decision point is also set—it is non-negotiable);

 I'will maintain minimums until overhead the airfield and if I cannot see the runway
lights I will divert to the alternate. (I will not descend);

« Iwill continue while I can maintain safe terrain clearance. I have a defined horizon
and I have at least a 500-foot vertical separation from cloud. If I lose the horizon,
if I feel squeezed between ground and cloud, I will immediately turn right (least
risk); and

o I will continue until an intermediate landing point and if I do not reach there by
a certain time, which guarantees I will reach the ultimate destination by sunset, I
will land.

Figure 12-49
Go or no-go.
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REVIEW 12

The Human in the Cockpit

Am [ Fit to Fly?

1.

You have consumed a small amount of alcohol.
You should not fly for at least how many hours?

. What is Hypothermia?
. The FAA prescribes a method for evaluating risk

and reducing stress. What is it?

18.
19.

20.

21.

What is your peripheral vision provided by?

What is the most effective method of scanning for
other aircraft in daylight?

True or false? In daylight, other aircraft are most
clearly seen in your central vision.

Another aircraft remains in view in the same

4. List at least two ways you can keep your stress position in your windshield. Is there a possibility
levels down when planning a flight or during a that you are on a collision course?

flight. 22. True or false? At night, other aircraft are most

. clearly seen in your central vision.
Respiration . .

What is b - 23. The most effective method of scanning for other
> at1s hypoxia aircraft for collision avoidance during nighttime
6. What is hyperventilation? hours is to use:

7. What effect does hyperventilation have on the a. regularly spaced concentration on the 3, 9, and
body? 12 o’clock positions.
8. What is the main cause of hyperventilation? b. a series of short, regularly spaced eye move-
o ments to search each 30° sector.
9. Name a common symptom of hyperventilation. . . .
) ] c. peripheral vision by slowly scanning small
10. ZVhy is a?faulty exhaust system potentially sectors and utilizing off-center viewing.
angerous? o . .
8 o ) o 24. How can you determine if another aircraft is on
11. ?usceptlblllty to carbon monoxide poisoning a collision course with your aircraft?

increases as: . . .

. . 25. Is it possible for other objects to be closer than

3. a1l Pressure Increases. they appear to be in hazy conditions?

b. altitude decreases. Y app Y )

c. altitude increases. 26. If you are exposed to bright lights prior to flight,

how long is it recommended you wait before
Balance undertaking a night flight?
12. What is spatial disorientation? 27. During a night flight, you observe a steady red
13. What should you rely on in order to interpret light and a flashing red light ahead and at the
airplane attitude in poor visibility conditions? same altitude. What is the general direction of
i ?
14. To best overcome the effects of spatial disorienta- movement of the other aircraft?

tion, a pilot should: 28. What illusion can an upward sloping runway

a. rely on body sensations. give?

b. increase the breathing rate. 29. What illusion can a narrow runway give?

c. rely on aircraft instrument indications.

Vision
15. The retina contains rods and cones. Describe
where each are located in the eye.
16. True or false? Cones are most effective at night.
17. Are rods color-sensitive? _
Answers are given on page 682.
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Heating Effects in the Atmosphere

THE ATMOSPHERE

The earth is surrounded by a mixture of gases held to it by the force of gravity. This
mixture of gases we know as air, and the space it occupies around the earth we call the
atmosphere. The atmosphere is of particular importance to pilots because it is the medium
in which we fly.

Air Density

The force of gravity attracts the air molecules toward the surface of the earth, causing
them to squeeze closer together in the lower levels of the atmosphere than at higher
altitudes. The number of molecules in a cubic foot of air at 18,000 feet altitude
is only one-half that at sea level where the air is much more dense.

Air density is important to pilots because:

o theairplane’s lift force is generated by the flow of air around the wings;

« engine power is generated by burning fuel and air; and

Air density decreases
with altitude.

—)  Quter space:

no molecules of air strike
a moving body

o we need to breathe air in order to live. =) High altitude:

If the air is more dense:

o therequired airfoil lift force can be generated at a lower true airspeed (V);

« greater engine power is available because of the greater mass of each
fuel/air charge taken into the cylinders; and

« breathing is easier, since a greater mass of oxygen is taken into the lungs
during each breath.

Earth

The Subdivision of the Atmosphere

The atmosphere is divided into layers based on temperature—the troposphere,
the stratosphere, the mesosphere and the thermosphere. Most flying occurs in
the troposphere, although high-flying jets may cruise in the stratosphere—the
boundary between the two regions is known as the tropopause.

The temperature usually falls with a gain in altitude in the troposphere until the
tropopause is reached, above which it remains somewhat constant at a fairly low value
(typically -57°C). The rate of change of temperature with altitude is called the temperature
lapse rate.

The earth spins on its axis, carrying the atmosphere with it and tends to throw the air
in the lower part of the atmosphere to the outside. This, plus strong heating in tropical
areas, causes the troposphere to extend further into space above the equator than above
the poles. The tropopause occurs at an altitude of about 20,000 feet over the poles, and at
about 60,000 feet over the equator. It is higher in each region in summer than in winter.
On average, the tropopause is assumed to occur at approximately 36,000 feet.

many molecules of air
per second strike
a moving body

Low altitude:

many, many molecules
of air per second strike
a moving body

Figure 13-1

The density of air decreases as
altitude is gained.

Most flying occurs
in the troposphere.
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Most weather occurs in the troposphere, including clouds, precipitation (rain, snow,
and so on), and wind—especially the vertical air currents that cause the strong vertical
development of convective clouds. Sometimes this vertical development is so strong that
large thunderstorm clouds, known as cumulonimbus, burst through the tropopause into
the stratosphere. Because almost all flight occurs in the troposphere and the lower levels
of the stratosphere, we concentrate on these areas in this manual.

Differences Between the Troposphere and Stratosphere

Significant differences between the troposphere and the stratosphere include:

 temperature decreases with altitude in the troposphere, with an abrupt change in
temperature lapse rate at the tropopause, above which it is constant;

 a marked vertical movement of air in the troposphere, with warm air rising and
cool air descending on both large and small scales, whereas there is little vertical
movement of air in the stratosphere; and

o almost all the water vapor in the atmosphere is contained in the troposphere, and
so cloud formation rarely extends beyond the tropopause.

Temperature
Colder 0°C  Warmer
Thermosphere
Mesopause ... —100°C{-----ommum ] -- Mesopause
SpPIO%: 300,000 ft (50 Miles)

Mesosphere
Stratopause

""""""""""""""""""""""""""""""""""" -- Stratopause
Stratosphere
Tropopause N A o || 3
approx. 20,000 f 57°C Tropopause
Troposphere
North Pole +15°C

South Pole

Figure 13-2 The subdivision of the atmosphere is based on temperature.

Air Is a Mixture of Gases

In its dry state, air is a mixture of atmospheric gases—the two main constituents are
nitrogen (78%) and oxygen (21%). The remaining (1%) gases include argon, neon, helium
and carbon dioxide. See table 13-1.
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Air in the troposphere nearly always contains some water vapor, varying from almost
zero to 5% by volume. This is most important, because it is water vapor that condenses
to form clouds from which we get the precipitation (rain, snow, hail, and so on) that is
vital to life on earth. As the content of water vapor in a parcel of air increases, the other
gases decrease proportionately.

Gas Volume (%)
Nitrogen 78%
Oxygen 21%
Other gases (argon, carbon 1%
dioxide, neon, helium, etc.)
Total 100%

Table 13-1 The composition of air.

Maritime and Continental Air Masses

Air over an ocean (known as maritime air) will absorb moisture from the body of water
and will, in general, contain more water vapor than the air over a continent (known as
continental air), particularly if the land mass consists largely of desert areas. In other
words, a maritime air mass is more moist than a continental air mass. An air mass moving
in across the United States from over the Caribbean Sea, for instance, is likely to carry
more moisture than an air mass originating in continental Canada.

The Standard Atmosphere

In chapter 8 we briefly discussed the standard atmosphere and its values. To refresh your
memory, these are repeated below:
« mean sea level (MSL) pressure is 29.92 in. Hg;
o mean sea level temperature is +15°C (or 59°F); and
 temperature lapse rate is 1.98°C (3.5°F)/1,000 feet up to approximately 36,000 feet
above which temperature is assumed to remain constant at -56.5°C.

Note. For forecasting purposes, pressure is usually expressed in hectopascals (hPa),
and the standard MSL pressure is 1,013.2 hPa. You will see pressure plotted as lines
(isobars) on weather charts to indicate places of the same surface pressure.

The Actual Atmosphere

The actual atmosphere can differ from the standard atmosphere in many ways, and in
reality almost always does. The pressure at sea level varies from day-to-day, indeed from
hour-to-hour, and the temperature fluctuates between wide extremes at all levels.

The variation of ambient pressure throughout the atmosphere—both horizontally and
vertically, is of great significance to pilots as it affects the operation of the altimeter, as
well as causing wind.

One difference between the actual atmosphere and the theoretical standard atmo-
sphere, which is very important for high-flying jet pilots, is that the real tropopause is
much higher over equatorial latitudes than over polar latitudes. This means that weather,
such as cumulonimbus clouds, will typically exist to higher levels in tropical regions.
Also, the tropopause is not a continuous sheet, but has some breaks in it, within which
high-speed jet stream tubes of wind blowing from west to east develop.

Maritime air is
more moist than
continental air.

The actual atmosphere
differs from the ISA.
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The sun radiates
energy and heats
the earth.

All weather processes
result from, or are
accompanied by a
heat exchange.

Heating from solar
radiation is greatest in
the tropics.

Northern
Summer
June

Southern
Winter

Northern
Sprin q
pring et

Northern
Autumn

HEAT EXCHANGE PROCESSES
The Sun

The main source of energy on earth is the sun, which radiates electromagnetic energy in
the form of infrared radiation, light rays, radio waves, ultraviolet radiation, and so on.
We experience this solar radiation as heat and light.

The wavelengths of solar radiation are such that a large percentage penetrates the
earth’s atmosphere and is absorbed by the earth’s surface, causing its temperature to
increase. How much the surface temperature rises depends on its nature—land shows
a greater temperature rise than water for the same amount of solar energy. The earth’s
surface, in turn, heats the air closest to it and if that parcel of air is warmer than the
surrounding air, it will rise.

Heat exchanges and temperature variations in the atmosphere create air movements
within the atmosphere, resulting in changes in the weather.

Seasonal Variations

The earth orbits around the sun once every year and, because the earth’s axis is tilted,
this gives rise to the four seasons (see figure 13-3). The solar radiation received at a place
on earth is more intense during its summer than in winter, when its surface is presented
to the sun at a more oblique angle.

Solar Heating

Solar radiation is like a flashlight beam that produces more intense light on a perpen-
dicular surface than on an oblique surface. Since solar radiation strikes tropical regions
from directly overhead, or almost so, right through the year, the heating is quite intense.
In contrast, the sun’s rays strike polar regions of the earth at an oblique angle and, during
winter (the northern summer is shown in figure 13-4), they do not strike the polar regions
at all.

May

North Pole

TN

Northern
Winter
December
Southern
Summer

<
<

Northern summer

<

Heat energy \\Clj’

from the sun™.
Y

<

Southern winter: same amount of energy

from the sun is spread over a much wider area
<

Southern
Spring South Pole

September
Figure 13-3 Figure 13-4
Solar radiation received at the earth’s surface is more Surface heating is greatest in the tropics and least at
intense in summer. high latitudes.
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Terrestrial Re-Radiation

Heat energy in the earth’s surface is re-radiated into the atmosphere but, because
its wavelength is longer than solar radiation, it is more readily absorbed in the
atmosphere, especially by water vapor and carbon dioxide. It is this absorption Solar radiation
of heat from the earth that is the main heat exchange that causes weather. In v * * v
summary:
« solar radiation penetrates the atmosphere and heats the earth’s surface; then
o the earth re-radiates this energy and heats the lower levels of the atmo- Thermals

sphere; this indirect heating of air by solar heating causes thermals. lmmu)—l

General Circu lation The earth heats the air in contact with it.
Large vertical circulations of air occur in the troposphere caused by unequal Figure 13-5
heating of the different regions of the earth. The tropics for instance, receive Indirect heating of the

much more energy than the polar regions. The surface air in the tropics becomes atmosphere by the sun.

very warm, causing it to expand and rise. This thermally induced vertical motion

is called convection. The rising air leaves behind an area of lower pressure near

the surface known as the equatorial trough. New surface air moves as a result of

the pressure differential that has been created, and replaces the air that has risen. (These
surface winds flowing into the equatorial trough are the trade winds, which were so
important to sailing ships in the old days.) Meanwhile, the tropical air rising above the
equatorial trough cools as it rises, and spreads out in the upper atmosphere.

In contrast, the cooler air over the polar regions sinks, causing a higher pressure at
the surface and spreads out, moving toward areas of lower pressure. This sinking polar
air together with the rising air in warmer regions creates a large scale general circulation
pattern in the troposphere. You would expect the general circulation to be a single large
cell in each hemisphere, but an effect produced by the earth’s rotation—known as the
Coriolis effect—leads to three main circulation cells existing over each hemisphere of the
earth:

o the polar cell;

o the mid-latitude cell; and

o the tropical (or Hadley) cell.

'Polar front

Neded &

D — Low-level polar easterlies
Pole Mid-latitude
cell
(_
Radiant
energy
Tropical from
cell the sun
(_
m o
Figure 13-6 Figure 13-7
The general circulation pattern. The north—south flow of air is blocked at

latitudes around 60° and 30°.
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The cold surface air moving southward from the north polar region is “left behind” by
the rotation of the earth, effectively turning right and becoming easterly by about latitude
60°. Further southward movement of the surface air is blocked. As this air is warmed, it
rises, spreads out, and so the polar circulation cell is formed.

Meanwhile, the warm upper air flowing out from the equator “moves ahead” of the
rotating earth, effectively turning right and becoming westerly by about latitude 30°.
Further movement is blocked because, as this air cools, it subsides (descends) to form the
subtropical high-pressure belt at about latitude 30°. Surface air diverges from this area
and forms the tropical circulation cell. Note that the Coriolis force (from earth rotation)
causes air movement to turn right in the Northern Hemisphere and left in the Southern
Hemisphere. The Coriolis force will be further explained in chapter 14.

Most weather occurs in the mid-latitudes. In this area, the rising air spreading out in
the upper levels of the troposphere near latitude 60° and the descending air spreading
out in the lower levels near latitude 30° cause an intermediate or mid-latitude circulation
cell between latitudes 30° and 60°. Sometimes large masses of very cold polar air break
through the barrier near 60° and move toward the equator, and sometimes large masses
of warm air move from the tropics into this area—the result being that the mid-latitudes
have moving storms and ever-changing weather.

The generalized circulation is an idealized version of the real situation of constantly
changing large masses of cold and warm air pushing their way around, responding to
pressure differentials caused by uneven surface heating.

The situation in the Southern Hemisphere, with its great ocean areas, is less compli-
cated than in the Northern Hemisphere, where the large continental land masses with
their uneven surface heating and cooling cause many variations and complicated weather
patterns.

Local Heating and Cooling

Daily variations in heating are caused by the earth’s rotation. The earth makes one
complete rotation on its axis every 24 hours, causing the apparent motion of the
sun across the sky, and day and night on earth. Solar heating of the earth’s surface
occurs only by day, but terrestrial re-radiation of heat energy from the earth occurs
continually, both day and night. The net result is that the earth’s surface heats up
/ by day, reaches its maximum temperature about mid-afternoon (3:00 p.m.) and
cools by night, reaching its minimum temperature typically an hour after sunrise.

Figure 13-8 The earth’s ) ] ) ] - e ] o
rotation causes day and night. ~ This continual heating and cooling on a daily basis is called the diurnal variation of

temperature—a typical daily pattern of heating and cooling that is most extreme in
desert areas and more moderate (in some cases almost nonexistent) over the oceans.

Surface Heating

The heating of various surfaces and the temperatures that they reach depends on a
number of factors:

o the specific heat of the surface—water requires more heat energy to raise its tempera-
ture by one degree Fahrenheit than does land, therefore land areas will heat more
quickly during the day than sea (and also cool more quickly at night). Compared
with the sea, land is warmer by day and cooler by night. Scientifically we say that
water has a higher specific heat than land;

o the reflectivity of the surface—if the solar radiation is reflected by a surface, it is
not absorbed. There is less heating of reflective surfaces, such as snow and water
compared with absorbent surfaces, such as plowed fields; and
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o the conductivity of the surface—heat energy does not readily pass through soil
into the lower levels, whereas ocean currents carry heat energy with them,
causing the sea to be heated to a greater depth than a land surface.

Cloud Cover

Cloud coverage by day prevents some of the solar radiation penetrating to the earth’s
surface, resulting in reduced heating of the earth and lower temperatures on cloudy
days compared with sunny days. By night, however, cloud cover causes the opposite
effect and prevents some of the heat energy escaping from the earth’s surface. The
atmosphere beneath the clouds experiences less cooling, and so cloudy nights are
not as cool as clear nights.

The Transfer of Heat Energy

Heat energy may be transmitted from one body to another, or redistributed within
the one body by a number of means, including the following:

o radiation—all bodies transmit energy in the form of electromagnetic radia-
tion, the higher the temperature of the body, the shorter the wavelength of
the radiation. Radiation from the sun is therefore of shorter wavelength than
the much cooler re-radiation from the earth;

 absorption—any body in the path of radiation will absorb some of its energy.
How much is absorbed depends on both the body and the radiation. A rocky
desert area will absorb more solar radiation than snow-covered mountains;

» conduction—heat energy may be passed or conducted within the one body,
or from one body to another in direct contact with it, by conduction. Iron is
a good conductor of heat. Wood is not a good conductor, nor is air. A parcel
of air heated by contact with the earth’s surface will not transfer this heat
energy to neighboring parcels of air. It will, however, carry its heat energy if
it moves—a very significant factor in the development of weather systems;

« convection—a mass of air that is heated at the earth’s surface will expand,
become less dense, and rise, carrying its heat energy higher into the atmo-
sphere, a process known as thermal convection. A small mass of rising air is
called a thermal. These are common over open terrain on sunny afternoons
with light winds; and

Convection

Parcel of warmed
air rises

WSWfl umwwﬂmrlwm fis

Figure 13-11 Convection.

Cool air Cool air

« advection—the horizontal motion of air is known as advection. An air mass
moving horizontally by advection, for instance the surface air moving in to
replace air that has risen by convection, will of course bring its heat energy
and moisture content with it. Advection is simply another term for winds.

Figure 13-9
Clouds reduce surface
heating by day and cooling
by night.

Iron Hot H

Wood G
0 oo Cool

Figure 13-10
Some things are good
conductors of heat; others
are not.
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Convection

Parcel of warmed
air rises
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Figure 13-12 Advection is the horizontal transfer of air and heat energy.
Convection is the vertical transfer of air and heat energy.

Local Air Movements
The Sea Breeze by Day

Circulation patterns can be large scale, like the general circulation pattern just discussed—
or they can be on a small scale, like sea breezes and land breezes.

Sea breezes occur on sunny afternoons after the land has warmed. The land heats the
surface air in contact with it, causing it to rise, and to leave behind a localized area of low
pressure. Cool air from over the sea moves in, lowering the temperature on the beach,
and a small circulation pattern is set up. The vertical extent of a sea breeze is usually only
1,000 or 2,000 feet.

7 3

3. Onshore sea
breeze develops

1. Warmed
Y air rises
2. Cooler air

Figure 13-13 The sea breeze—a small circulation cell.

Sea breezes may have a significant effect on airports near a coastline. If the sea breeze
opposes the general wind pattern, it is quite possible that the wind velocity at traffic
pattern altitude will be quite different from that at ground level. Windshear and some
turbulence may be experienced as the airplane passes from one body of air to the other.
Also, a sea breeze may carry a sea fog inland, causing visibility problems for pilots.

Sometimes you can determine the position of the sea breeze front over the land by the
differences in visibility either side of it, or by a line of small cumulus clouds if the warm
inland air moving upward at the cold sea breeze front is moist enough to form clouds.

The Land Breeze by Night

By night, the land cools more quickly than the sea, causing the air above it to cool and
subside (descend). The air over the sea is warmer and will rise. A small land breeze
circulation pattern is set up, with surface air moving out to sea and upper air moving
inland. The land breeze may reach maximum strength just after dawn when the land is
at its minimum temperature.
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Offshore
land breeze A
Warm air

Land cools at night

Figure 13-14 The land breeze blows offshore at night.

Sometimes a land breeze holds a sea fog offshore early in the day but, as the land
warms, the land breeze dies out and a sea breeze develops, bringing the sea fog inland
and causing visibility problems at coastal airports.

Katabatic Winds

During night time the earth’s surface loses heat energy through terrestrial radiation and
cools down, particularly on clear, cloudless nights. The air in contact with the surface
then cools down.

Air that is cooled by contact with a mountain slope at night becomes denser than air
at the same altitude but further from the slope. The cooler parcels of air start to flow
down the slope and into the valleys, creating what is called a katabatic wind, a mountain
wind, or a drainage wind flowing down and out of the valleys. In certain areas, katabatic
winds can build up during the night and, by sunrise, be flowing down the slopes of large
mountains and into the valleys at speeds in excess of 30 knots.

As you will see in the next chapter, air that is descending becomes warmer and drier,
and so what starts out as a cool katabatic wind may become relatively warm as it flows
down mountain slopes.

Anabatic Winds

Solar heating of a mountain slope causes the air mass in contact with it to become warmer
than air at the same altitude but further from the slope, decreasing its density and causing
it to flow up the slope. This local upslope wind is known as an anabatic wind, or as a
valley wind since it flows up and out of valleys. Uphill flow is opposed by gravity, so the
anabatic wind, which flows up the slope, is generally a weaker wind than the nighttime
downslope katabatic wind.

ANABATIC FLOW M
UP MOUNTAINSIDE / / :

Cooled
parcel of
air sinks.

Parcel of ,
warmed air rises. /

KA"I;VAIRADTIC \ / /
-

Mountain
slope

Figure 13-15 The katabatic wind. Figure 13-16 The anabatic wind.

Katabatic winds blow
down mountain slopes
and valleys at night.

Anabatic winds drift up
mountain slopes by day.
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Temperature Inversions

Temperature normally decreases with altitude. In the standard atmosphere the tempera-
ture is assumed to decrease by approximately 1.98°C for each 1,000 feet climbed in a
stationary air mass. In practice, we can assume a decrease, or temperature lapse rate, of
2°C per 1,000 feet. In some layers of air in the actual atmosphere, however, air temperature
may increase with altitude (an inverted temperature structure), and a temperature inver-
sion is said to exist. This often happens near ground level on cold, clear nights when the
earth’s surface loses heat by terrestrial radiation and cools down. The air near the ground
is cooled by conduction, and tends to sink and not mix with air at the higher levels. This
leads to the air at ground level being cooler than the air at altitude, and a temperature
inversion will exist.

Air that has no tendency to rise is called stable air, as is the case in a temperature inver-
sion, and this generally means smooth flying conditions. Visibility may be a problem,
however, because there will be no upward convective currents to carry particles in the air
away, so any fog, haze, smoke, smog or low clouds will stay beneath the inversion layer
and restrict visibility.

A phenomenon known as windshear (in which the wind strength or direction changes
from place-to-place) may exist at the upper boundary of the inversion if there are overlying
strong winds. An airplane may experience an airspeed change or some turbulence as it
tlies through the inversion level from one air mass to another. (Windshear is covered in
chapter 17.)

Over desert areas, the upper level of an inversion can sometimes be identified by a layer
of dust with clear air above it. Inversions also occur at altitude in warm fronts, when a
warm current of air overruns a lower colder layer. A danger for pilots in this situation is
freezing rain, which is liquid rain falling out of warmer air above into below-freezing air
beneath, where it can quickly form a great deal of ice on an airplane’s structure.

A
Altitude
+7°C
. —~

—— = —— — — |nversion — = R

+9°C ~

= o = +5°C Graphical display
of an inversion

+4°C

+3°C

+1°C _
V\ T T L

0°C +10°C
Temperature

Figure 13-17 Normal temperature situation (left) and a temperature inversion.
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REVIEW 13

Heating Effects in the Atmosphere

The Atmosphere

1.

The atmosphere is divided into four layers. What
are these divisions based on?

. Which layer of the atmosphere, in which weather

occurs, is closest to the earth?

a. What is the second layer of the atmosphere
called?

b. What is the boundary between this layer and
the troposphere called?

4. Which feature is associated with the tropopause?

9.
10.

. What are the main gases that form the atmo-

sphere and their approximate proportions?
Most of the water vapor in the atmosphere is
contained in which layer of the atmosphere?

As altitude is gained in the troposphere, tempera-
ture generally:

a. increases.

b. decreases.

c. stays the same.

What is a body of air over an ocean referred to as?
Define “temperature lapse rate.”

What are the standard temperature and pressure
values for sea level?

Heat Exchange Process

11.
12.

13.
14.

15.

16.

Where is the heating of the earth greatest?

What is every physical process of weather accom-
panied by or the result of?

What is terrestrial radiation?

True or false? The sea heats more rapidly than
land, but cools less rapidly than land.

How does cloud coverage affect the heating of the
earth’s surface?

How does cloud coverage reduce the cooling of
the earth’s surface?

17.

18.

19.

20.

21.

22.
23.
24.

25.
26.

27.

28.

29.

What is:

a. radiation?
b. conduction?
¢. convection?
d. advection?

What does the development of thermals depend
on?

True or false? A sea breeze blows onshore during
the late afternoon.

A sea breeze front can sometimes be identified by
a line of which type of clouds just inland?

Convective circulation patterns associated with

sea breezes are caused by:

a. warm, dense air moving inland from over the
water.

b. water absorbing and radiating heat faster than
the land.

c. cool, dense air moving inland from over the
water.

Define “katabatic wind.”
Define “anabatic wind.”

Are upslope winds usually weaker than downslope
winds? If so, why?

What is meant by the term “inversion?”

What is meant by the term “temperature inver-
sion?”

A ground-based inversion is most likely to form
on:

a. clear nights.

b. cloudy nights.

Will the air beneath a ground-based inversion:
a. be stable?

b. tend to rise?

Describe the likely flying conditions beneath an
inversion.

Answers are given on page 683.
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WHAT IS WIND?

The term wind refers to the flow of air over the earth’s surface. This flow is almost
completely horizontal, with only about one one-thousandth of the total flow being vertical.

Despite being only a small proportion of the overall flow of air in the atmosphere,
vertical airflow is extremely important to weather and to aviation, since it leads to the
formation of clouds. Some vertical winds are so strong, like those in or below a cumulo-
nimbus stormcloud, that they are a hazard to aviation and can destroy airplanes.

In general, however, the term wind is used in reference to the horizontal flow of air. It
is pressure differences in the atmosphere (usually resulting from temperature differences)
that causes winds.

How Wind Is Described

Both the direction and strength of a wind are significant and are expressed thus:
« wind direction is the direction from which the wind is blowing and is expressed in
degrees, measured clockwise from north; and
o wind strength is expressed in knots (abbreviated kt, the same unit as your airspeed).

Direction and strength together describe the wind velocity, which is usually written
in the form 27035 or 270/35—in other words, a wind blowing from 270° at a strength of
35 knots. Meteorologists relate wind direction to true north, so all winds that appear on
forecasts are expressed in degrees true (°T). Thus 34012KT on a forecast or observation
means a wind strength of 12 knots from a direction of 340°T.

Airport runways, however, are described in terms of their magnetic direction, so
when an airplane lines up on a runway for takeoff, its magnetic compass and the runway
direction should agree, at least approximately.

The wind direction relative to the runway direction is extremely important when
taking off and landing. For this reason, winds passed to the pilot by the Tower have
direction expressed in degrees magnetic. This is also the case for the recorded messages
on the automatic terminal information service (ATIS) that a pilot can listen to on the
radio at some airports.

Veering and Backing

A wind whose direction is changing in a clockwise direction is called a veering wind.
For example, following a change from 080/20 to 120/25, the wind is said to have veered.
A wind the direction of which is changing in a counterclockwise direction is called a
backing wind. A change from 210/15 to 140/15 is an example of a wind that has backed.

AN\N
Y/

270/35

360/15

L

060/30

Figure 14-1
Examples of wind
velocity (three barbs
show the wind vector).

If wind direction is
written, it’s true. If
spoken, it's magnetic.

080/20

)Veering

120/25

210/15 140/15

~__

Backing

Figure 14-2
A veering wind (top)
and a backing wind.
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gradient force

What Causes a Wind to Blow?

A change in velocity (speed and/or direction) is called acceleration. Acceleration is caused
by a force (or forces) being exerted on an object, be it an airplane, an automobile or a
parcel of air.

The combined effect of all the forces acting on a body is known as the net (or resultant)
force, and determines the acceleration of the body. If all of the forces acting on a parcel
of air balance each other so that the resultant force is zero, then the parcel of air will not
accelerate, but will continue to move in a straight line at a constant speed (or stay still).
A steady wind velocity is known as balanced flow.

The Pressure-Gradient Force

Low of® (@b The force that is usually responsible for starting the movement of a

o parcel of air is known as the pressure-gradient force. This acts to move
air from areas of high pressure to areas of low pressure. Places on the
\0%®  earth’s surface where the air pressure is the same are shown on weather
charts by lines called isobars. The pressure-gradient force acts at right
angles to the isobars, in the direction from high to low pressure. Strong

1010

1015 pressure gradients are indicated by closely spaced isobars.
7029 If the pressure gradient force was the only force acting on a parcel
/\ 105, of air, it would continue to accelerate toward the low pressure, getting
High 103, faster and faster, and eventually the high and low pressure areas would

disappear. This, of course, does not occur, and the reason is that there is

Figure 14-3 The pressure-gradient force  another force acting on the air. This force, which is created by the earth’s

starts a parcel of air moving.

rotation, is known as the Coriolis effect.

The Coriolis Effect

The Coriolis effect was named after G. G. de Coriolis, the French mathematician who
discovered the effect in the 19th century. It results from the passage of air across the
rotating earth’s surface. Imagine a parcel of air that is stationary over point A on the
equator, as shown in figure 14-4. It is in fact moving with point A as the earth rotates on its
axis from west to east. Now, suppose that a pressure gradient exists, with a high pressure
at point A and a low pressure at point B, directly north of A. The parcel of air at A starts
moving toward B, but still with its motion toward the east due to the earth’s rotation.

Figure 14-4 The Coriolis effect acts toward the right in the Northern Hemisphere.
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The further away from the equator a position is, the less the easterly motion of the
earth’s surface (compare A—A' with B—B' in figure 14-4). Consequently, the further
away from the equator it is, the more it will lag behind the easterly motion of the parcel
of air. In figure 14-4, point B will have only moved to B', but the parcel of air will have
moved to A". To an observer standing on the earth’s surface, the parcel of air will appear
to have turned to the right.

If the parcel of air was being accelerated (by a pressure-gradient force) in a southerly
direction from a high-pressure area toward a low-pressure area near the equator, the
earth’s rotation toward the east would “get away from it” and so the air movement, or
wind, would appear to turn right also—point A having moved to A, but the airflow only
reaching B" to the west.

The faster the airflow, the greater the Coriolis effect—if there is no air movement,
then there is no Coriolis effect. The effect is also greater in regions near the poles, where
changes in latitude cause more significant changes in the speed at which each point on the
earth is moving toward the east. In the Northern Hemisphere, the Coriolis effect causes
the wind to curve to the right; in the Southern Hemisphere, the situation is reversed and
it deflects the wind to the left.

Note. Throughout the rest of this chapter, the discussion will only consider the
Northern Hemisphere. The effects will be reversed in the Southern Hemisphere.

The Geostrophic Wind

The two influences on a moving airstream are:
« the pressure-gradient force (the initiating force); and
o the Coriolis effect (the deviating influence).

The pressure-gradient force starts the air moving and the Coriolis effect turns it right
(in the Northern Hemisphere). This curving of the airflow over the earth continues until
the pressure-gradient force is counterbalanced by the Coriolis effect, resulting in a wind
flow that is steady and blowing in a direction parallel to the isobars. This balanced flow
is called the geostrophic wind.

& .
Q Geostrophic
wind

Y
Y
\ 4

High * Equator

Figure 14-5 Balanced flow occurs parallel to the isobars—the geostrophic wind.
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Figure 14-6
Buys Ballot’s law.
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Wind
High
High
Wind
Left| drift
Wind
Low
Figure 14-7

Pressure areas can be
identified by the direction of
wind drift.

The geostrophic wind is important to a weather forecaster because it flows in a
direction parallel with the isobars, with the low pressure on its left, at a speed that is
directly proportional to the spacing of the isobars (that is, proportional to the pressure
gradient). This enables a reasonable estimate of wind direction and strength—the
closer the isobars, the stronger the wind.

It is the Coriolis effect that causes the air movement created by the pressure
gradient to not flow directly from a high to a low pressure area.

Buys Ballot’s Law
Buys Ballot was a Dutchman who noticed that (in the Northern Hemisphere):

if you stand with your back to the wind the low pressure will be on your left.

Flying from High to Low

Ifan airplane in the Northern Hemisphere is experiencing right drift, the wind is from
the left and therefore, according to Buys Ballot’s law, the airplane is flying toward an
area of lower pressure. Low pressure often has poor weather associated with it, such
as low cloud, rain and poor visibility in showers.

When flying towards an area of lower pressure the altimeter will over-read unless
the pilot periodically resets the lower altimeter settings in the pressure window. This
is not a healthy situation—beware below.

Flying from Low to High

If an airplane is experiencing left drift, the wind is from the right and so, according
to Buys Ballot’s law, it is flying toward an area of higher pressure. High pressure
often indicates a more stable atmosphere and generally better weather (although fog
or poor visibility may occur).

The Gradient Wind

Isobars (the lines joining places of equal pressure) are usually curved. For the wind
to flow parallel to these isobars, the airflow must be accelerated toward the center of
the pressure pattern to cause it to deviate from its straight path. In the same manner
as a stone when being swung on a string is pulled into the turn by a force, a curving
airflow must have a resultant (or net) force acting on it to pull it into the turn. The
resultant wind flow around the curved isobars is called the gradient wind.

In the Northern Hemisphere, the gradient wind flows clockwise around high-
pressure areas (known as anticyclonic motion) and counterclockwise around low
pressure areas (known as cyclonic motion).

For a wind that is blowing around a low (in the Northern Hemisphere), the net force
results from the pressure-gradient force being greater than the Coriolis effect, thereby
pulling the airflow in toward the low. For a wind that is blowing around a high, the net
force results from the Coriolis effect being greater than the pressure-gradient force.

Since the Coriolis effect increases with speed, it follows that, with equally spaced
isobars, the wind speed around a high will be greater than around a low.
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Figure 14-8 Wind flow is clockwise around a high
and counterclockwise around a low in the Northern Hemisphere.

The Surface Wind

The surface wind is important to pilots because of the effect it has on takeoff and landing.
The surface wind is measured at 30 feet above level (from the control tower) or in a clear
area, where windsocks and other wind indicators are usually situated.

In the friction layer up to about 2,000 feet AGL, surface friction slows the wind down—a
lower wind speed means less Coriolis effect and less deviation of the wind, so that the
surface wind will tend to cross the isobars and flow out from a high and in to a low. The
rougher the surface is, the greater the slowing-down. Friction forces will be least over
oceans and flat desert areas, and greatest over hilly or city areas with many obstructions.

Towards the center of a low Away from the center of a high

Figure 14-9 Friction causes the surface wind to weaken in strength and back in direction.

A reduced wind speed results in a reduced Coriolis effect (since the Coriolis effect
depends on speed). So, the pressure-gradient force will have a more pronounced effect
in the lower levels, causing the wind to flow in toward low-pressure areas and out from
high-pressure areas, rather than parallel to the isobars. In other words, the surface wind
tends to “back” counterclockwise compared with the gradient wind.
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Day—

veer and increase.
Night—

slack and back.

For example, a strong southwesterly gradient wind at 5,000 feet AGL backs (change
direction counterclockwise) to become a less-strong southerly wind at the surface, caused
by friction between the wind and the surface causing the air movement to slow down,
thereby reducing the Coriolis effect. In the Northern Hemisphere:

« surface winds associated with low-pressure areas flow inward at an angle to the

isobars in a counterclockwise manner; and

o surface winds associated with high-pressure areas flow outward at an angle to the

isobars in a clockwise manner.

Since there is less surface friction over oceans, the surface wind may slow to about
two-thirds of the gradient wind strength and the backing may only be about 10°. Over
land surfaces, where friction is greater, the surface wind may slow to just one-third of the
gradient wind strength, with its direction some 30° back from the gradient flow at altitude.

Friction due to the earth’s surface decreases rapidly with altitude and is almost negli-
gible above 2,000 feet AGL. The turbulence due to wind flow over rough ground also
fades out at about the same level.

Daily Variation

During the day, heating of the earth’s surface by the rays of the sun, and the consequent
heating of the air in contact with it, will cause vertical motion in the lower levels of the
atmosphere. This promotes mixing of the various layers of air and consequently the effect
of the gradient wind at altitude will be brought closer to the earth’s surface.

The surface wind by day will resemble the gradient wind more closely than the surface
wind by night—that is, the day surface wind will be seen as a stronger wind that has
veered clockwise compared with the night surface wind.

During the night, mixing of the layers decreases. The gradient wind will continue to
blow at altitude, but its effects will not be mixed with the airflow at the surface to such
an extent as during the day. The night wind at surface level will drop in strength and the
Coriolis effect will weaken—that is, compared with the day wind, the night wind will
drop in strength and back counterclockwise in direction (figure 14-10).
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Figure 14-10 The daily variation of wind.
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Wind in the Tropics

In tropical areas, pressure gradients are generally fairly weak and so will not cause the
air to flow at high speeds. Local effects, such as land and sea breezes, may have a stronger
influence than the pressure gradient.

The Coriolis effect that causes the air to flow parallel to the isobars is very weak in
the tropics since the distance from the earth’s axis remains fairly constant. The pressure
gradient force, even though relatively weak, will dominate and so the air will tend to flow
more from the high-pressure areas to the low-pressure areas across the isobars, rather
than parallel to them.

Instead of using isobars (that join places of equal pressure) on tropical weather charts,
it is more common to use:

o streamlines to indicate wind direction, which will be outdrafts from high-pressure

areas and indrafts to low-pressure areas; in combination with

o isotachs, which are dotted lines joining places of equal wind strength.

(Q----——__ Streamline shows Isotach indicates -

wind direction . _ _ _ _ _ wind strength -—————~"—"7
(i.e. 10 kt here)

Equator

Figure 14-11 Streamline/isotach analysis chart.

HIGH-LEVEL WEATHER

The Tropopause

High-level weather applies near to and above the tropopause, which is the border between
the troposphere and the stratosphere. The tropopause varies in altitude from about
20,000 feet over the poles to 55,000-65,000 feet over the equator. In mid-latitudes, it is
approximately 36,000 feet, which is its assumed level in the standard atmosphere.

Temperatures and winds vary significantly near the tropopause, with temperature
above the tropopause no longer decreasing with altitude. Knowledge of these can assist
you in achieving an efficient and comfortable flight.

Jet Streams

A jet stream is a strong narrow current of air with horizontal motion, typically located
in the upper troposphere or in the stratosphere. A jet stream looks similar to the shape
of a ruler, with dimensions typically 1 NM deep, 100 NM wide, and 1,200 NM long. To
be called a jet stream, the wind speeds must exceed 60 knots.

The tropopause is
characterized by
a sudden change
in the temperature
lapse rate.

10]1d |e10J8WWo) |
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We have seen that the tropopause
is not one continuous sheet, but
descends from the equator to the
poles in a number of steps. These
steps in the tropopause are like hori-
zontal line breaks and coincide with
the Hadley cells found in the general
circulation pattern. Each step has
an intense temperature (thermal)

Tropical tropopause Colder

air

Jetstream core

. 17 . Strongest
gradient that will in turn mean there s
is a strong thermal wind component.  Decreasing

wind speed Polar

As a consequence the upper winds

tropopause
will become very strong. These tubes Warmer \
of strong wind between the tropo-
pause steps are called jet streams and Figure 14-12 A jet stream.

are associated with narrow bands of
windshear and severe turbulence.

Stratosphere

Sub-tropical

jetstream
‘) Mid-latitude t’°p0p
a

@al wind jetstream
Gy )

’ speed 120 kt
By
Troposphere Picgy,,
’ posp! SDeeda/ W/'?Q'

e‘ 80 44
&

Use Polar front

The Earth

Figure 14-13 Jet stream winds flow in the breaks in the tropopause.

In the winter months in the Northern Hemisphere the general circulation pattern
moves further south (along with the sun), and the jet streams increase in strength. The
position of the jet stream over North America varies, but it is (in general terms) further
south and stronger in winter, and moves further north in summer and is somewhat
weaker.

The position of the jet stream and its associated clear air turbulence (CAT) can some-
times be visually identified by long streaks of high-level cirrus clouds (see next chapter).
A jet stream is typically, 5,000 feet thick and associated with a deep low-pressure trough
situated in the upper atmosphere near the tropopause. It may run in a curved path for
thousands of miles around the earth at high altitude basically from west to east, but its
path may meander quite a bit. By definition, the wind strength in a jet stream is 60 knots
or greater, with the strongest winds existing in the core of the jet stream tube. It is possible
sometimes for a second and third jet stream to form.
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High-flying jets often take advantage of the strong winds in the core of the jet stream
when they are flying from west to east, perhaps giving a tailwind of 100 knots or more
(and avoid the jet stream when flying from east to west).

Note. Flying conditions near jet streams are covered in Chapter 18.

Norg, Norsp,
Py e P Ole

Summer Winter
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jetstream >
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jetstream
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Sun . — -~
etstream
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jetstream
Summer
SOuth SOuth
PO/e PO/e

Figure 14-14 The position of jet streams varies with the season.

How a Jet Stream Forms

Wind velocity changes with altitude because of uneven temperatures in the horizontal.
A warm air mass alongside a cold air mass (as is the case at the polar front) will be less
dense and have relatively expanded pressure levels. Even though the pressures may be the
same at ground level in the two air masses (in other words, with no pressure gradient),
the pressure at altitude in the warm air mass will be greater than that at the same level
in the cold air mass. A pressure-gradient force will exist and a wind will be initiated. In
general, the higher the altitude in the troposphere, the steeper the pressure gradient and
the stronger the wind.

Once the jet stream starts to flow, the Coriolis effect turns it to the right (in the
Northern Hemisphere). In the situation illustrated (see figure 14-15), the wind will flow
“out” of the page (that is, from west to east—as a westerly wind), and will be stronger at
higher altitudes in the troposphere. If you look at weather charts and winds-aloft forecasts,
you will often see westerlies that increase with altitude.

At the tropopause temperature stops decreasing. Since the polar tropopause is lower
than the mid-latitude tropopause, temperature above it will stop decreasing with altitude,
whereas temperature will continue decreasing in the “warm” air mass until its tropopause
is reached, by which time it may be significantly colder than the “cold” air mass at the
same level.

As well as the temperature gradient reversing with altitude, the pressure gradient will
also start to reverse, and so the westerlies will start to weaken with increasing altitude
above the tropopause, and may even become easterlies at great altitudes. The westerly
winds reach their maximum intensity in the break between the two tropopause sheets,
often blowing in a narrow jet stream tube at speeds well in excess of 100 knots.

10]id |e1oJawwo) |
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Figure 14-15 The polar front brings cold air down from polar regions.

Clear Air Turbulence

Turbulence can also be expected at high altitudes in the vicinity of any jet stream. Turbu-
lence above 15,000 feet AGL that is not associated with cumuliform clouds is known as
clear air turbulence (CAT). If there is a change in wind strength of more than about 6
knots per 1,000 feet of altitude change, then moderate or stronger clear air turbulence is
probable.
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REVIEW 14
Wind

1. What causes wind?

10.

11.

12.

. 'The driving force that initiates a wind is the:

a. pressure gradient force.
b. Coriolis force.

. The pressure gradient force acts:

a. parallel to the isobars.
b. perpendicular to the isobars.

. True or false? The stronger the pressure gradient,

the stronger the wind.

. True or false? A wind initially tends to flow from

a low pressure area to a high pressure area before
it is turned by the Coriolis force.

In the Northern Hemisphere, the wind is deflected
to the:

a. right by Coriolis force.

b. right by surface friction.

c. left by Coriolis force.

Why does the wind have a tendency to flow paral-
lel to the isobars above the friction level?

. What causes air to flow counterclockwise around

alow-pressure area in the Northern Hemisphere?

Are surface winds usually weaker than winds at
2,000 feet AGL? If so, why?

True or false? The surface winds associated with
a high-pressure area in the Northern Hemisphere
flow outward in a clockwise manner.

Compared with the gradient wind that flows
parallel to the isobars, the surface wind tends to:
a. veer clockwise.

b. back counterclockwise.

The wind at 5,000 feet AGL is southwesterly while

the surface wind is southerly. What is this differ-
ence in direction primarily due to?

Commercial Review

13.

14.

Why does surface wind tend to flow across the
isobars towards the lower pressure?

True or false? When the isobars are close together,
the pressure gradient force is greater and wind
velocities are stronger.

15.
16.

17.
18.

19.

20.

21.

22,

23.

24.

Define jet stream.

What is the average altitude of the tropopause in
mid-latitudes?

Where are jet streams usually found?

What are upper-level jet streams often associated
with?

True or false? The jet stream is generally weaker
and further south in the summer compared with
in the winter.

During the winter months in the middle latitudes,
the jet stream shifts toward the:

a. north and speed decreases.

b. south and speed increases.

c. north and speed increases.

You can expect greater turbulence:
a. in a curving jet stream.
b. in a straight jet stream.

A strong windshear can be expected:

a. in the jet stream front above a core having a
speed of 60 to 90 knots.

b. if the 5°C isotherms are spaced between 7° and
10° of latitude.

c. on the low-pressure side of a jet stream core
where the speed at the core is stronger than
110 knots.

A common location of clear air turbulence is:

a. in an upper trough on the polar side of a jet
stream.

b. near a ridge aloft on the equatorial side of a
high-pressure flow.

c. south of an east/west oriented high-pressure
ridge in its dissipating stage.

The jet stream and associated clear air turbulence

can sometimes be visually identified in flight by:

a. dust or haze at flight level.

b. long streaks of cirrus clouds.

c. a constant outside air temperature.

Answers are given on page 683.
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Clouds and Thunderstorms

CLOUDS

Clouds and thunderstorms present some of the biggest challenges to pilots of all levels. Do
you fly through them? Do you fly around them? That all depends on what kind of clouds
you've encountered. A cloud is a visible aggregate of minute particles of water and/or ice in
free air. The effect of clouds on aviation, particularly on flight, makes them an important
topic in training as the VER pilot is required to plan for and fly in visual meteorological
conditions (VMC). Low stratus clouds formed in stable atmospheric conditions can sit
low over the ground, possibly even on the ground as fog, and cause an instrument-rated
pilot to divert to an alternate destination. Towering cumulus clouds form in unstable
conditions which allows moist air to rise and cool, and these can develop into one of the
greatest hazards to an airplane, cuamulonimbus clouds and thunderstorms.

The Naming of Clouds

Clouds may take on numerous different forms, many of which continually change. They
are classified into four families according to height and named individually according to
their nature. It is important to understand cloud classification because meteorological
forecasts and reports use this system to give you a picture of the weather.

Clouds belong to one of four families depending on height. They are:

o high-level clouds with a base above approximately 20,000 feet, and composed mainly
of ice crystals in the below-freezing upper atmosphere (cirrus, cirrocumulus, cirro-
stratus);

o middle-level clouds with a base above approximately 6,500 feet (altocumulus, alto-
stratus, nimbostratus);

o low-level clouds with a base below approximately 6,500 feet (stratocumulus, stratus,
fair weather cumulus, nimbostratus); and

o clouds with extensive vertical development (towering cumulus, cuamulo-nimbus).

Clouds are named according to the following types:

o cirriform (or fibrous)—consisting mainly of ice crystals;

o cumuliform (or heaped)—formed by unstable air rising and cooling;

o stratiform (or layered)—formed by the cooling of a stable layer;

« nimbus (or rain-bearing), and fractus (fragmented);

o castellanus (common base with separate vertical development, often in lines); and
o lenticularis (lens-shaped, often formed in strong winds over mountains).

Nimbostratus, for example, means stratified clouds from which rain is falling. Alto-
cumulus is middle-level heaped clouds. Cumulus fractus is fragmentary cumulus clouds.
Cirrostratus is high-level stratified clouds consisting of ice crystals. Standing lenticular
altocumulus clouds are lens-shaped, middle-level clouds standing in the one position,
usually over a mountain range in strong winds. Nimbostratus is a hybrid cloud in terms
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of classification since its base can be low level or middle level, and it can have great vertical
depth. Sometimes nimbostratus is 10,000 or even 15,000 feet thick, making it very dark
when seen from underneath and capable of causing heavy rain for many hours.

Flying in clouds presents the qualified instrument-rated pilot with considerations such
as poor visibility and the risk of icing—not a great risk in the high-level cirriform clouds
consisting of ice crystals, but very great in clouds of extensive vertical development which
may contain large supercooled water drops that will freeze on contact with a cold airplane.

Moisture in the Atmosphere

Clouds are formed when water vapor in the atmosphere condenses into water droplets.
Below freezing temperatures, the droplets often freeze rapidly into ice crystals. The
cloud is then said to be glaciated. Water vapor is taken up into the atmosphere mainly by
evaporation from the oceans and other bodies where water is present, or by sublimation
directly from solid ice when the air overlies a frozen surface.

The Three States of Water

Water in its vapor state is not visible, but when the water vapor condenses to form water
droplets we see it as cloud, fog, mist, rain or dew. Frozen water is also visible as high-level
clouds, snow, hail, ice or frost. Water exists in three states—gas (vapor), liquid (water)
and solid (ice).

Under certain conditions water can change from one state to another, absorbing heat
energy if it moves to a higher energy state (from ice to water to vapor) and giving off
heat energy if it moves to a lower energy state (vapor to water to ice). This heat energy is
known as latent heat and is a vital part of any change of state. The absorption or emis-
sion of latent heat is important in meteorological processes such as cloud formation, and
evaporation of rain (virga).

The three states of water, the names of the various transfer processes and the absorption
or giving-off of latent heat are shown in figure 15-1.

Deposition:
gives off Water vapor Condensation:
latent heat (gas) gives off

> + latent heat

\f‘:ﬁl‘ Sublimation: Evapoation: JJfJ}J',

absorbs absorbs JJ”

latent heat latent heat
il
>

o)ff latent heat
Melting: §§
absorbs latent he)a)t

Figure 15-1 The three states of water.
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Relative Humidity

The amount of water vapor present in the air depends on the amount of evaporation,
which will be greater over wet surfaces such as oceans and flooded ground than over
a desert or continent. The actual amount of water vapor in the air, known as absolute
humidity, is not as important as whether the air can support that water vapor or not.
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When a parcel of air is supporting as much water vapor as it can, it is said to be saturated
and have a relative humidity of 100%.

Air supporting less than its full capacity of water vapor is said to be unsaturated, and
will have a relative humidity of less than 100%. In clouds and fog, the relative humidity
is 100% and the air is saturated; over a desert, relative humidity might be only 20%.

Dewpoint Temperature

Clouds are formed when air is cooled to its dewpoint temperature, and the excess water
vapor condenses as liquid water. The droplets may then freeze into ice crystals, depending
on temperature. If the cloud remains liquid at below freezing temperatures, it is said to
be supercooled and will present structural icing possibilities until it glaciates. The cooling
of a parcel of air can occur by various means, such as:

« rising air cooling adiabatically as it expands; or

« air flowing over, or lying over, a cooling surface.

How much water vapor a particular parcel of air can support depends on the air
temperature—warm air is able to support more water vapor than cold air. If the tempera-
ture of the air falls, it is capable of holding less water vapor, and so will move closer to
being saturated—its relative humidity will rise. The relative humidity increases greatly
with a decrease in temperature.

The temperature at which the relative humidity reaches 100%, and the excess water
vapor starts to condense into water droplets, is known as the dewpoint temperature.
Condensation may be delayed if there are insufficient condensation nuclei in the air,
or conversely, certain types of condensation nuclei may induce condensation shortly
before 100% relative humidity is reached. Typical condensation nuclei are small particles
of hygroscopic (water-soluble) dust, salt, and so on. Clouds form when the water vapor
actually condenses.

A parcel of air that has a temperature higher than its dewpoint is unsaturated. This
means its relative humidity is less than 100%, since it is capable of holding more moisture
at its current temperature. The closer the actual temperature of the air to its dewpoint,
the closer it is to being saturated. In other words, as the temperature/dewpoint spread
reduces with a fall in air temperature, the relative humidity increases.

At its dewpoint, the air will be fully saturated—its relative humidity will be 100%. If
it becomes cooler than its dewpoint, then the excess water vapor will condense as visible
water droplets (or if in contact with some surface in sub-freezing temperatures below the
frost point, it may deposit on the surface as ice crystals).

The actual value of the dewpoint temperature for a particular parcel of air varies,
depending on the amount of water vapor it contains. If the air is moist (for instance over
a tropical ocean), the dewpoint temperature may be quite high, say +25°C; if the air is
dry, the dewpoint temperature may be quite low.

If the air temperature falls to a dewpoint temperature which is above freezing, the water
vapor will condense as liquid water droplets and become visible as clouds, fog or dew; if
the dewpoint is below freezing, the excess water vapor may wind up as ice crystals (for
example, high-level cirriform clouds, or frost on the ground on a below freezing night). If
the air in which clouds form is unable to support the water droplets (if they become too
large and heavy), then the drops will fall as precipitation (rain, hail or snow).
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Figure 15-2

As air rises and expands,

it cools adiabatically.

Adiabatic Processes

The temperature of a gas depends on the number and energy of its molecules
striking the measuring surface of a thermometer. In adiabatic processes, tempera-
ture can change as a result of pressure changes, even though heat energy is neither
added to nor taken from the system. Expanding a gas and decreasing its pressure
causes a lowering of temperature, because fewer molecules will collide with the
measuring surface. Conversely, compressing a gas and increasing its pressure will
raise its temperature because more molecules will collide with the measuring
surface. Placing your finger over the outlet of a bicycle pump illustrates that
compressing air increases its temperature.

Also, air that has been compressed and stored at room temperature will cool
when it is released to the atmosphere and allowed to expand.

A common adiabatic process that involves the expansion of a gas and its cooling
is when a parcel of air rises in the atmosphere. This can be initiated by the heating
of the parcel of air over warm ground, causing it to expand and become less dense
than the surrounding air, hence it will rise. A parcel of air can also be forced aloft
as it blows over a mountain range, or as it is lifted over a front.

Unsaturated air will cool adiabatically at about 3°C/1,000 feet as it rises and
expands. This is known as the dry adiabatic lapse rate (DALR). Air that is 12°C at
ground level will cool adiabatically to 9°C if it is forced up to 1,000 feet AGL, and
to 6°C at 2,000 feet AGL, and so on, provided it does not reach saturation point.
Cooler air can support less water vapor, so, as the parcel of air rises and cools, its
relative humidity will increase. At the altitude where its temperature is reduced
to the dewpoint temperature (that is, relative humidity reaches 100%), water will
start to condense and form cloud.

Above this altitude, the now-saturated air will continue to cool as it rises but,
because latent heat will be given off as the water vapor condenses into the lower
energy liquid state, the cooling will not be as great. The rate at which saturated
air cools as it rises is known as the saturated adiabatic lapse rate (SALR) and may
be assumed to have a value of approximately half the DALR (1.5°C/1,000 feet). Air
that is say 5°C inside a cloud will, if it is forced 1,000 feet higher, cool adiabatically
to 3.5°C.

Note. At higher levels in the cloud where there is less water vapor to condense
into water (since most of this has already occurred), there will be less latent heat
given off and so SALR will increase.

The Formation of Clouds

Which Cloud Type Forms?

The structure or type of cloud that forms depends mainly on the stability of the air before
lifting occurs. Moist air that is unstable will continue rising, forming cumulus-type cloud
with significant vertical development and turbulence, whereas moist air that is stable has
no tendency to continue rising and so will form stratus-type clouds with little vertical
development and little or no turbulence. Some stratiform clouds, such as nimbostratus,
can however form in a very thick layer. Dry air that is forced to rise, but does not cool to
its dewpoint temperature, will not form clouds. As long as a parcel of air given vertical
movement is warmer than its surroundings, it will continue to rise. This is known as an
unstable parcel of air. Its characteristics are:
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o turbulence in the rising air;

o the formation of cumuliform clouds (heaped clouds);

o showery rain from these clouds, if there is precipitation; and

« good visibility between the showers (caused by the rising air carrying any obscuring
particles away).

If the rising parcel of air is cooler than the ambient air around it, then it will stop rising
because its density will be greater than the surroundings. An atmosphere in which air
tends to remain at the one level, or to sink, is called a stable atmosphere.

Characteristics of stable air are:

o the formation of stratiform clouds (layer-type) with little vertical development and

steady, if any, precipitation;

« poor visibility if there are any obscuring particles; and

« possibly smooth flying conditions with little or no turbulence.

Unstable air
could form cumulus
or cumulonimbus Stable air

could form lenticularis,
stratus or stratocumulus

-~ 0~ e~

Figure 15-3 Cumuliform clouds form in unstable conditions;
stratiform clouds form in stable conditions.

The rate of temperature change as altitude is gained in the surrounding atmosphere
(that is, in the air that is not rising) is called the environmental lapse rate (ELR), the
ambient lapse rate or the actual lapse rate. Its relationship to DALR and SALR is the
main factor in determining the levels of the bases and tops of the clouds that form. A
great decrease in ambient air temperature with altitude (that is, a high ELR) encourages
warm air to keep rising (that is, an unstable situation) and form clouds of great vertical
development. A lesser ELR may indicate a stable situation. The actual environmental
lapse rate varies from time-to-time and from place-to-place.

Clouds Formed by Convection Due To Heating

Cold air moving over or lying over a warm surface will be warmed from below, and
so become less stable. It will tend to rise, causing turbulence and good visibility. If the
air is moist and unstable, cuamuliform clouds will develop as the air ascends and cools
adiabatically to its dewpoint temperature.

The ascending unsaturated air will cool at the dry adiabatic lapse rate of 3°C/1,000
feet. The closer the air temperature is to the dewpoint, the lesser height it has to rise
before condensing to form clouds. The dewpoint decreases at about 0.5°C/1,000 feet,
which means that the air temperature/dewpoint spread will decrease at approximately
2.5°C/1,000 feet in rising unstable air.

The type of cloud
which forms depends
on stability of the air.

The stability in the
atmosphere depends
on the ambient lapse
rate.
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For working in degrees Fahrenheit, the DALR for unsaturated air is 5.4°F and the
dewpoint lapse rate is approximately 1°F, so they converge at approximately 4.4°F/1,000
feet (which is the same as 2.5°C/1,000 feet).

air temperature — dewpoint
4.4°F (or 2.5°C)

Cloud base in thousands of feet =

If the temperature at a given level is 17°C and the dewpoint is 12°C—a temperature/
dewpoint spread of 5°C, then as the air rises this spread will decrease by approximately
2.5°C/1,000 feet. The temperature and dewpoint will have the same value at an altitude
approximately (%25 = 2) 2,000 feet higher.

The cloud base of the air in the above example will form at a level 2,000 feet higher
than the given level, and if the air is still unstable, it will continue to rise and form a
cumuliform cloud. Because the air is now saturated, latent heat will be given off as more
water vapor condenses into liquid water droplets. This reduces the rate at which the rising
saturated air cools to the saturated adiabatic lapse rate of approximately 1.5°C/1,000 feet.

ELR
5000 ft —— +7°C
4000 ft —— +8°C — +8°C
o %
SALR 1.5C/1000 ft &
T N
3000 ft —— +9°C +9.5°C
2000 ft +10°C — - g +11°C Dewpoint
Hot air rises and cools
1000 ft +11°C W R R R
Jf.-14 c z ] Air temp. 17°C
DALR 3°C/1000 ft Dewpoint 12°C
+12°C Little immediate
r r r 1 heating of ocean
U AN
Little heating of Strong heating of
forested area open land area

Figure 15-4
The temperature processes involved in the formation of a cumulus cloud.

Example 15-1

What is the approximate base MSL of clouds if the temperature at 3,000 feet MSL is 68°F
and the dewpoint is 46°F?

. 68 - 46 22
Cloud base in thousands of feet = 44 " 44" 5
therefore the cloud base MSL = 3,000 ft MSL + 5,000 ft
= 8,000 ft MSL
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Clouds Formed by Orographic Uplift

Air flowing over mountains rises and is cooled adiabatically. If it cools to below its
dewpoint temperature, then the water vapor will condense and clouds will form.

Descending on the other side of the mountains, however, the airflow will warm adia-
batically and, once its temperature exceeds the dewpoint for that parcel of air, the water
vapor will no longer condense. The liquid water drops will now start to vaporize, and the
clouds will cease to exist below this level.

The altitude at which the cloud base forms depends on the moisture content of the
parcel of air and its dewpoint. The cloud base may be below the mountain tops, or well
above them, depending on the situation. Having started to form, the clouds may sit low
over the mountain as stratiform clouds (in stable air), or (if the air is unstable) may rise
to high levels as cumulus clouds.

Unstable air
could form cumulus

Stable air or cumulonimbus

could form lenticularis,
stratus or stratocumulus

lan o g
Figure 15-5 Orographic uplift can lead to cloud formation.

An almond or lens-shaped cloud that forms as a cap over a mountain is known as a
lenticular cloud. It will remain more or less stationary while the air flows through it,
possibly at speeds of 50 knots or more. Mount Shasta in northern California invariably
has a lenticular cap cloud.

Sometimes, when an airstream flows over a mountain range and there is a stable
layer of air above, standing waves occur. Clouds may form in the crest of the lee waves,
and a rotor or roll cloud may form at a low altitude. The presence of standing lenticular
altocumulus clouds is a good indicator that strong turbulence exists.

Mountain waves

/—r/f,-——‘

Strong downdrafts
Rotor cloud

>~/ y
Danger

< S

Figure 15-6 Lenticular cloud cap (left), and mountain waves.
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The F6hn (or Chinook) Wind Effect. If the air rising up a mountain range is moist
enough to have a high dewpoint temperature and is cooled down to it before reaching
the top of the mountain, then cloud will form on the windward side. If any precipitation
occurs, moisture will be removed from the airflow and, as it descends on the lee side of
the mountain, it will therefore be drier. The dewpoint temperature will be less and so the
cloud base will be higher on the lee side of the mountain.

Cloud forms on windward Less moist air

side of mountain (due to loss of
moisture through
————————————— precipitation) has |
~ | alower dewpoint

4000t ——————— ,4"— . > _______

3000ftf77ffj‘ @ 777777777 7777?%@;
2000 ft — — — — — \ «'r Dewpoint 6C | — \ wind on

for this moist air

1000 ft — = S e — 120 .
- Precipitation
removes moisture

Figure 15-7 The F6hn wind effect.

As the dry air beneath the cloud descends, it will warm at the dry adiabatic lapse rate
of 3°C/1,000 feet, which is at a greater rate than the rising air cooled inside the cloud
(saturated adiabatic lapse rate: 1.5°C/1,000 feet). The result is a warmer and drier wind
on the lee side of the mountains. This very noticeable effect is seen in many parts of
the world, for example the fohn (pronounced “fern”) wind in Switzerland and southern
Germany, from which this effect gets its name, the chinook wind which blows down the
eastern slope of the Rocky Mountains, and the Santa Ana wind which blows from the
east or northeast in southern California.

Clouds Formed by Turbulence and Mixing

As air flows over the surface of the earth, frictional effects cause variations in local wind
strength and direction. Eddies are set up which cause the lower levels of air to mix—the
stronger the wind and the rougher the earth’s surface, the larger the eddies and the
stronger the mixing. The air in the rising currents will cool and, if the turbulence extends

e — == i
e — ..
——————— o ——
Prevailing N
wind
direction

Figure 15-8 Formation of turbulence clouds.
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to a sufficient height, it may cool to the dewpoint temperature, water vapor will condense
to form liquid water droplets and clouds will form.

The descending air currents in the turbulent cloud layer will warm and, if the air’s
dewpoint temperature is exceeded, the liquid water droplets that make up the clouds
will return to the water vapor state. The air will dry out and clouds will not exist below
this altitude. With turbulent mixing, stratiform clouds may form over quite a large area,
possibly with an undulating base. They may be continuous stratus or broken stratocu-
mulus.

Clouds Formed by Widespread Ascent

When two large masses of air of differing temperatures meet, the warmer and less dense
air will flow over (or be undercut by) the cooler air. As the warmer air mass is forced aloft
it will cool and, if the dewpoint temperature is reached, clouds will form. The boundary
layer between two air masses is called a front.

Widespread lifting can also result from latitudinal pinching of an air mass as it moves
to higher latitudes and has to crowd into a smaller area.

Ci xliiihs
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Figure 15-9 Cloud formation resulting from widespread ascent.

Precipitation from Clouds

Precipitation refers to falling water that finally reaches the ground, including:

o rain consisting of liquid water drops;

o drizzle consisting of fine water droplets;

« snow consisting of branched and star-shaped ice crystals;

o hail consisting of small balls of ice;

e freezing rain or drizzle—liquid drops or droplets which freeze
on contact with a cold surface (such as the ground or an
aircraft in flight); and

o dew, frost or ice.

Clouds can be formed
by the widespread
ascent of an air mass.

Intermittent or continuous precipitation (which often starts and
finishes gradually, perhaps over a long period) is usually associated
with stratiform clouds—for example, fine drizzle or snow from
stratus and stratocumulus, heavy continuous rain or snow from
nimbostratus, and steady rain from altostratus.

Figure 15-10
Nonshowery (steady) precipitation falls from
stratiform clouds.
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Rain or snow showers are associated with cumuliform clouds, and very heavy rain
may fall from cumulonimbus storm clouds. The strong updrafts in these clouds carry
the water droplets up to cooler levels where the condensation process continues and the
drops grow in size and weight before they fall.
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Figure 15-11 Rain showers fall from cumuliform clouds.

It is possible to use precipitation as a means of identifying the cloud type—rain or
snow showers generally fall from cumuliform clouds, and nonshowery precipitation such
as steady rain, light snow or drizzle falls from stratiform clouds, mainly altostratus and
nimbostratus.

For precipitation reported to be of light or greater intensity, the cloud will usually have
to be at least 4,000 feet thick.

Rain (and snow) that falls from the base of clouds but evaporates before reaching the
ground (hence is not really precipitation) is called virga. This can occur in areas of low
humidity, often over deserts. One extremely important consequence of virga is that the
evaporation of the rain absorbs latent heat from the air, creating a very cool and invisible
parcel of air that may sink, or even plummet, quite rapidly toward the ground. This can
sometimes result in a microburst or downburst, which are forms of downflow, usually
beneath thunderstorms, that have brought many aircraft to grief.

Sometimes the only indications of a microburst are high-level virga and a ring of dust
blown up on the ground. Examine the microburst sequence which is included in the color
section in this chapter. Microbursts are covered later in this chapter.
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Figure 15-12 Virga.
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THUNDERSTORMS

A thunderstorm is one or more cumulonimbus clouds accompanied by sudden electrical
discharges known as lightning, which cause a sharp rumbling sound known as thunder.
Thunderstorms generate spectacular weather which may be accompanied by lightning,
thunder, heavy rain showers, and sometimes hail, squalls and tornados.

Thunderstorms are only associated with cumulonimbus clouds, and there may be
several thunderstorm cells within the one cloud mass. Thunderstorms constitute a severe
hazard to the aviator and must be avoided.

Lightning and Thunder

Lightning is simply a discharge of static electricity that has built up in the cloud. The air
along the path that the lightning follows experiences intense heating, causing it to expand
violently. The speed of this “expansion” is faster than the local speed of sound, which
produces the familiar clap of thunder. By definition, all thunderstorms have lightning—
since it is the lightning which causes the thunder.

Conditions Necessary for Thunderstorm Development

Three conditions are necessary for a thunderstorm to develop, and they are:

o deep instability in the atmosphere, so that once the air starts to rise it will continue
to rise (for example, a steep unstable lapse rate with warm air in the lower levels of
the atmosphere and cold air in the upper levels);

o a high moisture content, so that clouds can readily form; and

o atrigger action (or catalyst or lifting force) to start the air rising, possibly caused by:
- afront forcing the air aloft;

- amountain or other terrain forcing the air aloft (orographic ascent);

- convective ascent from strong heating of air in contact with the surface;

- heating of the lower layers of a cold polar air mass as it moves by advection to
warmer latitudes, causing convective ascent and known as a cold stream thun-
derstorm;

- advection of upper cold air over warm air beneath, which will then rise;

- less-dense moist air (for example, from the Gulf of Mexico) moving up and over
drier and denser continental air; or

- cooling of the tops of large clouds at night by radiation which will cause the lower
warmer air to rise (for example, thunderstorms in tropical areas at night or in
the early mornings).

The Life Cycle of a Thunderstorm
The Cumulus Stage

When moist air rises, it is cooled until its dewpoint temperature is reached. Then the
water vapor starts to condense out as liquid droplets, forming clouds. Latent heat is given
off in the condensation process, and so the rising air cools at a lesser rate, with the release
of large amounts of latent heat energy driving along the formation of the storm cloud.
At this early cumulus stage in the formation of a thunderstorm, there are strong, warm
updrafts over a diameter of one or two miles, with no significant downdrafts.

For a thunderstorm to
develop there must
be deep instability,
high moisture content
and a trigger action.
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The cumulus stage in the development of a
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Figure 15-14
The mature stage of a thunderstorm.

Air is drawn horizontally into the cell at all levels and causes
the updraft to become stronger with altitude. The temperature
inside the cloud is higher than the outside environment (because
of the release of latent heat during the condensation), and the cloud
continues to build to greater and greater heights. This growth
often occurs at such a rate that an airplane cannot out-climb the
growing cloud.

The strong, warm updrafts carry the water droplets higher and
higher, to levels often much higher than the freezing level, where
they may freeze or continue to exist as liquid water droplets in a
supercooled state. Water condensation occurs, and the liquid drop-
lets coalesce to form larger and larger drops. The cumulus stage as
a thunderstorm forms typically lasts 10 to 20 minutes and is char-
acterized by continuous updrafts. If the cumulus cloud develops
into a towering cumulus 25,000 feet high in only 10 minutes, then
the average updraft strength exceeds 2,000 FPM.

The Mature Stage

The water drops eventually become too large and too heavy to be
supported by the updrafts, even though the updrafts may be in
excess of 6,000 FPM, and so start to fall. As the drops fall in great
numbers inside the cloud, they drag air along with them causing
strong downdrafts. Often the first lightning flashes and the first
rain from the cloud base will occur at this stage. Rain commencing
to fall from the base of a cumulonimbus cloud to the surface is an
indication that the thunderstorm has entered the mature stage,
and it is in this stage that the thunderstorm reaches its greatest
intensity. The descending air warms adiabatically, but the cold
drops of water slow down the rate at which this occurs, resulting
in cool downdrafts in contrast to the warm updrafts which are also
present. Heavy rain or hail may fall from the base of the cloud at
this stage; falls are generally heaviest for the first five minutes. The
strong wind currents associated with the thunderstorm may throw
hailstones well out from the core of the storm, possibly several
miles, where they may fall in clear air.

The top of a mature storm cloud may reach as far up as the
tropopause, which is perhaps 30,000 feet MSL in temperate lati-
tudes and 50,000 feet MSL in the tropics. The storm cloud may
now have the typical shape of a cumulonimbus, with the top
spreading out in an anvil shape in the direction that the upper
winds are blowing. Extremely large cumulonimbus with strong
vertical development can sometimes push through the tropopause
and into the stratosphere. Over the Midwestern plains, some thun-
derstorms reach well over 50,000 feet MSL.

The violent updrafts and downdrafts (which are very close to
each other in a mature thunderstorm) cause extremely strong
windshear and turbulence, which can result in structural failure
of the airframe. The rapidly changing direction from which the
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airflow strikes the wings could also cause a stall, so intentionally flying into a mature
cumulonimbus cloud is very foolhardy. As the cold downdrafts flow out of the base of
the cloud at a great rate, they change direction and begin to flow horizontally as the
ground is approached. Strong windshear and turbulence occur—causing the demise of
many aircraft, large and small.

The outflowing cold air will undercut the inflowing warmer air and, like a mini cold
front, a gusty wind and a sudden drop in temperature may precede the actual storm.

Squalls may occur at the surface—a squall is defined as a sudden increase in wind speed
of at least 15 knots that lasts more than one minute, with a peak of at least 20 knots. A
gust is less dramatic than a squall and is defined as a brief increase in wind speed of at
least 10 knots. A roll cloud may also develop at the base of the main cloud where the cold
downdrafts and warm updrafts pass, indicating possible extreme turbulence.

The mature stage of a thunderstorm typically lasts between 20 and 40 minutes, and is
characterized by updrafts and downdrafts, and by precipitation. There is so much water
falling through the cloud toward the end of the mature stage that it starts to wash out
the updrafts.

The Dissipating Stage

The cold downdrafts gradually cause the warm updrafts to weaken, thereby reducing the
supply of warm, moist air to the upper levels of the cloud. The cool downdrafts continue
(since they are colder than the ambient air surrounding the cloud) and spread out over the
whole cloud, which starts to collapse from above. The dissipating stage of a thunderstorm
is characterized by downdrafts only. Eventually the temperature inside the cloud warms
to reach that of the environment, and what was once a towering cumulonimbus cloud
may collapse into stratiform cloud.

Severe Thunderstorms

Sometimes severe thunderstorms develop; these contain more than one storm cell, and
have a prolonged mature stage of updrafts and downdrafts, with very strong windshears
resulting. The cells within the one large storm may be at different stages in their life cycle.
Strong winds aloft may cause the updrafts to slope. The rain and resulting downdrafts
will be well-separated from the sloping updrafts, and so will not affect the updrafts and
the moisture they are carrying up to the upper levels of the clouds. This can lead to the
development of very large cumulonimbus clouds and supercell thunderstorms.

The strong downdrafts, on approaching the ground, tend to spread out in all direc-
tions, with the forward edge in front of the cloud forming a gust front. As the gust front
advances, air is forced aloft and new storm cells can form.

Embedded Thunderstorms

Sometimes cumulonimbus clouds are embedded in a general cloud layer and, unlike many
isolated and scattered thunderstorms, may not be detected by a pilot flying visually below
the clouds or by an instrument-rated pilot flying without weather radar.

The presence of embedded thunderstorms might be indicated to a pilot flying visu-
ally beneath the cloud base by heavy rain showers. In general, however, you should not
fly into or under a cloud mass containing embedded thunderstorms unless you have
thunderstorm detection equipment.

) — 2

\H:

Downdrafts

| ‘ on|yl \

Figure 15-15
Thunderstorm
dissipating.
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Figure 15-16 Embedded thunderstorms can be a hazard to aviation.

Squall Lines

The most severe flying conditions, such as heavy hail and destructive winds, may be
produced in a squall line, which is a nonfrontal band of very active thunderstorms,
possibly in a long line that requires a large detour to fly around. This line of thunderstorms
(sometimes more than one line) can form in the relatively warm air ahead of a cold front,
and can be quite fast moving. A squall line may contain a number of severe steady-state
thunderstorms, destructive winds, heavy hail, and tornados. It can present a most intense
hazard to aircraft.

Icing

The most critical icing levels for airplanes inside a cumulonimbus cloud is from the
freezing level (0°C) up to an altitude where the temperature is -15°C, the range where
it is most likely to encounter supercooled water drops (freezing rain). If possible, avoid
this temperature band inside clouds. However, liquid water has been observed in thun-
derstorms at temperatures as low as -40°C. Thus no level in a thunderstorm above the
freezing level can be safely considered to be icing free.

Hailstones

Large hailstones often form inside cumulonimbus clouds as water adheres to already
formed hailstones and then freezes, leading to even larger hailstones. In certain condi-
tions hailstones can grow to the size of an orange. Heavy hail can damage the skin of an
airplane and damage its windshield. Almost all cumulonimbus clouds contain hail, with
most of it melting before reaching the ground where it falls as rain. Strong air currents
can sometimes throw hailstones out of the storm for a distance of several miles. On cold
days, with freezing level at or near ground level, hail will fall from the cloud and reach
the ground before melting.

Lightning Strikes

Lightning strikes can cause damage to electrical equipment in the airplane and to the
airplane skin and antennas. It can also temporarily blind pilots, especially if flying at
night in a darkened cockpit with their eyes adjusted to the darkness. A good precau-
tion against this is to turn up the cockpit lights when in the vicinity of thunderstorms.
Lightning strikes seem to be most likely when flying in or near to cumulonimbus clouds
at altitudes near the freezing level (plus or minus 5°C—that is, within about 2,500 feet
of the freezing level).
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Turbulence

Turbulence in the vicinity of a thunderstorm that causes large changes in attitude, altitude
and airspeed, with the aircraft occasionally out of control for a moment, and causing you \
to experience severe pulling from the seat belt for about three quarters of the time, would
be described as continuous severe turbulence.

Downbursts and Microbursts
Strong downdrafts that spread out near the ground are known as downbursts. A very
strong downburst not exceeding two nautical miles in diameter is called a microburst.
Most aircraft do not have the performance capability or the structural strength to combat
the extremely strong downdrafts, turbulence and windshear in downbursts and micro-
bursts, and can be destroyed. Avoid downbursts and microbursts at all costs. Downbursts
and microbursts are mainly associated with cumulonimbus (thunderstorm) clouds, but 4 \
they may also occur with smaller clouds, such as cumulus, or with clouds from which ‘
virga is falling. W
Virga is rain that falls from high clouds and evaporates before it reaches the surface.
In the process of evaporating, latent heat is absorbed from the surrounding air and a cold
parcel of air is formed beneath the cloud; this may plummet earthward as a downburst
or a microburst. It can sometimes be detected by eye as a ring of dust blown up where
the microburst hits the ground and spreads out, or by sudden reversals of direction on Midair microburst
a windsock. In extreme cases, microbursts have been known to blow hundreds of trees
down in a radial pattern, and to blow trains off the rails. Microbursts and downbursts
may appear very suddenly and may or may not last very long. A typical life cycle lasts =
about 15 minutes from when the very strong shaft of downdrafts first strikes the ground. R
The wind spreads out horizontally in all directions, usually with the horizontal winds
increasing in strength for the first 5 minutes and peak wind strength lasting 2—4 minutes.
Even though one airplane might make an approach satisfactorily underneath a large
recipitation
cloud, a following aircraft may not. There are a number of accidents to illustrate this. (virga)

Always be on the lookout for large clouds with a bulging undersurface, for virga, or for
any other indication of downbursts or microbursts.

i\ Precipitation

Wet, surface microburst

Dry, surface microburst
Note. Operational factors relating to thunderstorms and microbursts are covered in Figure 15-17

chapter 17. Some types of
microbursts.

Tornados and Water Spouts

o A strongly growing large cumuliform cloud may “suck” air into
X ¢ itas an updraft. These strong updrafts may commence from just
I | ‘ E - beneath the base of the cloud, or they may commence well below
= the cloud base from near the ground, from where they may raise
| objects or, if over a water surface, cause a water spout.
> Tornados and water spouts are rotating funnels of air of small
> diameter. The central pressure will be much lower than in the
surrounding air, creating a vortex of wind with speeds possibl
S\ nding 8 peeds possibly
— exceeding 150 knots.
—~—
\
Figure 15-18
A tornado.
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LIFTED INDEX

The lifted index of a parcel of air is a measure of its stability. The lifted index is calculated
by:

a. theoretically lifting the parcel of air from the surface to the 500-millibar pres-
sure level, and calculating its temperature based on cooling adiabatically by
expansion; then

b. subtracting this calculated value from the actual temperature of the air already
at the 500 millibar pressure level.

theoretical temperature
at 500 mb level if the
surface air is raised

air temperature

Lifted index = 500 mb level

If the “lifted” parcel of air has a temperature less than that existing in the actual air
at the 500 mb pressure level, then the parcel would have no tendency to keep rising, and
the lifted index would have a positive value—a positive lifted index indicates stable air.

If the lifted air is warmer than the environmental air, then it will tend to keep on
rising, and the lifted index would have a negative value—a negative lifted index indicates
unstable air.

Actual
temperature

Warmer

r Cooler 1 *

Actual Actual
temperature temperature
Adiabatic

cooling

Positive lifted index

Figure 15-19 Positive lifted index.

T

Adiabatic
cooling

Negative lifted index

Figure 15-20 Negative lifted index.
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HIGH-LEVEL CLOUDS
Cirrus (Ci)

Cirrus clouds are detached clouds in the form of white,
delicate filaments, or white or mostly white patches or
narrow bands. These clouds have a fibrous appearance,
or a silky sheen, or both. Their formation processes
consist of widespread lifting, and they are composed of
ice crystals.

Figure 15-21 Fibrous cirrus.

Figure 15-22 Dense cirrus with a silky sheen. Figure 15-23 Cirrus with hooks caused by jet stream wind.

Cirrostratus (Cs)

Cirrostratus clouds are transparent, having a whitish
cloud veil of fibrous or smooth appearance which
totally or partly covers the sky, generally producing halo
phenomena. They are formed by widespread lifting and
are composed of ice crystals.

Figure 15-24 Cirrostratus—halo is visible.
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Cirrocumulus (Cc)

Cirrocumulus clouds are thin, with a white layer, sheet or patch of cloud without shading
composed of very small elements in the form of grains, ripples, etc., merged or separate,
and more or less regularly arranged. Most of the elements have an apparent width of
less than one degree. They are formed through turbulence or perturbations in cirrus or
cirrostratus clouds and are composed of ice crystals.

Figure 15-25 Cirrocumulus in grains—note halo to the Figure 15-26
left, indicating presence of ice crystals. Cirrocumulus formed in ripples.

MIDDLE-LEVEL CLOUDS
Altostratus (As)

Altostratus clouds are a greyish or bluish cloud sheet or layer of striated, fibrous or
uniform appearance, totally or partly covering the sky and having parts thin enough to
reveal the sun at least vaguely, as if through ground glass. Altostratus does not show halo
phenomena. They are formed through widespread lifting and may contain supercooled
water droplets if not glaciated.

Figure 15-27 Figure 15-28
Thin altostratus—sun visible as through ground glass. Thick, opaque altostratus—bluish grey, giving light rain.
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Altocumulus (Ac)

Altocumulus clouds are white or grey, or both white and grey, patches, sheets or layers of
cloud, generally with shading—composed of laminae, rounded masses, rolls, etc.—which
are sometimes partly fibrous or diffuse and which may or may not be merged. Most of
the regularly arranged small elements usually have an apparent width of between one
and five degrees. They are formed through turbulence perturbations, thermal convection,
orographic lifting, and the spreading of cumulus clouds. They often contain supercooled
water droplets.

Figure 15-29 Broken layer of altocumulus— Figure 15-30 Sheet of altocumulus in rolls—
in rounded elements, formed by turbulence. formed in the shear between wind layers.

Figure 15-31 Figure 15-32
Lenticular (lens-shaped) altocumulus—formed in the crest Altocumulus resulting from the spreading out of
of mountain waves; expect strong turbulence. cumulus tops under a stable layer.
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Figure 15-33 Altocumulus floccus—Ac in the form of Figure 15-34 Altocumulus castellanus—
“wool tufts.” Both Ac castellanus and Ac floccus indicate “castles in the air.”
instability and moisture in the middle troposphere, with the
possibility of thunderstorms forming.

LOW-LEVEL CLOUDS

Stratocumulus (Sc)

Stratocumulus clouds are grey or whitish, or both grey and whitish patches, sheets or
layers of cloud, which almost always have dark parts composed of tessellations, rounded
masses, rolls, etc., and are non-fibrous (except for virga), and which may or may not be
merged. Most of the regularly arranged small elements have an apparent width of more
than five degrees. They are formed through turbulence perturbations, orographic lifting
and the spreading of cumulus clouds. They are generally composed of water droplets and
may be supercooled above the freezing level.

Figure 15-35 Stratocumulus in a continuous layer, base Figure 15-36 Stratocumulus in a broken layer, base around
around 2,000 ft AGL. 4,000 ft AGL.
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Stratus (St)

Stratus clouds generally comprise a grey cloud layer
with a fairly uniform base, which may give drizzle, ice
prisms or snow grains. When the sun is visible through
the cloud, its outline is clearly discernible. Stratus does
not show halo phenomena, except possibly at very low
temperatures. Sometimes stratus appears in the form
of ragged patches. These clouds are formed through
radiation cooling coupled with turbulence and through
orographic lifting. They are composed of water droplets
at above-freezing temperatures and may be supercooled
or glaciated above the freezing level.

Figure 15-37 Broken stratus (stratus fractus) formed by
the breaking up of a stratus layer.

Figure 15-38
stratus with a low base.

Nimbostratus (Ns)

Nimbostratus clouds comprise a grey cloud layer, often
dark, and their appearance is rendered diffuse by more
or less continuously falling rain or snow, which in most
cases reaches the ground. They are thick enough to
blot out the sun. They are formed through widespread
lifting and are composed of water drops and droplets.
They may be supercooled above the freezing level, but
if snowing are generally glaciated.

Figure 15-39 Edge of stratus sheet,
base around 300 ft AGL (altostratus above).

Figure 15-40 Nimbostratus.
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Cumulus (Cu)

Cumulus clouds are detached clouds, generally dense and with sharp outlines, developing
vertically in the form of rising mounds, domes or towers, of which the bulging upper part
often resembles a cauliflower. The sunlit parts of these clouds are a most brilliant white.
Their base is relatively dark and nearly horizontal. Sometimes cumulus is ragged. They
are formed through thermal convection and are composed of water drops and droplets,
and are often supercooled above the freezing level.

Figure 15-41 Cumulus of medium development. Figure 15-42 Congested towering cumulus.

Cumulonimbus (Cb)

Cumulonimbus clouds are heavy and dense with a considerable vertical extent in the form
of a mountain or huge towers. At least part of their upper portion is usually smooth, or
fibrous or striated, and nearly always flattened. This part often spreads out in the shape
of an anvil or vast plume. These clouds are formed through extreme thermal convection.
They are composed of water drops and droplets below the freezing level, supercooled
water drops and droplets above the freezing level and ice crystals at the top.

Figure 15-43 Cumulonimbus cloud in the early mature Figure 15-44
stage, starting to flatten at the top. Line of cold-stream thunderstorms.
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Figure 15-45 Figure 15-46
Classic, fully developed thunderstorm. Mature Cb cloud, entering dissipating stage.

Figure 15-47 A heavy rain shower from a storm cell within Figure 15-48
a cumulonimbus cloud accompanying a cold front. Lightning from an evening thunderstorm.
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Figure 15-49
Tornadoes—to be avoided!

FRONTAL ACTIVITY

Figure 15-50 Weather associated with passage of a cold front.
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CLOUDS FORMED BY OROGRAPHIC LIFTING

Figure 15-51 Figure 15-52
Clouds formed by broad lifting of moist, stable air. Stationary caps on the peaks.

INVERSION EFFECTS

Figure 15-53 Sign of an Inversion in the early morning.
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MICROBURSTS

Figure 15-54 Photo sequence showing the development of a potentially destructive microburst.

Figure 15-55 A Wet microburst emanating from the base of a
cumulonimbus cloud.
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SUMMARY OF CLOUD TYPES

Cloud Type Definition ;:);(r;r;ast:;r; Composition
Detached clouds in the form of white, delicate
Cirrus filaments, or white or mostly white patches or . -
(Ci) narrow bands. These clouds have a fibrous (hair- Widespread lifting. | Ice crystals.
S like) appearance, or a silky sheen, or both.
8 Cirrostratus Transparent, whitish cloud veil of fibrous (hair-like) . -
T | (Cs) or smooth appearance, to.taIIy or partly covering the | Widespread lifting. | Ice crystals.
3 sky, and generally producing a halo phenomenon.
__él Thin, white layer, sheet or patch of cloud without
=) c ?hadinfg, composecli of very small e(;ements in the Turbulence or
e irrocumulus orm of grains, ripples, etc., merged or separate, : S
(Ce) and more or less regularly arranged. Most of the gtregtérbatlons in Ci Ice crystals.
elements have an apparent wid th of less than one '
degree.
Greyish or bluish cloud sheet or layer of striated,
T | Altostratus fibroug or uniform appearance, totally or partly . - Supercooled water
3 (As) covering the sky, and having parts thin enough to Widespread lifting. | droplets predominate
o reveal the sun at least vaguely, as if through ground unless glaciated.
% glass. Altostratus does not show halo phenomena.
2 White or grey, or both white and grey patch, sheet
< or layer of cloud, generally with shading, composed | Turbulence
g Altocumulus of laminae, rounded masses, rolls, etc., which are perturbations, Often contain
5 (Ac) sometimes partly fibrous or diffuse, and which thermal convection, | supercooled water
% may or may not be merged. Most of the regularly orographic lifting, droplets.
arranged small elements usually have an apparent | spreading of Cu.
width of between one and five degrees.
Grey cloud layer, often dark, the appearance Water drops and
Nimbostratus of which is rendgred d.iffuse by more or I_ess . - droplets; may contain
(Ns) continuously falling rain or snow, which in most Widespread lifting. | supercooled drops
cases reaches the ground. It is thick enough to blot and droplets above
out the sun. the freezing level.
Grey or whitish, or both grey and whitish, patch,
sheet or layer of cloud which almpst always has Turbulence Water droplets. May
Stratocumulus dark parts <|:|omqosedhgfkt]essellatlofns, rour(lded tf perturbations be supercooled
masses, rolls, etc., which are non-fibrous (except for g .
(Se) virga), and which may or may not be merged. Most orogr%pmc I][ft(':ng’ ?boYe the freezing
of the regularly arranged small elements have an spreading ot Lu. evel.
apparent width of more than five degrees.
Generally grey cloud layer with a fairly uniform
o 4 - . : . Water drops and
=] base, which may give drizzle, ice prisms or snow . .
8 Stratus grains. When the sun is visible through the cloud, ?:Sg?égr\},ﬁﬁolmg ﬂ;oepilier:; llzcilgl\./vr;t;e
3 | (SY its outline is clearly discernible. Stratus does not turbulence be supercooléd 03’
> show halo phenomena, except possibly at very low oroara hic’Iiftin laciated above the
a temperatures. Sometimes stratus appears in the grap 9- f%ee ing level
= form of ragged patches. zing level.
o
| Detached clouds, generally dense and with sharp
outlines, developing vertically in the form of rising \é\:gﬁggrngoevnﬁqe
Cumulus mounds, domes or towers, of whiqh the bulging _ _ freezing level; may
(Cu) upper part often resembles a cauliflower. The sunlit | Thermal convection. be supercooléd or
parts of these clouds are a most brilliant white. laciated above the
Their base is relatively dark and nearly horizontal. f%eezin level
Sometimes cumulus is ragged. 9 )
Heavy and dense cloud, with a considerable vertical \é\:gtelétdsrgglsosvnd
extent, in the form of a mountain or huge towers. At theFf)reezin level:
Cumulonimbus least part of its upper portion is usually smooth, or | Extreme thermal su ercoolegd watér
(Cb) fibrous or striated, and nearly always flattened. This | convection. drg s and droplets
part often spreads out in the shape of an anvil or b P f rop .
vast plume. above freezing level;
ice crystals at the top.
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COMPUTERIZED WEATHER DISPLAYS

Throughout the United States and many other parts of the world, weather presentations
are becoming increasingly sophisticated and useful, thanks to the advent of high-quality
data from weather satellites and the use of computer-enhancement techniques.

Figure 15-56 Example of NOAA Aviation Weather Overview with satellite, visible fog,
and radar imagery overlay.
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REVIEW 15

Clouds and Thunderstorms

Clouds

1.
2.

10.

11.
12.

13.

14.

15.

16.

When do clouds, fog, or dew form?

Clouds are divided into four families. What are
these divisions based on?

. Name the four families of clouds.

. What are clouds with a base below approximately

6,500 feet known as?

. What do the suffix “-nimbus” and the prefix

“nimbo-" mean?

. Clouds broken into fragments are often identified

by which suffix?

What are the processes by which moisture is
added to unsaturated air?

What is evaporation?
What is sublimation?

What does the amount of water vapor that air can
hold largely depend on?

What is meant by the term dewpoint?

If air in contact with the ground cools to its
dewpoint temperature, which is above freezing,
the excess water vapor will condense. What will
be formed?

Describe the conditions necessary for frost to
form.

What sort of conditions are associated with
stratiform cloud?

Convective turbulence is indicated by which
cloud type?

Give the following (°C/feet):

a. dry adiabatic lapse rate.

b. saturated adiabatic lapse rate.

c. ambient lapse rate in the standard atmosphere
for air that is not rising or sinking.

17. If a stable airmass is forced to ascend a mountain
slope, what type of cloud is most likely to develop?

18. If an unstable air mass is forced upward, what
type of clouds can be expected?

19. There is an unstable cold air mass moving over a
warm surface.
a. What type of cloud can this give rise to?
b. What will the flying conditions be like?
c. What sort of visibility can be expected?

20. What are high-level clouds mainly composed of?
21. Which clouds have the greatest turbulence?
22. How do flying conditions above fair weather

cumulus clouds compare to conditions below
them?

23. What are the features of lenticular cloud?
24. What is virga?

25. Will evaporating rain cause the air temperature
to increase?

26. Are strong downdrafts possible beneath virga?
27. What is a microburst?

28. On average, temperature and dewpoint in rising
unsaturated air converge by how many degrees
for each 1,000 feet of height gained? (Give your
answer in both °C and °F.)

29. What is the approximate cloud base of cumulus
clouds if the temperature at 1,000 feet MSL is 70°F
and the dewpoint is 48°F?

30. The surface air temperature at an airport is 82°F
and the dewpoint is 38°F.
a. What is the cloud base AGL if the air is unstable
and convective cumuliform cloud develops?
b. If the airport has an elevation 1,500 feet MSL,
what is the approximate cloud base MSL?
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Thunderstorms
31.

32.
33.

34.
35.
36.

37.

38.

39.
40.

41.

Thunderstorms are associated with which cloud
type?
Do all thunderstorms have lightning?

What three conditions are necessary for the
formation of thunderstorms?

What is meant by the term “unstable lapse rate?”
Name the three stages of a typical thunderstorm.

What is the main characteristic of each of the
following stages of a thunderstorm?

a. The cumulus stage.

b. The mature stage.

c. The dissipating stage.

Rain is falling from the base of a storm cloud.
What does this indicate?

During which stage do thunderstorms reach their
greatest intensity?

What are embedded thunderstorms?

The most hazardous flying conditions associated
with a thunderstorm are due to which of the
following:

a. lightening.

b. static electricity.

c. windshear.

d. turbulence.

e. hail.

f. reduced visibility.

What is a squall line?

Commercial Review

42.

43.

44.

As the temperature/dewpoint spread reduces,
what happens to the relative humidity?

What is the approximate base of cumulus clouds
if the temperature at 2,000 feet MSL is 70°F and
the dewpoint is 52°F?

What height AGL would you expect the bases of
convective-type cumuliform cloud to form if the

METAR for the airport indicates temperature
89°F and dewpoint 45°F?

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

What is an unstable parcel of air?

What determines the structure or type of clouds
formed as a result of air being forced to ascend?

What sort of air does a negative lifted index indi-
cate?

When conditionally unstable air with high-mois-
ture content and very warm surface temperature
is forecast, one can expect what type of weather?

Hail is most likely to be associated with which
cloud type?

Which combination of weather-producing vari-
ables would likely result in cumuliform-type
clouds, good visibility, and showery rain?

How does airborne weather radar identify areas
of possible turbulence?

If airborne weather radar is indicating an
extremely intense thunderstorm echo, this thun-
derstorm should be avoided by a distance of at
least:

a. 20 miles.

b. 25 miles.

¢. 30 miles.

Two storms are causing intense weather radar
echoes. What is the minimum distance that
should exist between these two storms before any
attempt is made to fly between them? Explain the
reason for this minimum distance.

If there are no echoes showing on an airborne
weather radarscope, are you guaranteed that
good flying conditions exist?

The formation of predominantly stratiform or
predominantly cumuliform clouds is dependent
on the:

a. source of lift.

b. stability of the air being lifted.

c. temperature of the air being lifted.

From which measurement of the atmosphere can
stability be determined?
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57. What visible signs indicate extreme turbulence
in thunderstorms?

58.

a. Base of the clouds near the surface, heavy rain,
and hail.

b. Low ceiling and visibility, hail and precipita-
tion static.

c. Cumulonimbus clouds, very frequent light-
ning, and roll clouds.

The most severe weather conditions, such as
destructive winds, heavy hail, and tornados, are
generally associated with:

a. fast-moving warm fronts.

b. slow moving warm fronts.

c. squall lines and steady-state thunderstorms.

59.

What minimum distance should exist between
intense radar echoes before any attempt is made
to fly between these thunderstorms?

a. 20 miles.

b. 30 miles.

c. 40 miles.

Answers are given on page 683.
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Air I\/Iasses and Frontal Weather

AIR MASSES

An air mass is a large parcel of air with fairly consistent properties (such as temperature
and moisture content) throughout. It is usual to classify an air mass according to:

e its origin;

o its path over the earth’s surface; and

« whether the air is diverging or converging.

Origin and Path Upsiale

A polar air mass originating in the polar regions will, of course,
be very cold. A tropical air mass originating from near the Polar air ﬁrls)

Troplcal Stable
equator will be very warm. Maritime air flowing over an ocean ( ) oola
will absorb moisture and tend to become saturated in its lower a") ’ ’ U not rise
levels; continental air flowing over a land mass will remain

Cold Warm Warm Cold

reasonably dry since little water is available for evaporation.  syrface surface surface surface
Polar air flowing toward the lower latitudes will be warmed . .

. . Figure 16-1 Figure 16-2
from below and so become unstable. Conversely, tropical air Polar air warms and Tropical air cools and
flowing to higher latitudes will be cooled from below and so becomes unstable. becomes stable.

become more stable (figures 16-1 and 16-2).

Note. Air masses in the polar and tropical regions usually overlie a surface long enough
to take on its properties (heat and moisture), whereas air masses in the mid-latitude
areas are constantly being disturbed by weather and so do not have such definite

characteristics.
Divergence or Convergence Subsidonce Rising
INKI
An upper air mass influenced by the divergence of air flowing
out of a high-pressure system at the earth’s surface will slowly + +
sink (known as subsidence) and become warmer, drier and more Divergence Convergence

stable. An upper air mass influenced by convergence as air flows
into a low-pressure system at the surface will be forced to rise
slowly, becoming cooler, moister and less stable. The sources of

High s Low

most air masses that affect North America are shown in Figure Figure 16-3 Figure 16-4

16-5, classified by temperature and moisture level. Note that the ~ Subsiding air, resulting Rising air, resulting
R K . from divergence, is from convergence, is

polar continental air mass from Canada can be modified by the stable. unstable.

addition of moisture over the Great Lakes.
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Polar continental (cold, dry)
In winter: possibly brings cold weather,
clear skies, frost and coastal showers.

Polar maritime In summer: possibly brings cool weather
(cold, moist, unstable) with clear skies.
Possibly brings convective
clouds, showers and ﬂ
thunderstorms.
Polar maritime
N (cold, moist, unstable)

j ‘ Tropical maritime

(warm, moist, stable)

Tropical maritime
(warm, moist, stable)
Possibly brings good weather, Tropical continental
or status, sea fog and drizzle. (warm, dry)
Possibly brings hazy weather.

Figure 16-5 Air masses that affect North America.

FRONTAL WEATHER

Air masses have different characteristics, depending on their origin and the type of
surface over which they have been passing. Because of these differences there is usually
a distinct division between adjacent air masses. The boundary between two adjacent
air masses is called a front, and there are two basic types—cold fronts and warm fronts.

Frontal activity describes the interaction between the air masses, as one mass replaces
the other. When a front passes a point on the earth, or when you fly through a front,
there is always a wind change and a temperature change (which may be large or small).
The term frontal zone refers to the area affected by the front.

The Warm Front

If two air masses meet so that the warmer air replaces the cooler air at the surface, a warm
front is said to exist. The boundary at the earth’s surface between the two air masses is
represented on a weather chart by a line with semicircles pointed in the direction of move-
ment. The slope formed in a warm front, as the warm air slides up over the cold air, is fairly
shallow and so the cloud that forms in the (usually quite stable) rising warm air is likely
to be stratiform. In a warm front the frontal air at altitude is actually well ahead of the
frontal line shown at ground level on the weather chart. The cirrus clouds could be some
600 miles ahead of the surface front, and rain could be falling up to approximately 200
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Figure 16-6 Cross section of a warm front.
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miles ahead of it. The slope of the warm front is typically 1 in 150, much
flatter than a cold front, and has been exaggerated in figure 16-6.

Rain falling into the cooler air beneath the surface of the warm front
may cause precipitation-induced fog. If the air beneath the front is below
freezing, freezing rain from the warmer air above may cause severe icing
on an airplane. Isobars

Cooler air at
the surface

Figure 16-7 Depiction of a warm front on

Observation from the Ground a weather chart.

As a warm front gradually passes, an observer on the ground may first

see high cirrus clouds, which will slowly be followed by a lowering base

of cirrostratus, altostratus and nimbostratus. Rain may be falling from

the altostratus and possibly evaporating before it reaches the ground (virga) and from
the nimbostratus. The rain from the nimbostratus may be continuous until the warm
front passes and may, by adding moisture to the cold air beneath the front, cause fog.
Visibility may be quite poor.

The atmospheric (or barometric) pressure will normally fall continuously as the warm
front approaches, and, as it passes, either stop falling or fall at a lower rate. The air
temperature will rise as the warm air moves in over the surface. The warm air will hold
more moisture than the cold air, and the dewpoint temperature in the warmer air will be
higher. Relative humidity will decrease, and any frontal fog may dissipate. There is always
awind change as a front passes. In the Northern Hemisphere, the wind direction will veer
(a clockwise change of direction) as the warm front passes. Behind the warm front, and
after it passes, there is likely to be stratus clouds; the visibility may still be poor. Weather
associated with a warm front may extend over several hundred miles.

The general characteristics of a warm front are:

« lowering stratiform clouds;

o increasing rain, with the possibility of poor visibility and fog;

o possible low-level windshear before the warm front passes;

« falling atmospheric pressure that slows down or stops;

« winds veering (clockwise change of direction); and

 rising air temperature.

Observation from the Air

What a pilot sees, and in which order, will depend on the direction of flight. You may see
a gradually lowering cloud base if in the cold sector underneath the warm air and flying
toward the warm front, with steady rain falling. If the airplane is at subzero temperatures,
the rain may freeze and form ice on the wings, thereby decreasing their aerodynamic
qualities. The clouds may be as low as ground level (that is, hill fog) and sometimes the
lower layers of stratiform clouds can conceal cumulonimbus and thunderstorm activity.
Visibility may be quite poor. There will be a wind change either side of the front and a
change of the airplane’s heading may be required to maintain course.

The Cold Front

If a cooler air mass undercuts a mass of warm air and displaces it at the surface, a cold
frontis said to occur. The slope between the two air masses in a well-developed cold front
is much steeper than a warm front, and typically about 1 in 50. This is due to surface
friction tending to slow down the fast-moving cold air near ground level, and the frontal
weather may occupy a band of only 30 to 50 miles.
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The boundary between the two air masses at the surface is shown on weather charts
as a line with barbs pointing in the direction of travel of the front. The cold front moves
quite rapidly, with the cooler frontal air at altitude lagging behind that at the surface.
The air that is forced to rise with the passage of a cold front is unstable and so the clouds
that form are cumuliform in nature—for example, cumulus and cumulonimbus. Severe
weather hazardous to aviation, such as thunderstorm activity, squall lines, severe turbu-
lence and windshear, may accompany the passage of a cold front. Low-level windshear
and turbulence is possible at an airport at or just after a cold front passes.

Warmer air

Cooler air at
the surface

Warmer air at
the surface

Cold front

Figure 16-9
Depiction of a cold front on a weather
chart.

Occluded front

Cold front

Warm front

Figure 16-10
Depiction of an occluded front on
a weather map.

Figure 16-8 Cross section of a cold front.

Observation from the Ground

The atmospheric pressure will fall as a cold front approaches and the
change in weather with its passage may be quite pronounced. Prior to the
cold front arriving, there may be middle-level altostratus or altocumulus
present. Accompanying the front, there may be cumulus and possibly
cumulonimbus clouds with heavy rain showers, thunderstorm activity and
squalls, with a sudden drop in temperature and a veering wind direction
as the front passes. The cooler air mass will contain less moisture than the
warm air, and so the dewpoint temperature after the cold front has passed
will be lower. Once the cold front has passed, the pressure may rise rapidly.

The general characteristics of a cold front are:

o cumuliform cloud—cumulus, cumulonimbus;

« often a sudden drop in temperature, and a lower dewpoint tem-

perature;

o possible low-level windshear as or just after the front passes;

« aveering of the wind direction (same as for a warm front); and

« afalling pressure that rises once the front is past.

Observation from the Air

Flying through a cold front may require diversions to avoid weather. There
may be thunderstorm activity, violent winds (both horizontal and vertical)
from cumulonimbus clouds, squall lines, windshear, heavy showers of
rain or hail, and severe turbulence. Icing could be a problem. Visibility
away from the showers and the clouds may be quite good, but it is still a
good idea for a pilot to consider avoiding the strong weather activity that
accompanies many cold fronts. A squall line may form ahead of the front.
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The Occluded Front

Because cold fronts usually travel much faster than warm fronts, it often happens that
a cold front overtakes a warm front, creating an occlusion (or occluded front). This may
happen in the final stages of a frontal depression (which is discussed shortly). Three air
masses are involved and their vertical passage, one to the other, will depend on their rela-
tive temperatures. Because the air circulating around the northern side of a low is closer to
the pole, it is more likely to be modified to a lower temperature than the more-southerly
air. Therefore, it is common for a cold front to occur in the southwest sector of a low (and
a warm front in the eastern sector). The occluded front is depicted on charts by a line
with alternating barbs and semicircles pointing in the direction of motion of the front.

The clouds that are associated with an occluded front will depend on what clouds are
associated with the individual cold and warm fronts. It is not unusual to have cumuliform
clouds from the cold front as well as stratiform clouds from the warm front. Sometimes
the stratiform clouds can conceal thunderstorm activity, a situation known as embedded
thunderstorms. Severe weather can occur in the early stages of an occlusion as unstable
air is forced upward, but this period is often short.

Flight through an occluded front may involve encountering intense weather, as both
a cold front and a warm front are involved, with a warm air mass being squeezed up
between them. The wind direction will be different either side of the front.
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Figure 16-11 Cross sections of occluded fronts.

The Stationary Front

A front that is not moving—or moving very slowly at, say, less than 5 Cold air
knots—is called a stationary front; it may influence the weather in that M
area for a period of days. Winds may be blowing behind each side of the
front (perhaps in opposite directions) and within the frontal zone, and _ Figure 16-12
. Depiction of a stationary front.

the weather may be a mixture of both cold front and warm front weather,
although any thunderstorm activity will probably be less than in a fast-
moving cold front.

A stationary front is depicted on weather charts by a line with barbs on one side and
semicircles on the other.
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The Development and Decay of Fronts

The development of a front as one air mass overtakes or confronts another, or when strong
temperature differences develop within an air mass, is called frontogenesis. The decay or
dissipation of a front, as the frontal energy is expended and the temperature and pressure
differences dimi