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INTRODUCTION 

14. PUEPOSia 

This manual is prepared specifically for 
Army aviators. It presents basic funda- 
mentals of aerodynamics and principles of 
fixed wing flight. It also serves as a guide 
and reference for the— 

a. Fixed wing aviator student 
during primary and advanced training. 

b. Academic instructor when pre- 
paring and presenting instruction. 

c. Instructor pilot when developing 
instructional techniques and reinforcing 
the student’s fundamental knowledge of 
fixed wing flight. 

d. Rated aviator when undergoing 
instructor pilot training, qualification 
training, and maintenance of fundamental 
knowledge of fixed wing flight. 

e. Flight evaluator during evalu- 
ation of the student’s fundamental knowl- 
edge of aerodynamics and flight principles. 

NO'l'Hk TMs êBM ES&SMISII feas beem 
wK’í'ííisai fe eœ^sduraames wStfe 5I¡E4®I?- 

steir4ffij?dif.2fflí;ñ©:a sigmemennts 
as MennftñSsá! feci ajppsiEdlñz A. 

1-2. SCOPE 

Chapters 2 through 14 explain basic 
aerodynamic principles of concern to the 
fixed wing aviator. Chapters 15 through 17 
provide information on general fixed wing 
aircraft powerplants, components, and 
structures. Chapters 18 through 21 explain 
fixed wing flight maneuvers to include 
multiengine operations. Chapter 22 pro- 
vides information on the conduct of fixed 
wing operations in preparation for a 
tactical environment. 

CONTENTS 
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1=3. Bl GH THREAT ENVIRONMENT 

a. The high threat environment is a 
combat environment in which the enemy 
employs in quantity some combination of 
automatic weapon systems, antiaircraft 
artillery, surface-to-air missiles, and air- 
borne interceptors to establish air defense 
over a portion of territory he holds and into 
friendly airspace contingent to that 
territory. These weapons are directed by 
radar, infrared, visual, optical, or electro- 
optical means. They may be supplemented 
by a variety of electronic warfare methods 
to include jamming and deception. Air 
defense doctrine and equipment of potenial 
enemies in existence and anticipated is 
directed toward complete denial of the 
airspace above the front, including 
adjacent enemy airspace, to any and all 
hostile aircraft. 

b. On future battlefields, the poten- 
tial enemy may employ attack, scout, and 
utility helicopters. The attack helicopters 
may possess both automatic weapons and 
air-to-air armament systems equipped with 
heat-seeking missiles. Because this enemy 
capability is a threat to tactical aviation 
operations, Army aviators must be trained 
in detection avoidance techniques and 
evasive maneuvers. 

1-4. AIRCRAFT CONFIGURATION 
AND PERFORMANCE DATA 

Information in this manual is general 
and applicable, in part, to all aircraft. 
Specific flight procedures and practices for 
individual aircraft are found in the appli- 
cable Operator’s Manuals. Additional 
references are given in appendix A. 

1 -5. USER COMMENTS 

Users of this publication are encouraged 
to submit recommended changes and 
comments to improve the publication. 
Comments should be keyed to the specific 
page, paragraph, and line of the text in 
which the change is recommended. 
Reasons, as well as substitute statements 
or paragraphs, should be provided for each 
comment to insure understanding and 
complete evaluation. Comments/ 
recommended changes should be submitted 
on DA Form 2028 (Recommended Changes 
to Publications and Blank Forms) directly 
to the Commander, United States Army 
Aviation Center and Fort Rucker, ATTN: 
ATZQ-TD-TL, Fort Rucker, Alabama 
36362. 
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CHAPTER 2 

PROPERTIES OF 
THE ATMOSPHERE 

2-1. GENERAL 

Aircraft performance is largely depen- 
dent on the properties of the airmass or 
atmosphere which surrounds the earth. The 
atmosphere is composed of about 78 
percent nitrogen; 21 percent oxygen; and 1 
percent argon, carbon dioxide, and other 
dry gases. Water vapor may vary from 
near zero to 3 to 5 percent by volume. At 
the normal speeds which aircraft operate, 
the chemical composition is not important 
and air can be considered to be a 
homogeneous mixture of its constituent 
gases. 

2-2. STATIC PRESSURE 

a. The absolute static pressure of 
the air is a property of primary importance. 

The static pressure of the air at any 
altitude results from the mass of air 
supported above that level. At standard 
sea level conditions, the static pressure of 
the air is 2,116 pounds per square foot 
(psf), 14.7 pounds per square inch (psi), 
29.92 inches of mercury (Hg) or 1013.2 
millibars (MB). The pressure decreases as 
altitude increases because less air remains 
above. At 40,000 feet altitude, the static 
pressure is only about 19 percent of the sea 
level value. 

b. The static pressure at the earth’s 
surface varies from place to place around 
the earth at any given time. Any given 
location on the earth’s surface experiences 
changes in static pressure from day to day. 
For convenience, standard sea level static 
pressure (PQ) is defined as: 

CONTENTS 

General 
Static Pressure .... 
Temperature. 
Density ... 
Standard Atmosphere. 
Density Altitude . . . 

.2-1 
.2-1 
2-2 
2-3 
2-4 
2-5 

P0 = 2,116 pounds per square foot 

= 14.7 pounds per square inch 

= 29.92 inches of mercury 

= 1,013.2 millibars 
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c. A static pressure ratio, denoted 
by 6 (delta), is used in aerodynamic and 
performance calculations. The static 
pressure ratio is the proportion of the 
ambient static pressure and the standard 
sea level static pressure. In a standard 
atmosphere, the pressure ratio ô (delta) 
has a value of 1.0 at sea level and values 
less than 1.0 at higher altitudes. Thus, a 
pressure ratio of 0.5 means that existing 
static pressure is one-half of the standard 
sea level value. 

Static pressure ratio 

_ Ambient static pressure  
Standard sea level static pressure 

6 = — 

Po 

2-3. 

a. The absolute temperature of the 
air is another property that is important to 
aircraft performance. Temperature is 
normally measured by using the Fahren- 
heit (F) or Celsius (C) (formerly called 
centigrade) scales. These scales are based 
on the boiling and freezing points of water. 
Zero degrees Celsius corresponds to 32° 
Fahrenheit for the freezing point and 100° 
Celsius corresponds to 212° Fahrenheit for 
the boiling point. At -40° both scales 
happen to have the same value. To convert 
one scale to the other, use the formulas 
below: 

°C = 5/9 (°F-32) 

°F = 9/5 C + 32 

b. Two other fundamental tempera- 
ture scales are the Kelvin (K) (which use 
°C) and the Rankine (R) scales (which uses 
°F). Zero on both of these scales is absolute 
zero; the point at which no molecular 
kinetic energy is observable. Absolute zero 
is equal to -273°C (Kelvin scale) or -460° F 
(Rankine scale). Fahrenheit and Celsius 
can be converted to Rankine and Kelvin as 
follows: 

°R= °F-l-460 
0K=°C + 273 

c. Kelvin and Rankine absolute 
scales more accurately reflect the true 
behavior of the temperature properties of 
the atmosphere, so they are used in 
scientific computations. Meaningful 
temperature relationships are computed by 
comparing standard temperature to 
ambient temperature using a ratio of 
appropriate absolute values. Standard 
temperature has been established as 15° C 
or 59° F, which corresponds to 288° K or 
519° R. Temperature ratio is assigned the 
short-hand notation of 0 (theta). Ambient 
temperature is denoted by T and standard 
temperature by T0. 

Temperature ratio 
_ Ambient air temperature  
~ Standard sea level air temperature 

d. If ambient temperature is 
measured as 20° C, the temperature ratio 
(6) is computed as follows: 

20°C + 273 _ 293°K _ 1 01? 
0 15°C + 273 288°K 
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In a standard atmosphere 0 (theta) has a the ambient air density ( p ) and standard 
value of 1.0 at sea level and values less than sea level air density ( PQ). 

1.0 at higher altitudes. 

2-4. DENSITY 

a. The density of air is a property 
that directly affects aircraft performance. 
Density of air is simply the mass of air per 
unit volume and is denoted by p (rho). It 
is a direct measure of the quantity in each 
cubic foot of air and is expressed in slugs 
per cubic foot (slug/ft3). 

Density ( p 
Mass  
Unit volume 

b. Air at standard sea level condi- 
tions weighs 0.0765 pounds per cubic foot 
and has a density of 0.002378 slugs per 
cubic foot. The weight and mass of a cubic 
foot of air decreases as altitude increases. 
At an altitude of 22,000 feet the air density 
is about one-half of the sea level value and 
at 40,000 feet only about 25 percent of the 
sea level value. Since the density of the air 
working on an airfoil directly affects the 
amount of aerodynamic force produced, it 
becomes apparent that aircraft perform- 
ance will be degraded in the lower density 
conditions normally found at higher 
altitudes. 

Density ratio 

_ Ambient air density  
Standard sea level air density 
p 

a =   po 

In a standard atmosphere, o (sigma) 
has a value of 1.0 at sea level and values 
less than 1.0 at higher altitudes. 

d. A general gas law defines the 
relationship of pressure, temperature, and 
density when there is no change of state or 
heat transfer. Simply stated, the gas law 
says that density varies directly with 
pressure and inversely with temperature. 
For example, if density is held constant, 
pressure and temperature are directly 
proportional. Or, if temperature is 
constant, increases in pressure cause 
increases in density and vice versa. If the 
values of any of the two variables are 
known, the value of the third can be 
determined. Thus, if pressure and tempera- 
ture are known, density can be calculated. 

^ J_. Static pressure ratio 
ensi y ra io — Temperature ratio 

t .  , _ ô (delta) 
c. A density ratio, denoted by a a (sigma) ö (theta) 

(sigma), is often used in aerodynamic 
computations. Sigma is the proportion of 
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e. Air density is also inversely 
proportional to humidity. Water vapor is 
lighter than dry air, consequently moist air 
is lighter than dry air and is less dense. If 
humidity increases, the density of air will 
decrease causing it to be less effective in 
producing an aerodynamic force from an 
airfoil. 

2-5. STANEDAKIED ATMOSPHERE 

a. The International Civil Aviation 
Organization (ICAO) has defined a 
standard atmosphere to provide a common 
denominator for comparison of aircraft and 
a calibration standard for aircraft system 

manufacturers. The ICAO standard 
atmosphere (ISA) is partially shown in 
figure 2-1 and represents conditions 
averaged over the entire world during a 
year’s time. 

b. Since all aircraft performance is 
compared and evaluated in the environ- 
ment of the standard atmosphere, all of the 
aircraft instrumentation is calibrated for 
the standard atmosphere. Because oper- 
ating conditions are seldom exactly equal 
to the standard atmosphere, certain correc- 
tions must apply to instrumentation as well 
as aircraft performance to properly account 
for nonstandard atmospheric conditions. 

Aiti- SpMd of 
tude Density Density Pressure Pressure Temperature Tempera- Sound 
(ft) (slugs/ft?) Ratio (psf) Ratio °F °C ture Ratio (knots) 

h P er P & 0 a 

0 0.002377 1.0000 
1.000 0.002308 0.9711 
2.000 0.002241 0.9428 
3.000 0.002175 0.9151 
4.000 0.002111 0.8881 
5.000 0.002048 0.8617 
6.000 0.001987 0.8359 
7.000 0.001927 0.8106 
8.000 0.001868 0.7860 
9.000 0.001811 0.7620 

10.000 0.001756 0.7386 
11.000 0.001701 0.7156 
12.000 0.001648 0.6933 
13.000 0.001596 0.6714 
14.000 0.001546 0.6600 
15.000 0.001496 0.6292 
20.000 0.001266 0.5328 
25.000 0.001065 0.4481 
30.000 0.000889 0.3741 
35.000 0.000737 0.3099 
36.089 0.000706 0.2971 
40.000 0.000585 0.2462 
50.000 0.000362 0.1522 
60.000 0.000224 0.0941 

2116 1.0000 59.00 
2041 0.9644 56.43 
1968 0.9298 51.87 
1897 0.8962 48.30 
1828 0.8637 44.74 
1761 0.8320 41.17 
1696 0.8014 37.60 
1633 0.7716 34.04 
1572 0.7428 30.47 
1513 0.7148 26.90 
1466 0.6877 23.34 
1400 0.6616 19.77 
1346 0.6361 16.21 
1294 0.6115 12.64 
1243 0.5874 9.07 
1194 0.5643 5.51 
972.5 0.4695 12.32 
785.3 0.3711 30.15 
628.4 0.2970 -47.98 
498.0 0.2363 -66.82 
472.7 0.2234 -69.70 
391.7 0.1861 -69.70 
242.2 0.1146 -69.70 
149.8 0.0708 -69.70 

15.00 1.0000 681.7 
13.02 0.9931 869.6 
11.04 0.9862 867.2 
9.06 0.9794 664.9 
7.08 0.9726 662.6 
5.09 0.9666 660.3 
3.11 0.9687 647.9 
1.13 0.9619 646.6 

-0.86 0.9460 643.3 
-2.83 0.9381 640.9 
-4.81 0.9312 638.6 
-6.79 0.9244 636.2 
-8.77 0.9175 633.8 

-10.76 0.9106 631.4 
-12.74 0.9037 629.0 
-14.72 0.8969 626.7 
-24.62 0.8626 614.6 
-34.53 0.8281 802.2 
-44.43 0.7937 689.6 
-54.34 0.7594 576.6 
-56.50 0.7519 573.8 
-56.60 0.7519 573.8 
-56.60 0.7619 573.8 
-56.60 0.7519 573.8 

Figure 2-1. ICAO standard atmosphere. 
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c. Pressure altitude is one term used 
to correlate aerodynamic performance in 
the nonstandard atmosphere. It is the 
altitude in the standard atmosphere 
corresponding to a particular pressure. For 
example, a pressure of 1,572 pounds per 
square foot (or a pressure ratio of 0.7428) 
would be expressed at 8,000 feet pressure 
altitude (fig 2-1). It has nothing to do with 
the physical altitude of the aircraft above 
the ground or above sea level. It is only a 
more convenient way of expressing 
pressure and serves to provide a common 
frame of altitude reference for aircraft 
operating in the same areas of the 
atmosphere. 

d. The aircraft altimeter is a 
pressure-sensing instrument that is cali- 
brated to indicate altitude in the standard 
atmosphere. By adjusting the instrument 
for nonstandard conditions, the pilot can 
maintain or change to a pressure altitude 
that will provide altitude separation from 
other aircraft that are using the same 
system and airspace. 

2-6. DENSITY ALTITUDE 

a. A more appropriate term for 
correlating aerodynamic performance in the 
nonstandard atmosphere is density 
altitude. Density altitude is the altitude in 
the standard atmosphere corresponding to 
a particular value of air density. Computa- 
tion of density altitude involves considera- 
tion of pressure (pressure altitude) and 
temperature. Figure 2-2 illustrates how 
temperature and pressure altitude combine 
to produce a certain density altitude. For 
example, a pressure altitude of 3,000 feet 
and a temperature of +18° C result in an 
approximate density altitude of 4,000 feet. 

b. Density altitude can be cal- 
culated using the density altitude formula 
shown below (accurate for dry air) : 

DA = PA + (FAT-STD temp) 120 

Where DA = Density altitude 

PA = Pressure altitude 

FAT = Free air temperature 

STD = Standard temperature for 
the given pressure altitude 

120 = A constant, in feet 

If PA is 3,000 feet, FAT is +30°C and 
STD temp at 3,000 feet is 9°C, the 
calculation would be as follows: 

DA = 3,000+ (30-9) 120 

DA = 3,000+ (21) 120 

DA = 3,000+2,520 

DA = 5,520 feet 

c. Density altitude has a strong 
effect on aircraft performance as reflected 
in the performance charts found in chapter 
7 of Army aircraft Operator’s Manuals. 
Density altitude is used primarily to make 
the pilot aware of atmospheric conditions 
during takeoff and landing. To determine 
aircraft performance data, pressure 
altitude and temperature are used to enter 
the aircraft performance charts. These 
charts tell the aviator what performance to 
expect under given conditions of pressure 
altitude, temperature, gross weight, air- 
speed, and power. 
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Figure 2-2. Density altitude, pressure altitude, and temperature. 
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CHAPTER 3 

BASIC PRINCIPLES 

OF AERODYNAMICS 

3-1. GENERAL 3-2. NEWTON’S LAWS OF MOTION 

a. Aerodynamics is that branch of 
dynamics that concerns the motion of air 
and other gases or the forces acting on 
objects in motion through the air (gases). 
In effect, aerodynamics is concerned with 
the object (aircraft), the movement 
(relative wind), and the air (atmosphere). 

Newton’s three laws of motion are 
inertia, acceleration, and action-reaction. 
These laws are applicable to the flight of all 
aircraft. Knowledge of the laws of motion 
will help aviators to understand the 
aerodynamics presented in later chapters of 
this manual. 

b. In order to establish a common 
point of departure, this chapter reviews 
certain basic laws of motion, fluid flow, and 
forces acting on an aircraft. A description 
of vector and scalar quantities is also 
included, and it provides a vehicle to 
simplify the explanation of aerodynamics. 

CONTENTS 

General  3-1 
Newton’s Laws of Motion 3-1 
Fluid Flow and Airspeed Measurement 3-2 
Vector and Scalar Quantities 3-7 
Vector Solutions 3-8 
Forces Acting on an Aircraft in Flight .... 3-9 

a. The first law, inertia, states that 
a body at rest will remain at rest, and a 
body in motion will remain in motion at the 
same speed and in the same direction until 
affected by some external force. Nothing 
starts or stops without an outside force to 
bring about or prevent motion. Hence, the 
force with which a body offers resistance to 
change is called the force of inertia. 

b. The second law, acceleration, 
asserts that the force required to produce a 
change in motion of a body is directly 
proportional to its mass and the rate of 
change in its velocity. Acceleration may be 
due to an increase or a decrease in velocity, 
although deceleration is commonly used to 
indicate a decrease. 
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c. The third law, action-reaction, 
states that for every action there is an 
equal and opposite reaction. If an inter- 
action occurs between two bodies, equal 
forces in opposite directions will be 
imparted to each body. 

unit is called the mass flow rate and may be 
computed from the following equation: 

Mass Flow Rate = P AV (3.1) 

s-s, 'J'JD'W A: Where: p(rho) = previously 
defined density. 

a. Bernoulli’s Principle. 

(1) Daniel Bernoulli, one of a 
family of Swiss mathematicians, stated a 
principle that describes the relationship 
between internal fluid pressure and fluid 
velocity. His principle, essentially a state- 
ment of the conservation of energy, 
explains at least in part why an airfoil 
develops an aerodynamic force. 

(2) All of the forces acting on a 
surface over which there is a flow of air are 
the result of pressure or skin friction. 
Friction forces are the result of viscosity 
and are confined to a very thin layer of air 
near the surface. They usually are not 
dominant and from the pilot’s perspective 
can be discounted with concentration on 
pressure distribution. 

(3) As an aid in visualizing 
what happens to pressure as air flows over 
an airfoil, it is helpful to consider flow 
through a tube (fig 3-1). The concept of 
conservation of mass states that mass 
cannot be created or destroyed; so, what 
goes in one end of a tube must come out the 
other end. If the flow through a tube is 
neither accelerating nor decelerating at the 
input, then the mass of flow per unit of 
time at station 1 must equal the mass of 
flow per unit of time at station 2 and so on 
through station 3. The mass of flow per 

A = Area of the sec- 
tion through 
which the flow is 
proceeding. 

V = Velocity of the 
flow at the sec- 
tion in question. 

AIR  

INPUT OUTPUT 

1 
Figure 3-1. Flow through a tube. 

(4) The mass flow equation 
may be simplified in the low subsonic range 
because changes in density are so slight 
they can be neglected in all but the most 
precise calculations. At low flight speeds, 
air experiences relatively small changes in 
pressure and negligible changes in density. 
This airflow is termed incompressible since 
the air may undergo changes in pressure 
without apparent changes in density. Such 
a condition of airflow is analogous to the 
flow of water, hydraulic fluid, or any other 
incompressible fluid. Thus, an equation 
may be written describing the flow through 
the stations in figure 3-1 as follows: 
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AiVi = A2V2 = A3V3 (3.2) 

This equation suggests that between any 
two points in the tube the velocity varies 
inversely with the area. Thus, if Ai is 
greater than A2 (as it is in fig 3-1), V2 must 
be greater than Vi. Venturi effect is the 
name used to describe this phenomenon. 
Fluid flow speeds up through the restricted 
area of a venturi in direct proportion to the 
reduction in area. Figure 3-2 suggests what 
happens to the speed of the flow through 
the tube. A discussion of compressible flow 
and its effects is included in a later 
paragraph. 

¥M 1-50 

(6) Fluid flow pressure is made 
up of two components—static pressure and 
dynamic pressure. The static pressure is 
the pressure that would be measured by an 
aneroid placed in the flow but not moving 
with the flow as it measured the pressure. 
The dynamic pressure of the flow is that 
component of total pressure that is due to 
the motion of the air. It is difficult to 
measure directly, but a pitot static tube 
measures it indirectly. The sum of these 
two pressures is total pressure and is 
measured by allowing the flow to impact 
against an open-end tube which is vented 
to an aneroid. The equation describing the 
sum of these pressures is written as 
follows: 

16OK 200K TOOK 

A3 

A. = 100ft2 60 ft2 A,= 86.7 ft2 

P , = 2116 p»f 

<) , = M P»< 

H, = 2150 p»f 

p2 = 2014 ptf 

q2 = 136 ptf 

H2 - 2160 ptf 

P3 = 2072 ptf 

q3= 78 ptf 

H3 = 2160 ptf 

Figure 3-2. Changes of pressure and velocity 
and pressure with area. 

(5) Total energy in a given 
closed system does not change, but the 
form of the energy may be altered. Pressure 
of flowing air may be likened to energy, in 
that the total pressure of flowing air will 
always remain constant unless energy is 
added or taken from the flow. In the 
examples in figures 3-1 and 3-2 there is no 
addition or subtraction of energy, so, total 
pressure will remain constant. 

H = p + q 

where: H = total pressure 

p = static pressure 

q = dynamic pressure 

q = 'A P V2 

The equation shown above is the incom- 
pressible or slow speed form of the 
Bernoulli equation. Written to show that 
the total pressure (H) remains constant at 
each station in figure 3-1, the equation 
would be stated as follows: 

«1 = »2 = »3 <3-41 

or 

P1+ =p2 + yapv2=p3-M/2/>v2 
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(7) Variations of pressure and 
velocity with area may be seen in figure 
3-2. Note that static pressure decreases as 
the velocity increases. Consider only the 
bottom half of a venturi tube as shown in 
figure 3-3. Notice how the shape of the 
restricted area at A2 resembles the top 
surface of an airfoil. Even when the top half 
of the venturi tube is taken away, the air 
still accelerates over the curved shape of 
the bottom half. This is true because the air 
layers above act to restrict the flow just as 
did the top half of the venturi tube. As a 
result, acceleration causes decreased static 
pressure above the curved shape of the 
tube. A pressure differential force is 
generated by the local variation of static 
and dynamic pressures on the curved 
surface. 

b. Airspeed Measurement (Air- 
speed Indicator). 

(1) The Bernoulli equation 
solved for the dynamic pressure appears as: 

q=H-p (3.5) 

The equation is the basis of the construc- 
tion of the airspeed indicator and the 
principle of the pitot-static system for 
measuring airspeed, which is discussed in 
the following paragraphs: 

(a) In figure 3-4 a sym- 
metrically shaped object has been placed in 
the air stream, resulting in the flow pattern 
shown by the dashed lines. The airstream 

UPPER AIR LAYERS ACT 

TO RESTRICT FLOW 

A A 

Figure 3-3. Venturi flow. 
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ahead of the object (station 1) has a certain 
total pressure due to the velocity, density, 
and static pressure of the airstream. At the 
point where the airstream strikes the 
forward end of the object (station 2), the 
relative velocity of the airstream is reduced 
to zero. This is referred to as forward 
stagnation point. Since the static pressure 
increases as the velocity decreases, the 
static pressure at the stagnation point 
must increase until it is equal to the total 
pressure of the airstream. Where there is no 
velocity, there can be no dynamic pressure; 
so, the static pressure at the stagnation 
point is equal to the total pressure. 

(b) With reference to 
equation 3.5, dynamic pressure is deter- 
mined by subtracting static pressure from 

total pressure. This is what the pitot-static 
system is constructed to determine— 
dynamic pressure. 

(c) If the pressure is 
measured at the stagnation point of an 
object, as shown in figure 3-5, the indicator 
receives a pressure that is equal to the total 
pressure of the airstream. The static 
pressure Pi, that was present in the 
airstream at station 1, is equal to the 
atmospheric pressure at that altitude. This 
pressure must be measured perpendicular 
to the airflow. The pressure port must be 
designed so there will not be any dynamic 
pressure influences which could cause a 
slight increase in the static pressure 
measured at the static port. THE VELOC- 
ITY OF THE AIRSTREAM AS IT 

STATION 1 STATION 2 

! FORWARD STAGNATION 
POINT V2 = 0 

STATION 3 

Vi = 100 knots 

& 
Pi = 2116 psf y 

q = 1/2 pvi* = 34 psf 

X Hi = 2150 psf 

H = P2 =2150 psf 

q = 1/2PV22 = 0 

Figure 3-4. Flow pattern in airstream. 
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PASSES THE STATIC PRESSURE 
PORT MUST BE EQUAL TO THE VE- 
LOCITY OF THE AIRSTRE AM AT STA- 
TION 1 (Vi). If there is a higher velocity at 
the pressure port than there is at station 1, 
then the static pressure will be lower than 
the true atmospheric pressure of the 
airstream (Bernoulli equation 3.5). The 
location of the static port is very impor- 
tant. Sometimes it is located on the side of 
the pitot tube and sometimes on the side of 
the fuselage. Wherever it is located, the 
VELOCITY PASSING THE PORT 
MUST BE THE FREE STREAM 
VELOCITY OR THE TRUE AIRSPEED. 
This cannot always be accomplished, and 
any error introduced because of the location 
of the static pressure port is called 
POSITION ERROR. This error is the 

difference between the indicated airspeed 
(IAS) and calibrated airspeed (CAS) and 
can be corrected by using a chart found in 
the Operator’s Manual. 

(d) The airspeed indicator 
receives the total pressure from the pitot 
tube and the free stream static pressure 
from the static pressure port. Since it is a 
differential pressure-measuring device, it 
indicates the difference of the two pressures 
(dynamic pressure) on a dial that is 
calibrated in knots or miles per hour. 

(e) When an airspeed 
indicator is calibrated, standard sea level 
density conditions are used. If position 
error is neglected, the indicated airspeed is 

TOTAL PRESSURE PORT 

Vf = IW knots 

P! = 2116 psf 
q - 34 psf 
H = 2150 psf 

H2 = P2 

?! = 2116 psf 

'I ^5 STATION 2 

X; 
<0 

P1 STATION 1 

STATIC PRESSURE PORT ' 

Pressure indiceted by gage is 
difference between total and 
static pressure. H-p » q 

INSIDE OF 

DIAPHRAM 

H = 2150 psf 

DENSITY SPRING 

Figure 3-5. Measuring pressure at stagnation point. 
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equal to the true airspeed (TAS) at sea level 
for incompressible flow. 

(2) At altitude, the air density 
is less than the density at sea level and the 
IAS is lower than the actuad aircraft 
velocity or TAS. This is true because IAS 
is actually dynamic pressure (V2 PV2) and 
true airspeed is the V. As altitude increases 
density decreases, so indicated airspeed 
decreases if true airspeed is held constant. 
There is a relationship between IAS and 
TAS which involves the ratio of the density 
of the air at altitude to the density of the air 
at sea level (incompressible flow only) : 

IAS (3.6) 

Where P = Air density at altitude 

p
0 = Air density at sea level 

a = P = Density ratio 

It is important to realize that the primary 
difference between IAS and TAS is the 
density. An aircraft climbing at a constant 
IAS will be increasing the actual velocity of 
the aircraft, or TAS, because of the 
decreasing density. 

3-4. VECTOR AND SCALAR QUANTI- 
TIES 

a. A study of aircraft flight is 
further enhanced by understanding two 
types of quantities—scalars and vectors. 
Scalar quantities are those that can be 
described by size alone such as area, 
volume, time, and mass. Vector quantities 
are those that must be described using 
their size and direction. Velocity, accelera- 
tion, weight, lift, and drag are all common 
examples of vector quantities. The direc- 
tion of vector quantities is just as 
important as the size or magnitude. 

THE LENGTH. NUMBER OF 
UNITS. DETERMINES THE 
MAGNITUDE OF FORCE 

46 

ANGLE DETERMINES 
DIRECTION OF FORCE 

Figure 3-6. Vector diagram. 
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b. AU forces, from whatever source, 
are vectors. When an object is being acted 
upon by two or more forces, the combined 
effect of these forces may be represented by 
the use of vectors. Vectors are graphicaUy 
represented by a directed line segment with 
an arrow at the end. The arrow indicates 
the direction in which the force is acting. 
Line segment length in relation to a given 
scale represents the magnitude of the force. 
The vector is drawn in relation to a 
reference line. Magnitude is drawn to 
whatever scale is most convenient to the 
specific problem (fig 3-6). 

3-5. VECTOR SOLUTIONS 

Individual force vectors are useful in 
analyzing conditions of flight. In the air, 
the chief concern is with the resultant or 
combined effects of the several component 
forces acting on an aircraft. Three methods 
of solving for resultants are: 

a. Parallelogram. A parallelogram 
contains two vectors, and lines are drawn 
paraUel to these vectors to determine the 
resultant mean. When two tugboats are 
pushing a barge with equal force, the barge 
wül move forward in a direction that is a 
mean to the direction of both tugboats (fig 
3-7). 

b. Polygon Vector Solution. When 
more than two forces are acting in 
different directions, the resultant may be 
found by using a polygon vector solution. 
In the solution shown in figure 3-8, one 
force is acting at 090° with a force of 180 
pounds; second force is acting at 045° with 
a force of 90 pounds; the third force is 
acting at an angle of 315° with a force of 
120 pounds. To determine the resultant, 
draw the first vector from a point 
beginning at 0 (fig 3-8) and follow it with 
the remaining vectors, consecutively. The 
resultant is drawn from the point of start 
(0) to the ending of the final vector (C). 

* 

TUGBOATA 

C=B 

TUGBOAT B 
Ml 

Figure 3-7. Resultant by parallelogram. 

« 
% 

* 

180 POUNDS A 

Figure 3-8. Resultant by polygon. 
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c. Triangle of Vectors. 

(1) A triangle of vectors is a 
simplified and special form of a polygon 
vector solution which involves only two 
vectors and their resultant. It is the most 
commonly used vector solution in 
navigating. 

center of lift, which is the mean of all 
centers of pressure. The magnitude of lift 
varies proportionately with airspeed, air 
density, shape and size of the airfoil, and 
angle of attack. In straight-and-level 
flight, it is equal and opposite the weight 
component. This force is discussed in detail 
in later chapters. 

(2) To form a triangle of 
vectors, draw two vectors and connect 
them with a resultant line of vector. In this 
way, calculations may be made for drift 
and groundspeed. In figure 3-9, an aircraft 
is heading 078° with a true airspeed of 100 
knots. Wind direction is from the northeast 
at 30 knots. By drawing a vector for each of 
these known velocities and drawing a 
connecting line between the ends, a 
resultant velocity is determined. 

O'o 

A 00 ov«? STD 
9 vO Resultant 

TRUE COURSE AND 
GROUNDSPEED 

090*/77 KNOTS 

Figure 3-9. Resultant by triangulation. 

(2) Weight (fig 3-10) is the 
force exerted by an aircraft from the pull of 
gravity. It acts on an aircraft through the 
center of gravity, and its direction is 
straight down toward the center of the 
earth. The magnitude of this force changes 
only with a change in gross weight. 

b. Thrust and Drag. 

(1) Thrust (fig 3-10) is the force 
that drives an aircraft forward through the 
air. It is produced by a rotating propeller, 
jet engine, or other propulsive device. 

(2) Drag (fig 3-10) is the force 
produced by the resistance of the air on an 
object passing through it. In unaccelerated 
flight, it is equal and opposite to thrust. 
Total drag may be divided into two main 
types—induced and parasite. 

(a) Induced drag is that 
part of the drag induced by the airflow 
about the lifting surfaces. 

3-6. FORCES ACTING ON AN AIR- 
CRAFT IN FLIGHT 

a. Lift and Weight. 

(1) Lift (fig 3-10) is a compo- 
nent of the total aerodynamic force on an 
airfoil and acts perpendicular to the relative 
wind. This force acts straight up from the 

LIFT 

THRUST 

8s«r-s 
°SAG 

WEIGHT 

3-9 

Figure 3-10. Forces and their centers in flight. 
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(b) Parasite drag is that 
part of the drag created by the entire 
aircraft, excluding induced drag. It is 
caused by protrusions (e.g., hinges and 
landing gear), rough surfaces of the 
aircraft, and the impact of air on the frontal 
surfaces of the aircraft. These forces are 
discussed in detail in later chapters. 

c. Centrifugal force is produced by 
an object moving in a curved path (circle in 
fig 3-11). The force acts toward the outside 
of the circle or turn. It acts on an aircraft 
during all turns, regardless of the plane of 
the turn. 

NORMAL TURN DIVE RECOVERY 

CENTER 

OFTURN 

(TOP VIEW I (SIDE VIEW) 

Figure 3-11. Normal turn and dive recovery. 
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LIFT AND 
THE LIFT EQUATION 

4-1. GENERAL 

Lift is usually thought of as a force 
acting in an upward direction, although lift 
can, and does, act in any direction. Lift, 
however, is the primary support force of an 
aircraft—the support which keeps the 
aircraft “up.” The safe and effective 
operation of an aircraft depends upon the 
pilot’s knowledge of how lift is produced 
and sustained. Quite obviously, a loss of 
lift under certain conditions could have 
disastrous results. This chapter deals with 
the production of lift and the variables 
which affect it. 

CONTENTS 

General  
Airfoil Terminology   
Airfoil Airflow  
Aerodynamic Force  
Lift Force  
Airfoil Characteristics. . 
Angle of Attack Versus Velocity 

.4-1 

.4-1 

.4-2 

.4-3 
4-5 
4-7 

.4-8 

4-2. AIRFOIL TERMINOLOGY 

a. To understand aerodynamic 
forces you must understand the termi- 
nology associated with airfoils. Figure 4-1 
shows a cross section of a cambered airfoil. 
The following terms are used in the 
remainder of this text and can be visualized 
in figure 4-1. 

(1) MEAN CAMBER LINE — 
the locus of points equidistant between the 
upper and lower surfaces of an airfoil. 

(2) CHORD—a straight line 
joining the ends of the mean camber line. 

(3) FLIGHTPATH VELOC- 
ITY (FPV)—the speed and direction of the 
airfoil passing through the air (equal to the 
true airspeed). 

(4) RELATIVE WIND (RW) 
—equal to and opposite the flightpath 
velocity. 

(5) ANGLE OF ATTACK- 
the angle measured between the relative 
wind, or the flightpath, and the chord of 
the airfoil. It is denoted by the Greek letter 
a (alpha). 
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RELATIVE WIND (RW) 

CHORD 
MEAN CAMBER LINE 

► 
ANGLE OF ATTACK to 

f-i  
’ ci mu FLIGHT PATH VELOCITY (FPV) 

Figure 4-1. Cross section of a cambered airfoil. 

b. The airfoil shown in fígure 4-1 is 
a positive cambered airfoil because the 
mean camber line is above the chord. The 
term “camber” refers to the curvature of an 
airfoil or its surfaces. The mean camber of 
an airfoil may be considered as the 
curvature of the median line (mean camber 
line) of the airfoil. 

4-3. AIRFOIL AIRFLOW 

As a wing moves through the air, 
varying changes in velocity occur on its 
surfaces. This action is shown in figure 4-2 
with streamline flow. 

a. Streamline Flow. To visualize 
this, consider a stream tube as a length of 
pipe through which air is passing (fig 4-3). 
There is no flow across the boundaries of 
the pipe, and the boundaries are repre- 
sented by the streamline. As the cross- 
sectional area of the stream tube decreases, 
the velocity (V) increases and the stream- 
lines appear closer together. 

b. Airfoil Airflow Velocity Distri- 
bution. Over the upper and lower surfaces 
of the airfoil, the streamlines appear closer 
together than they appear ahead of or 
behind the airfoil; therefore, the velocities 
over these surfaces are greater than the 

V1<V3 

-1<-2 
v2 V3 

V3 

Figure 4-2. Streamline flow. Figure 4-3. Stream tube. 
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flightpath velocity. Also note that the 
velocity over the upper surface is greater 
than the velocity on the lower surface. This 
velocity increase can be visualized by 
realizing that the air must part and let the 
airfoil pass. Some of the air flows over the 
airfoil and some under the airfoil, but the 
airstreams must meet at the trailing edge 
of the wing. Because of the positive camber 
of the airfoil, the air that passes over the 
top surface has a greater distance to travel 
than the air that passes under the airfoil. 
Since both airstreams flow around the 
airfoil in the same unit of time, the 
airstream with the greater distance to 
travel must have a higher velocity. 

c. Airfoil Pressure Distribution. 
According to Bernoulli’s equation, as 
velocity increases, dynamic pressure also 
increases, causing static pressure to 
decrease. Thus, an airfoil reduces static 
pressure on the upper surface by increasing 
the velocity. The static pressure on the 
upper surface of the airfoil is less than the 
static pressure on the lower surface. It is 
significant that the static pressure on both 
surfaces can be less than atmospheric 

pressure and still produce lift. The impor- 
tant point here is the pressure differential 
which is developed across the airfoil. 
Figure 4-4 shows the pressure differential 
by using vectors that point away from the 
surface of the airfoil to represent pressure 
below atmospheric, and using vectors that 
point toward the airfoil to represent 
pressures greater than atmospheric. 

4-4. AEEODYNAMHC FOECE 

a. If pressure (P) is applied to an 
area (A), a force (F) is generated (F = PA). 
To obtain the net resulting pressure, the 
pressure differentials between the upper 
and lower surfaces are added algebraically. 
This net pressure is multiplied by the area 
of the airfoil to obtain the AERODY- 
NAMIC FORCE. This force acts at a point 
on the chord called the CENTER OF 
PRESSURE (fig 4-5). As the angle of 
attack is changed, the center of pressure 
moves back and forth along the chord. For 
purposes of discussion here, we consider 
the forces acting through a point called the 
AERODYNAMIC CENTER, which is a 

Pressure pattern in positive 
cambered airfoil producing lift 

Negative 
moment AERODYNAMIC 
about AC FORCE (AF) 

Force moved 
from CP to AC 
moment must 
be added 

AERODYNAMIC 
CENTER (AC) CENTER OF 

PRESSURE (CP) 

Figure 4-4. Pressure differential across an airfoil. Figure 4-5. Center of pressure. 
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stationary point 25 percent of the chord 
length aft of the leading edge (called 25 
percent chord). The significance of the 
aerodynamic center is that the pitching 
moment coefficient about this point does 
not vary with tingle of attack. Thus, all 
wing forces may be resolved into one 
aerodynamic force, considered to act 
through the aerodynamic center. For 
positive cambered airfoils, this moment is 
nosedown (negative). In the case of 
symmetrical airfoils, there is practically no 
movement of the center of pressure and the 
moment about the aerodynamic center is 
zero. The importance of the aerodynamic 
center will be realized when studying 
stability in chapter 14. 

b. To develop an equation for the 
aerodynamic force, the factors which affect 
the production of the force must be 
determined. Although there are many such 
factors, the following seven are the most 
important: 

(S). 

surface. 

( 1 ) Airstreain velocity ( V). 

(2) Àirstream density ( P ). 

(3) Projected area of the airfoil 

(4) Shape or profile of the 

(5) Angle of attack ( a ). 

(6) Viscosity effects ( y ). 

( 7 ) Compressibility effects. 

c. As stated, the aerodynamic force 
is equal to the product of the net pressure 
differential across the wing times the area 
of the wing, but the pressure differential is 
very difficult to express mathematically 
and changes as the angle of attack is 

changed. Experiments have determined 
that the net pressure differential is directly 
proportional to the dynamic pressure; that 
is, an increase in dynamic pressure results 
in an increase in the pressure differential 
for a given angle of attack. Therefore, the 
aerodynamic force equation may be written 
as the product of the dynamic pressure 
times the area of the wing times some 
constant (K) to represent the difference 
between the dynamic pressure and the 
pressure differential on the wing. 

AF = 1/2 PV2SK (4.1) 

d. Equation 4.1 contains the first 
three factors listed previously, but there 
are still four variables yet to consider. 
These factors—shape of the airfoil, angle of 
attack, viscosity, and compressibility 
effects—will all affect the constant “K.” 
This constant is denoted by CF and is 
referred to as the coefficient of aerodynamic 
force. Thus, the aerodynamic force equa- 
tion with all variables considered is: 

AF = 1/2PV2SCF (4.2) 

(1) The coefficient is easily 
determined from experiments conducted in 
a wind tunnel and on actual aircraft in 
flight. To visualize the effect of C F on the 
aerodynamic force, consider sticking your 
hand out of a moving car at some angle of 
attack; you feel a force acting up weirds and 
aft—this is the aerodynamic force. If you 
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rotate your hand to a larger angle of attack, 
the AERODYNAMIC FORCE increases, 
even though the car’s velocity remains 
unchanged and there is no increase in the 
area of your hand. Examination of equation 
4.2 shows that the Cp must have increased 
with the increase in the angle of attack, 
since the V, S, and P remain constant. The 
angle of attack is one of the four variables 
contained in the Cp. 

When an airfoil is tested to find its 
aerodynamic characteristics, the Cp is the 
portion of the equation that is derived from 
the experiments. Solving equation 4.2 for 
Cp yields: 

1/2 pV2S (4.3) 

(2) These tests can be con- 
ducted in a wind tunnel by mounting the 
airfoil on a probe called a stinger (fig 4-6). 

The stinger can vary the angle of attack of 
the airfoil, and it is instrumented to 
measure the direction and magnitude of the 
aerodynamic force. The density and veloc- 
ity of the airstream through the wind 
tunnel are known and the area of the wing 
can be measured so all parts of equation 4.3 
are known. Therefore Cp can be determined 
for each angle of attack of the airfoil. 

4-5. LIFT FORCE 

a. The aerodynamic force is the 
total force acting on the airfoil; but, with 
changes in the angle of attack and velocity, 
the direction and the magnitude of the 
aerodynamic force will change. For this 
reason, it becomes difficult to use the 
aerodynamic force to predict the per- 
formance of the aircraft and it somewhat 
complicates analysis of the airfoil’s capa- 
bilities. Breaking the aerodynamic force 
into two component forces in relation to the 
relative wind or flightpath simplifies 
analysis. The component of the aero- 
dynamic force that is PERPENDICULAR 
TO THE RELATIVE WIND is called 
LIFT, and the component of the aero- 
dynamic force that acts PARALLEL TO 

STINGER 
INSTRUMENTATION 

RW 

20 

-fi- 

ar SCALE 

Figure 4-6. Stinger. 
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THE RELATIVE WIND is caUed DRAG. 
Note that these forces, lift and drag, are 
components of the aerodynamic force 
perpendicular and parallel to the RELA- 
TIVE WIND—not the horizon. 

b. The lift equation: If thè direction 
as well as the magnitude of the aero- 
dynamic force is known, then the angle 
between the aerodynamic fdrce and the lift 
force would be known. This angle is 
denoted by “X” in figure 4-7. Since the lift 
force is a component of the aerodynamic 
force, then its value is found by multi- 
plying the aerodynamic force by the cos X. 
This is shown in the following equations: 

> 
Figure 4-7. Components of aerodynamics force. 

L = AF cos X (4.4) 

AF = 1/2PV2SCF (4.2) 

L= l/2pV2 S Cp COS X (4.5) 

1.6 

1.4 

1.2 

1.0 

4 6 8 10 12 14 

(ÄJ° ANGLE OF ATTACK 

Figure 4-8. Coefficient of lift curve for cambered airfoil. 
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c. CpcosX is denoted by CL and is 
called the coefficient of lift (CL). In its 
convenient form, this equation is: 

L = 1/2 pV2 S CL (4.6) 

Since the lift force is more useful than the 
aerodynamic force, the CL is used more 
than Cp. Any factor that affects CF affects 
CL; therefore, the CL varies with the angle 
of attack as does Cp. Figure 4-8 shows the 
plot of the CL curve of a typical cambered 
airfoil. This curve represents the combined 
results of the last four variables mentioned 
(shape, angle of attack, viscosity, and 
compressibility). The velocity, the density 
of the airstream, and the area of the wing 
have nothing to do with it. For a given 
airfoil, the value of the CL can only be 
varied by changing the angle of attack. 

4-6. AIRFOIL CHARACTERISTICS 
a. The CL curve depicted in figure 

4-8 is for a cambered airfoil. There is 
another type of airfoil that is very common 
and usually associated with high subsonic, 
transonic, and supersonic aircraft. This is a 
symmetrical airfoil which is shown in cross 
section in figure 4-9. 

MEAN CAMBER LINE 
IS THE CHORD 

Figure 4-9. Symmetrical airfoil in cross section. 

b. The symmetrical airfoil has the 
mean camber line coincident with the 
chord. The curve of the top surface of the 
airfoil is the same as the curve of the 
bottom surface. This type of airfoil is 
capable of producing lift when it is at 
positive angles of attack. The forward 
stagnation is below the point where the 
chord intersects the leading edge. This 
means that the airstream that flows over 
the top surface of the wing has a greater 
distance to travel and the airfoil develops 
lift as did the cambered airfoil. When the 
symmetrical airfoil has a zero angle of 
attack (relative wind parallel to the chord), 
each airstream has the same distance to 
travel. This results in no pressure dif- 
ferential and, therefore, no lift is produced 
(fig 4-10). 

c. The slope of the CL curve is 
approximately the same for most types of 
airfoils. This is roughly 0.1 increase in CL 
per degree increase in the angle of attack, 
but the placement (left or right) is 
different. The point where the CL curve 
crosses the horizontal axis is called the 
ZERO LIFT POINT. This is the angle of 
attack where the airfoil produces zero lift 
(CL = 0). If the CL in the lift equation 
(equation 4.6) is zero, then the lift must be 
zero. The symmetrical airfoil at a 0° angle 
of attack has CL = 0, but the cambered 
airfoil must be at a negative angle of attack 
before the paths of the airstreams over the 
top and bottom of the airfoil become an 
equal distance and the pressure differential 
across the wing becomes zero. The lift 
curves for two airfoils (symmetrical and 
cambered) are plotted on the same graph in 
figure 4-11 to show the comparison between 
the two. The higher the camber of the 
airfoil, the farther to the left is its zero lift 
point. 
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Figure 4-10. Airflow over symmetrical airfoil. 
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Figure 4-11. Lift curves for cambered and symmetrical airfoils. 
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4-7. ANGLE OF ATTACK VERSUS 
VELOCITY 

a. Naturally, an aircraft is capable 
of flying at different speeds, but, unlike an 
automobile, when an aircraft slows down, 
the pilot must make some correction for the 
decrease in the velocity to maintain enough 
lift to maintain altitude. Examination of 
the lift equation (equation 4.6) shows that 
velocity and CL are the only variables 
affecting lift that the pilot can control. He 
controls CL by varying the angle of attack. 
Therefore, to maintain a constant lift force 
as an aircraft slows down, the pilot must 
increase the angle of attack (increasing CL) 
to compensate for the decrease in velocity. 
This is shown in equation 4.6 below: 

L = Constant = 1/2 p V2SCL (4.7) 

Examine figure 4-12 carefully and note the 
various values of the CL and angles of 
attack that are required to maintain level 
flight (constant lift) at the different 
velocities. 

b. Become thoroughly familiar with 
the lift equation and keep thinking in a 
practical sense how the variables in the 
equation are affected in various flight 
conditions; for example, high and low 
angles of attack, high and low altitudes, 
high and low airspeeds, increases in 
weight, etc. 

89 KNOTS Cl MAX1-5 

1.4 
AIRPLANE DATA 
L = 20,000 LBS 
WING AREA ( S) = 500 ft2 

SEA LEVEL DENSITY cr = 1 1.2 
100 KNOTS Ci = 1.180 

1.0 

120 KNOTS Ci = 0.820 O -8 

150 KNOTS CL = 0.525 

200 KNOTS CL = 0.295 

300 KNOTS CL = 0.131 
<400 KNOTS CL = 0.074 
500 KNOTS CL = 0.047 

12 16 18 20 10 14 

ANGLE OF ATTACK 

Figure 4-12. Angle of attack, velocity relationship curve. 
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STALLS AND 

STALL CHARACTERISTICS 

5-1. GENEEAL 

a. In the early years of aviation the 
advice was to “fly low and slow.” Since this 
condition affords a minimum distance to 
fall, it seemed to be sound reasoning. 
Actually, it is probably one of the most 
dangerous conditions of flight. To produce 
the required lift at slow airspeeds, the pilot 
must fly at a high angle of attack which is 
near the angle of attack for the aero- 
dynamic stall. 

b. When the stall occurs, the lift 
decreases, the drag increases, and there is 
almost always a loss of altitude. Not only 
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does the aircraft lose altitude, but there is 
also a loss of control. It is possible for the 
aircraft to enter a spin. If the stall 
progresses into a spin, in today’s modern 
high-performance aircraft you could 
experience loss of altitude at a rate of 
30,000 feet per minute. 

c. Takeoffs and landings are per- 
formed at low airspeeds and altitudes. This 
combination makes them hazardous phases 
of flight. One of the most frequent causes of 
takeoff and landing accidents is the stall. If 
the stall does occur there is neither 
sufficient time nor altitude for recovery. 
Since, for each flight, there is at least one 
takeoff and one landing, the pilot must 
develop the ability to operate the aircraft in 
slow flight conditions and at high angles of 
attack. Knowing that you, the pilot, will be 
operating in this potentially hazardous 
configuration, it is to your advantage to 
have a thorough understanding of stall 
characteristics. This chapter defines the 
stall and studies its causes, warnings, and 
characteristics. The stall speed equation is 
then derived from the lift equation. 
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5-2. THIS AEEODYNAMIC STALL 

An aerodynamic stall can be defined as a 
condition where an increase in the angle of 
attack results in a decrease in the CL- This 
is due to the separation of the boundary 
layer (a thin layer of air near the surface of 
the wing) from the upper surface of the 
wing. When this boundary layer separates, 
turbulence occurs between the boundary 
layer and the surface of the wing. This 
causes the static pressure on the upper 
surface of the wing to increase. In the 
definition of the stall it should be noted 
that no reference is made to AIRSPEED. 
THE ONLY THING THAT CAUSES 
THE STALL TO OCCUR IS AN EXCES- 
SIVE ANGLE OF ATTACK. 

a. Stalling Angle of Attack. In 
figure 5-1, you can see that all angles of 
attack greater than the angle of attack for 
CLmax fit the definition of the stall. An 
increase in the angle of attack beyond the 
angle of attack for CLmax (14°) results in a 
decrease in the value of CL- The cross- 
hatched area in figure 5-1 is called the stall 
region. Any time the aircraft is operating 
at an angle of attack within this region, it is 
stalled, whether its airspeed is 60 knots or 
160 knots. 

b. Cause of the Stall. 

(1) The cause of the stall is 
relatively easy to understand. The wing or 

1.4 
MAX 

STRAIGHT PORTION 
BOUNDARY LAYER 
SEPARATION POINT 
CONSTANT 

1.2 

1.0 

2 4 6 8 10 12 14 16 18 

ANGLE OF ATTACK (a) STALL ANGLE 
OF ATTACK 

Figure 5-1. Coefficient of lift curve. 
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airfoil was designed with a certain camber 
to give a definite pressure differential 
between the top and bottom surfaces. As 
the angle of attack increases, the CL 
increases because of the increase in the 
pressure differential. At all angles of attack 
which correspond to the straight portion of 
the CL curve to the left of the stall region, 
the airflow follows the curvature of the top 
surface until it gets almost to the trailing 
edge. There the boundary layer breaks 
away and a small turbulent wake is formed 
(fig 5-2). 

(2) The point where the 
boundary layer separates from the airfoil 
stays essentially constant as the angle of 
attack is increased or decreased so long as 
the angle of attack is of a value where the 
CL curve is a straight line (between 0° and 
12° on fig 5-1). If the angle of attack is 
increased beyond the straight portion of 
the CL curve, the point of boundary layer 
separation moves forward. This actually 
decreases the area of the top surface of the 
wing that is working to produce lift. The 
airflow under the boundary layer is 

F(VJ 1-50 

turbulent and in this area the static 
pressure is increased as compared to the 
area where no separation occurs. The 
increase in the angle of attack has increased 
the pressure differential on the portion of 
the wing where no separation exists. The 
increase in the pressure differential is 
partially offset by the loss of some of the 
effective area of the wing. This results in a 
smaller increase in the CL per degree 
increase in angle of attack; in other words, 
as the slope of the CL curve decreases and 
continues to decrease as the angle of attack 
is increased, the separation point of the 
boundary layer moves farther and farther 
forward. A point is finally reached where a 
further increase in the angle of attack 
results in a decrease in the value of the CL- 
The point where the boundary layer 
separates has now moved too far forward, 
and the loss of the effective area of the wing 
is too large to be offset by any increase in 
the pressure differential that may occur. 
This is the angle of attack that is defined as 
the stalling angle of attack. At the angle of 
attack for CLmax» the slope of the CL 
curve has reached 0, and any further 
increase in the angle of attack develops a 
negative slope to the curve (CL decreases 
as a increases). 

BOUNDARY LAYER SEPARATION POINT 

2)'02? C7?D 0 * os 03 

* ct 2° 12° 14° 20° 

Figure 5-2. Airfoils at various angles of attack. 
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(3) Relate the airfoils shown in 
figure 5-2 to the CL curve in figure 5-1. At 
an angle of attack of 12°, note that the 
curve slope starts to decrease and that the 
boundary layer separates. This separation 
results from insufficient energy in the 
boundary layer to make it adhere to the 
surface of the wing all the way to the 
trailing edge. In other words, the airflow 
just can’t conform to the sharp bend. The 
flat plate in figure 5-3, placed at 90° to the 
airstream, has a turbulent flow behind it. It 
could not be expected that the boundary 
layer would remain on the back surface of 
the plate. The same is true of the wing at 
high angles of attack; there is a limit where 
the boundary layer can no longer remain on 
the surface of the wing. That limit is the 
point of boundary layer separation. 

BOUNDARY 
\ 'slO 

LAYERS 

(¿5 

Figure 5-3. Boundary layer separation. 

an impending stall. As the turbulence flows 
over part of the aircraft, it causes a buffet 
and the aircraft shakes like a car on a 
washboard road. This aircraft buffet gives 
the pilot an aerodynamic warning of the 
approaching stall. There is some turbulent 
flow generated before the stall actually 
occurs, so the buffet can occur before the 
aircraft actually stalls and can be used as a 
warning. 

(2) Part of the aircraft behind 
the wing is the horizontal stabilizer. It is 
possible to have the turbulent flow pass 
over it to give the warning. The span of the 
horizontal stabilizer is less than the span of 
the wing, so any turbulent flow coming 
from the wingtips, or outer portions of the 
wing, would not flow over the stabilizer. 
This is one reason it is desirable to design 
the wing so the root section will stall before 
the tip section. The turbulent airflow then 
creates the aircraft buffet warning before 
the entire wing is stalled. Also, by stalling 
one part of the wing before the other, the 
stall is not as abrupt as if the entire wing 
stalled at once. Aircraft that have ailerons 
located toward the wingtips will have 
better lateral control as the stall 
approaches if the stall progresses from the 
root of the wing to the tip. 

6-S. SÏ.'ALL Y/AEMKKG 

a. Aerodynamic Stall Waming. 

(1) The turbulent airflow that 
is generated when the boundary layer 
separates can be used to warn the pilot of 

(3) Although a root-to-tip stall 
pattern is desirable, it is not always 
possible to achieve. A rectangular or 
slightly tapered wing will normally stall 
root first. However, highly tapered, swept, 
or delta wings exhibit a strong tendency to 
stall tip first. Some design techniques used 
to make the root stall before the tip are 
discussed below. 
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(a) GEOMETRIC 
TWIST. One method of causing the root to 
stall first is geometric twist which is 
nothing more than building a twisted 
wing. The root section angle of incidence is 
greater than the tip section. This twist is 
approximately 3°. Assume an airfoil 
section has a stalling angle of attack of 18°. 
When the root section is at an 18° angle of 
attack, it is stalled. However, the tip 
section is still at about a 15° angle of attack 
and is not stalled. The pilot will have an 
aerodynamic buffet from the turbulent air 
from the root section and will still have the 
use of ailerons for lateral control during the 
recovery. 

(b) AERODYNAMIC 
TWIST. Another method of stalling the 

root section before the tip section is 
aerodynamic twist. A wing with aero- 
dynamic twist is not really twisted, as it 
was with geometric twist mentioned above. 
However, the wing reacts in the same 
manner and therefore is said to be twisted. 
In this case, the aircraft designer uses two 
types of airfoils. Note in figure 5-4 the CL 
curve for the cambered airfoil and the CL 
curve for the symmetrical airfoil. They 
both have approximately the same value of 
CLmax. but the angle of attack at which 
they attain their CLmax Is different. In 
this case, the root section is a cambered 
airfoil and the wing will gradually trans- 
form into a symmetrical airfoil toward the 
tip. The angle of incidence is the same for 
both sections; therefore, there is no 
geometric twist to this type of wing. The 
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Figure 5-4. CL curves for cambered and symmetrical airfoils. 
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stall progression from root to tip is 
controlled aerodynamically through the use 
of different types of airfoils. If you 
construct a wing using the airfoil sections 
plotted in figure 5-4, the root will stall at a 
15° angle of attack and the tip will stall at 
an 18° angle of attack, as indicated by the 
curves. 

(c) STALL STRIP. A 
third method that is sometimes used to 
stall the root sections first, or at least 
create a buffet on the aircraft, is through 
the use of a stall strip on the leading edge of 
the wing, as seen in figure 5-5. This causes 
the boundary layer to break away from the 
airfoil at an angle of attack lower than the 
stalling angle of attack for that airfoil. An 
aircraft’s cruise speed, its design load, and 
its general performance requirements 
determine the airfoil section to be used. 
These design considerations may preclude 
the use of twist methods for smooth stall 
progression. A stall strip, located in the 
region of the root section, is used to detach 
the boundary layer and insures that this 
section stalls first. This gives adequate 
warning to make a safe recovery with a 
minimum loss of altitude. 

b. Mechanical Stall Warning. Some 
aircraft do not have horizontal stabilizers 
or are designed in such a way that the 
horizontal stabilizer is not in the path of the 
turbulent wake generated by the wing as it 
is stalling. These aircraft usually include a 
mechanical method to give the pilot a stall 
warning. The simplest mechanical stall 
warning is a flapper switch mounted on the 
leading edge of the wing (fig 5-6). As the 
wing approaches the stall, the relative wind 
pushes the flapper up and closes a switch. 
This in turn activates some device to warn 
the pilot of an impending stall. The flapper 
can be positioned to vary the angle of 
attack at which the stall warning will 
occur. 

Figure 5-6. Flapper switch. 

6 FN 

Figure 5-5. Stall strip. 

5-4. STALL RECOVERY 

When a pilot receives a stall warning, 
naturally, he should recover immediately. 
To recover from a stall, the pilot must 
correct the cause of the stall, which is too 
high an angle of attack. Therefore, the only 
action the pilot must take is to decrease the 
angle of attack. This will break the stall 
and stop the stall warning immediately. 
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5-5. STALL-SPEED EQUATION 

a. Pilots often speak of the 
STALLING SPEED of an aircraft, but so 
far this chapter has been dealing with the 
angle of attack as the basic factor affecting 
the stall. The stalling speed of an aircraft is 
the speed at which, for a given set of 
conditions, the aircraft is at its stalling 
angle of attack. Although the stalling 
speed varies, the stalling angle of attack 
remains constant for any particular airfoil 
shape. 

b. To develop a stalling speed 
equation, certain assumptions must be 
made. First, this chapter deals only with an 
aircraft in level flight with the lift vector 
opposite the weight vector. Climbing flight 
affects stall speed, but this is discussed in 
Chapter 10, “Climbing Performance.” 
Secondly, the aircraft is considered in 
equilibrium which allows the use of 
Newton’s first law of motion; that is, the 
sum of the forces about the center of 
gravity of the aircraft is equal to zero. At 
this time, only the vertical forces are of 

importance; the forces up must equal the 
forces down. With the aircraft in level 
flight, the lift force equals the weight of the 
aircraft (fig 5-7) and the lift equation that 
was developed in chapter 4 is: 

W = L = 1/2 p V2 S CL (4.6) 

c. The lift equation shows that 
slower velocities require higher angles of 
attack to produce higher values of CL SO 

that lift will equal weight. Assuming the 
quantity “S” to be constant, you can see 
that the minimum of “V” depends upon the 
maximum value of CL that is attainable.. 
This value (CLmax) occurs at the stall 
angle of attack. Therefore, if an aircraft is 
operating at the angle of attack for CLmax. 
it is also operating at its minimum or stall 
velocity. This is the minimum velocity at 
which the aircraft can maintain level flight 
and is referred to as the aircraft’s STALL 
SPEED. 

LIFT 

* — 

THRUST DRAG 

d. To develop the stall-speed equa- 
tion, the lift equation is first solved for 
velocity: 

2L 
CL P S 

(5.1) 

WEIGHT 

Figure 5-7. Aircraft in equilibrium. 
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If the lift force is considered equal to the 
weight, a direct substitution can be made 
to give: 
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V = / 2W (5.1 2)! ycLps 

In this form of the equation, you can find 
the velocity for any particular value of CL. 
To define stall speed (Vs), the value of CL 
is fixed as CLmax and the equation takes 
the following form: 

Vs= /-2W.  
v CLmax P S 

Equation 5.3, then, is the level flight 
STALL-SPEED EQUATION. 

e. Equation 5.3 shows how weight, 
altitude, and configuration affect the stall 
velocity. These factors are discussed in the 
following paragraphs. 

(1) Weight Effect. From equa- 
tion 5.3, you can see that changes in weight 
vary the stalling speed of an aircraft. As an 
aircraft flies, its weight decreases because 
of fuel consumption. The decrease in 
weight decreases the stalling speed, since 
the stalling speed is directly proportional to 
the square root of the weight. An aircraft 
that weighs 20,000 pounds at takeoff and 
stalls at 115 knots will stall at 93 knots 
with a weight of 13,000 pounds at the end 
of a flight. This is because of the decrease 
in the fuel on board, but using fuel is not 
the only way an aircraft decreases its 
weight in flight. Jettisoning of external 
loads can decrease the aircraft weight 
sufficiently to change the stalling speed 
appreciably. The weight factor, sometimes 
referred to as the wing loading, is 

expressed as W/S. The wing loading 
represents the average amount of lift that 
is required of each square foot of wing area. 
As the weight is increased, the wing 
loading is increased, and the lift required of 
each square foot of wing area is increased. 
Note the wing loading appears in the 
stall-speed equation and that the stall 
speed is directly proportional to the square 
root of W/S. 

(2) Altitude Effect. Since air 
density appears in the denominator of the 
stall-speed equation, a decrease in air 
density decreases as altitude increases and 
an increase in altitude will cause an 
increase in stall velocity. Previous refer- 
ences to stall speed have been to true 
airspeed (V). Indicated airspeed is approx- 
imately equal to 1/2 V2. The lift equation 
shows us that the indicated stall airspeed 
will be approximately the same for a given 
weight and configuration regardless of the 
altitude. An increase in altitude produces a 
higher stall true airspeed but very little, if 
any, change in the stall indicated airspeed. 

(3) Configuration Effect. 

(a) As flaps are lowered 
CLmax will increase (the effect of all high 
lift devices is discussed in detail in chapter 
6). If CLmax is increased, the stall speed is 
decreased. This is as it should be since the 
purpose of any high lift device is to reduce 
the stall velocity by increasing CLmax- 

5-8 



FM 1-50 

(b) Up to this point, we 
have been discussing an aircraft in equilib- 
rium, that is, no acceleration is occurring. 
A simple change to the stall velocity 
equation makes it applicable to an aircraft 
experiencing acceleration. 

tion must be more than the weight of the 
aircraft. In the stall-speed equation, the 
weight is substituted for the lift, but lift 
must be greater than weight if an 
acceleration is to be produced. This factor 
must be considered and this is accom- 
plished by introducing load factor (n) into 
the stall-speed equation. 

(4) Acceleration Effect. 

(a) An aircraft does not 
always require lift equal to the weight; 
sometimes it requires more and sometimes 
less. If the aircraft is pulling out of a dive, 
there is an additional force generated on the 
aircraft to produce the acceleration. 
Assume that the aircraft is just passing 
through level flight during a pullout of a 
dive (fig 5-8). In this case, the weight is 
acting directly opposite the lift vector. The 
lift now required to produce the accelera- 

LIFT20.000 lbs 

•NO'1* 

DRAG THRUST 

WEIGHT 10.000 lbs 

(b) The load factor is the 
lift that the aircraft is required to develop 
divided by the weight of the aircraft: 

n = L/W (5.4) 

For example, the aircraft pulling out of the 
dive weighs 10,000 pounds. The lift that 
the aircraft is required to develop to 
accelerate the aircraft (pull Gs) is 20,000 
pounds. The load factor would be n = 
20,000/10,000 = 2. The aircraft is in a 2 G 
condition. Although the aircraft actually 
weighs only 10,000 pounds, its apparent 
weight due to the acceleration is 20,000 
pounds. You can see that an aircraft under 
a 2 G load condition is required to develop 
TWICE the lift that is developed under a 
straight and level or 1 G condition. The lift 
must equal the weight times the load 
factor. In the stall-speed equation, the 
weight is substituted for the lift, but now 
the lift is not equal to just the weight, but 
to the weight times the load factor: 

Figure 5-8. Load factor. 
L = nW (5.4a) 
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The equation now appears as: 

VS 
2nW 

CLmax pS 
(5.5) 

Since the stalling speed is directly propor- 
tional to the square root of the load factor, 
the increase in the load factor increases the 

stalling speed of the aircraft. If an aircraft 
stalls in straight-and-level flight at 100 
knots, the same aircraft in a 2 G condition 
will staU at 141 knots. For an aircraft flying 
at CLmax» if more lift is needed, the only 
way it can be developed is by increasing the 
velocity. CL cannot be increased, since it is 
already at its maximum value and any 
further increase in angle of attack would 
only produce a decrease in CL- 

LIFT8.970 Iba 

THRUST4.000 Iba T SHI a = 1.030 Iba 

C4W 

FLIGHT PATH 

WEIGHT 10.000 lbs 

DRAG 

Figure 5-9. Effect of thrust. 
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(5) Thrust Effect. Another fac- 
tor that must be considered in the 
development of the stall-speed equation is 
the amount of thrust that is being 
developed by the engine. For simplicity, 
assume that the thrust vector is acting 
along the chord line of the wing. The angle 
between the thrust vector and the relative 
wind is equal to the angle of attack (fig 
5-9). You can see that there is a vertical 
component of thrust or a thrust component 
that is parallel to the lift vector and acting 
in the same direction. The value of this 
vertical thrust component can be expressed 
as T sin a . Since it is in the direction of the 
lift vector, it is aiding the lift in supporting 
the weight of the aircraft. Summing the 
forces vertically and equating them to zero 
gives: 

L + T sin a - nW = 0 (5.6) 

Solving the above equation for lift results 
in: 

L = nW - T sin a (5.6a) 

This expression of L is now substituted 
into the original form of the stall-speed 
equation and yields: 

VS _/ 2(nW - T sina ) (5.7) 
V CLmax P S 

This is the form of the stall-speed equation 
when the effect of thrust is considered. The 
more thrust being developed, the larger is 
the value of Tsina and the lower the stalling 
speed. This should be rather easy to 
visualize, because the larger the value of 
the vertical component of the thrust, the 
less lift that the wing has to develop, so the 
slower the aircraft can fly. 
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CHAPTER 6 

HIGH-LIFT DEVICES 
AND THE BOUNDARY LAYER 

6-1. GENERAL 

An aircraft’s low-speed characteristics 
can be as important as its high-speed 
performance, if not more so. It has often 
been said that the pilot spends the greatest 
part of his time in the air below 3,000 feet 
and 150 knots. This statement makes 
reference to takeoffs and landings; and 
even though 150 knots is not representa- 
tive, the statement has much validity. As a 
solution to this problem, the aircraft 
designer must turn to high-lift devices. 
High-lift devices by various means increase 
the maximum value of the coefficient of lift 
(CLmax)- 

6-2. PURPOSE OF HIGH-LIFT DE- 
VICES 

a. The name, high-lift device, is 
something of a misnomer. A HIGH-LIFT 

CONTENTS 

General   6-1 
Purpose of High-Lift Devices  6-1 
High-Lift Devices Methods  6-2 
Types Oi High-Lift Devices 6-5 

DEVICE IS NOT USED TO INCREASE 
LIFT, BUT TO OBTAIN A REQUIRED 
LIFT FORCE AT LOWER VELOCI- 
TIES. For example, an aircraft flying at 
250 knots is developing 10,000 pounds of 
lift; when landing it still requires 10,000 
pounds of lift, only now the aircraft might 
fly at 160 knots. The high-lift devices are 
used to allow the 10,000 pounds of lift to be 
produced at 160 knots. Since the landing 
approach speeds of the aircraft are a 
function of the stalling speeds, reference to 
the stall-speed equation readily shows how 
high-lift devices can lower landing and 
takeoff velocities (equation 4.7): 

VS 4 2(nW-T sin a) 
CLmax p S 

(5.7) 

b. As we concluded in the chapter 
on stalls, the slowest velocity that an 
aircraft can fly depends upon the maximum 
value of CL attainable. This is shown in the 
stall-speed equation. The stall speed is 
inversely proportional to the square root of 
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the value of CLmax- If this value can be 
increased, then the stalling speed is 
lowered or a greater weight can be 
supported with the same stalling speed. 
Increasing the payload of an aircraft is 
another example of when high-lift devices 
are required. At any rate, ALL HIGH- 
LIFT DEVICES INCREASE THE VAL- 
UE OF CLmax- There are two common 
ways in which the value of CLmax can be 
increased: (1) Increase the camber of the 
airfoil or (2) delay the boundary layer 
separation. 

6-3. HIGH-LIFT DEVICE METHODS 

a. Camber Change. 

(1) The method most com- 
monly used to increase CLmax is increas- 

ing the camber of the airfoil. The more 
camber a wing has, the greater is the 
velocity differential between the top and 
bottom surfaces of the wing. This greater 
velocity differentiell creates a larger pres- 
sure differential across the wing. The 
pressure differential has been previously 
related to the value of CL for a given angle 
of attack; so by increasing the camber of an 
airfoil, the value of CL is increased. 

(2) The usual method of in- 
creasing the camber is through the use of 
trailing-edge flaps, as shown in figure 6-1. 
This CL curve is shown for flaps up and 
flaps down. Note that the basic airfoil is a 
symmetrical airfoil and the wing has its 
zero lift point at an angle of attack of 0°. 
When the flap is extended, the airfoil now 
has a positive camber and the zero lift point 
has shifted to the left, but also notice that 
the value of CLmax has increased. The CL 

curve of the basic wing has shifted up and 

cL 

SAME WING WITH 
TRAILING EDGE FLAPS 

BASIC WING 

V' or 15° 18° 
ZERO LIFT 

Figure 6-1. Effect of trailing edge flap on CL curve. 
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to the left as flaps were lowered. This is the 
manner in which all high-lift devices that 
increase camber effect an increase in the 
value of CLmax- Another point that should 
be noted is that the angle of attack at which 
the wing will stall has been decreased. The 
basic wing stalled at an angle of attack of 
about 18°, but with increased camber it will 
stall at 15°. However, the value of CLmax 
at 15° (flaps down) is greater than at 18° on 
the basic wing. 

b. Delay of Boundary Layer Sep- 
aration. 

(1) The other method of in- 
creasing the value of CLmax is by delaying 
the boundary layer separation. We learned 
in chapter 5 (on stalls) that the maximum 
value of CL is limited by the separation of 

the boundary layer. The basic wing 
mentioned previously stalled at an 18- 
degree angle of attack, but if the energy 
level of the boundary layer over the wing 
could be increased, then the wing could be 
rotated to higher angles of attack before 
the stall would occur. This is the technique 
used by boundary layer control (BLC) to 
increase the value of CLmax- 

(2) The energy level of the 
boundary layer can be increased by either 
suction or blowing BLC. Figures 6-2 and 
6-3 show these two methods of boundary 
layer control. 

(a) SUCTION BOUND- 
ARY LAYER CONTROL. Suction bound- 
ary layer control (fig 6-2) draws off the 
low-energy, aerodynamically dead, turbu- 
lent air below the boundary layer, causing 
the higher-energy layers above to be 

FLAPS DOWN 
BLC ON 

BOUNDARY LAYER 

VACUUM 
PUMP 

S = 18° 
STALLED 

FLAPS DOWN 
BLC OFF 

(X = 18° 
NOT STALLED 

BLC OFF _ 

AERODYNAMICALLY 
DEAD AIR (TURBULENT) v“' 

Holes in top surface 
of flap connected to 
vacuum pump. 

VACUUM 
BLC ON PUMP 18° 21° 

Figure 6-2. Suction BLC on flap. 
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lowered closer to the airfoil surface. This 
makes the airfoil effective at tingles of 
attack where it previously was stalled. 
Suction BLC is rather inefficient, because 
it requires a heavy vacuum pump or 
turbine to handle the large volume of air 
being drawn off the airfoil. This increase in 
the weight of the aircraft partially offsets 
the advantages gained by the increased 
value of Cl .may. 

(b) BLOWING BOUND- 
ARY LAYER CONTROL. Blowing bound- 
ary layer control (fig 6-3) increases the 
energy level of the boundary layer by 
introducing high-energy air through a 
nozzle, usually mounted ahead of the flap. 
This method can be thought of as blowing 
the turbulent air from the top surface of the 
airfoil. Blowing BLC is more commonly 
used than suction BLC because it is more 
efficient. The compressor section of a jet 
engine can be used to supply the high- 

energy air needed and, therefore, there is 
no increase in aircraft weight. 

(3) Figures 6-2 and 6-3 also 
include the CL curves with the results of 
BLC. There is a slight difference between 
blowing and suction BLC because of 
airflow changes on the surface of the wing, 
but this text considers their effects to be 
the same. 

(4) Another method of re- 
energizing the boundary layer is by use of 
vortex generators (fig 6-4). These are small 
strips of metal placed along the wing, 
usually in front of the control surfaces or 
near the wingtips. The turbulence caused 
by these strips mixes high energy air from 
outside the boundary layer with the 
boundary layer air. The effect of the vortex 
generators on the lift curve is similar to the 
other boundary layer control devices. 

NOZZLE FOR 
BLOWING BLC 

BOUNDARY LAYER 
REENERGIZED 

CL 

_ FLAPS DOWN 
BLC ON 

FLAPS DOWN 

BLC OFF 

18° 21° 

Figure 6-3. Blowing BLC. 
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Figure 6-4. Vortex generators. 

6-4. TYPES OF HIGH-LIFT DEVICES 

In the following paragraphs, various 
types of high-lift devices are discussed and 
shown, but note that they all increase 
either the camber of the airfoil or the 
energy of the boundary layer. 

a. Trailing Edge Flaps. Trailing- 
edge flaps are the most common types of 
high-lift devices in use and they have a 
number of advantages and disadvantages. 
The trailing-edge flap increases the camber 
of the wing and thereby increases the value 
of CLmax! hut, in so doing, it moves the 
lift force toward the trailing edge of the 
wing, which results in a negative or 
nose-down pitching moment. This moment 
limits the use of flaps to aircraft which have 
horizontal stabilizers and elevators. When 
a trailing-edge flap is extended, the angle 
of incidence is increased because the chord 
line of the airfoil changes. This results in 
better forward visibility for the pilot during 
landings and takeoffs (fig 6-5). Flaps also 
increase the drag on the aircraft, which is 
useful in landings, allowing the aircraft to 
make a steeper approach without increasing 
the airspeed. This drag increase is not 
desired on takeoff. Most aircraft that have 
large and very effective trailing-edge flaps 

ANGLE OF INCIDENCE 

T* 
a 

RELATIVE WIND 

CHORD LINE 
LONGITUDINAL AXIS 

ANGLE OF INCIDENCE 
CHORD LINE 

LONGITUDINAL AXIS 

RELATIVE WIND 

Figure 6-5. Angle of incidence change with flap deflection. 
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use only partial flaps on takeoff, where 
they get the benefit of increased CL without 
a very large increase in the drag. Some of 
the common types are as follows: 

(1) PLAIN AND SPLIT 
FLAPS. These are simple types of flaps. 
These two flaps are shown in figures 6-6 (a) 
and (b), respectively. They both increase 

PLAIN FLAP CAMBER CHANGE 

CAMBER CHANGE 

¿0-0 

CAMBER CHANGE 

S5 
SPLIT FLAP 

FOWLER FLAP 

CAMBER CHANGE 
AND AREA CHANGE 

SLOTTED FLAP 

ÂV. 

—O o SLOTTED FOWLER FLAP 

CAMBER CHANGE AND 
AREA CHANGE LEADING-EDGE FLAP 

d! 

LEADING-EDGE SLOT 

MOVABLE LEADING EDGE 

CAMBER CHANGE 

DELAYED SEPARATION 

DELAYED SEPARATION 

Figure 6-6. Types of high-lift devices. 
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the camber of the airfoil, but the split flat 
does not produce as large a nosedown 
pitching moment as does the plain flap. 
The split flap also creates a greater drag 
force, because of the low-pressure, highly 
turbulent area between the wing trailing 
edge and the flap trailing edge. 

(2) FOWLER FLAP. On air- 
craft that must lift heavy loads from short 
fields, such as the jet transports, the 
Fowler flap is used (fig 6-6(c)). When 
extended this type of flap moves rearward 
as well as down. This increases CLmax 
because of the increase in camber and also 
increases the wing area. The Fowler flap, 
then, reduces Vg (stall speed) by increasing 
CLmax and wing area. Aerodynamically 
this is the most efficient type of flap, but it 
does have disadvantages. With the huge 
surface extending so far behind the wing, 
there is a large twisting moment set up in 
the wing and the wing must be built very 
strong to withstand this load. This increase 
in structural strength requirement and the 
more complicated actuating mechanisms 
account for great increases in weight and 

internal wing volume. This precludes the 
use of the Fowler flap on the high-speed, 
thin airfoils. 

(3) SLOTTED FLAPS. Most 
flaps can be slotted to increase their 
efficiency. This uses the principle of 
boundary layer control along with the 
camber change. If they are used together, 
their effects are additive. In figure 6-7, a 
plain flap curve is shown before and after 
the slot is added. After adding the slot, 
separation over the flap area is delayed so 
the wing can be rotated to a higher angle of 
attack. The increased energy required to 
delay the boundary layer separation comes 
from the low-velocity, high-pressure air 
under the flap which is directed through the 
slot over the top surface of the flap. This 
increases the energy of the boundary layer 
over the flap (fig 6-6(d)). The Fowler flap 
can be slotted and its efficiency increased 
even more; in fact, the CLmax value of a 
multiple-slotted Fowler flap may be twice 
that of the basic wing (fig 6-6(e)). 

PLAIN SLOTTED 
FLAP 

PLAIN FLAP 

cL 

Figure 6-7. CLmax increase with slotted flap. 
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b. Leading-Edge Devices. 

(1) LEADING-EDGE FLAP. 
Some aircraft use leading-edge flaps (fig 
6-6(f)). This device increases the camber of 
the airfoil to increase CLmax- Unlike the 
trailing-edge flap, the leading-edge flap 
does not produce the negative pitching 
moment. It may, however, create a slight 
positive (noseup) pitching moment, de- 
pending upon its effectiveness. 

(2) SLOTS AND SLATS. The 
use of boundary layer control devices has 
certain advantages and disadvantages. 
They are usually used in conjunction with 
camber-changing devices, since BLC alone 
is not as effective as the camber change. 
Blowing and suction BLC devices have 
already been mentioned, but the leading- 
edge slot is a form of boundary layer 
control that has not been discussed (fig 

6-6(g)). The slot through the wing vents 
the high pressure air from the underside of 
the wing over the top surface. This delays 
the stall when the wing is at a high cingle of 
attack, the slot is not exposed to the 
airstream, and there is very little increase 
in the drag. Most modem carrier aircraft 
have leading-edge slats (fig 6-6(h)). This is 
nothing more than a slot that can be 
opened and closed. When it is opened at 
high angles of attack, the slat moves 
forward (some of them also move down), 
which gives an increase in the camber and 
area. This occurs any time the angle of 
attack is high, whether at low or high 
speeds during high G maneuvers. The use 
of BLC devices creates no pitching mo- 
ment; therefore, aircraft which have no 
horizontal stabilizers use this type of 
device. Since it allows the aircraft to rotate 
to higher angles of attack, the aircraft can 
be rotated to such a high degree that the 
pilot may have difficulty seeing the landing 
area. This can limit the effective use of 
devices that delay boundary layer 
separation. 
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CHAPTER 7 

DRAG AND 
THE DRAG EQUATION 

7-1. GENERAL 

a. The force which retards the 
motion of an aircraft through the air is 

referred to as DRAG. At times, this force is 
a hindrance and decreases the performance 
of the aircraft, but, at other times, it can be 
used to advantage. 

CONTENTS 
General  7-1 
Types of Drag .... 7-2 
Total Drag .... 7-2 
Lift/Drag Ratio  .7-3 
Total Drag Curve .... .7-5 
Causes of Parasite Drag .... 7-6 
Causes of Induced Drag 7-9 

b. In chapter 6, the discussion on 
flaps was primarily concerned with the 
increase in CLmax, but flaps also increase 
drag, which is useful in landing ap- 
proaches. High drag during landing also 
enables the aircraft to make a steep 
approach without gaining excessive speed 
and still clear obstacles around the field or 
in the approach path (fig 7-1). 

LOW DRAG 
APPROACH 

HIGH DRAG 
^APPROACH 

SPACE LEFT FOR STOP 

SPACE LEFT FOR STOP 

Figure 7-1. High drag during landing. 
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c. Since drag tends to retard 
motion and increases the fuel consumption, 
performance objectives such as range, 
endurance, and maximum velocity are all 
affected by drag. In these instances, the 
pilot will fly with a “clean aircraft” 
(reducing the drag as much as possible). 
Because drag requirements vary according 
to flight conditions, the pilot must under- 
stand this force to obtain the required 
performance from his aircraft. 

d. Total drag is that component of 
the total aerodynamic force, parallel to the 
relative wind, which tends to retard the 
motion of the aircraft and decreases its 
efficiency and performance. At subsonic 
velocities, drag is the sum of parasite and 
induced drag. 

7-2. TYPES OP BRAG 

There are two types of drag produced at 
subsonic speeds—parasite and induced. 

a. Parasite Drag. Parasite drag has 
to do with the way the air flows around the 
aircraft. The shape, surface, smoothness, 
size, and design of the aircraft affect this 
type of drag. If any of these cause 
turbulence or hinder airflow about the 
aircraft, they increase the parasite drag. 
For example, a modem automobile offers 
much less resistance to the airflow than an 
older car which has the same cross- 
sectional area, but with square comers and 
vertical surfaces. At the same speeds, the 
modem car has much less parasite drag 
than the older car, primarily because of its 
streamlining. 

b. Induced Drag. 

(1) Induced drag is defined as 
that drag which is due to the production of 
lift. This drag has to do with the downward 
velocities imparted to the air by the wing as 
it is producing lift. If no lift is produced, 
there is no induced drag. 

(2) The brief descriptions of 
parasite and induced drag given above are 
sufficient at this time. These types of drag 
will be discussed in detail in paragraphs 7-6 
and 7-7. 

7-3. TOTAL BRAG 

As we mentioned in chapter 4, the 
component of the total aerodynamic force 
parallel to the relative wind is drag (fig 
7-2). This is significant! It is important to 
realize that drag is the component of the 
aerodynamic force that is acting parallel to 
the flightpath or the relative wind, and is 
not necessarily parallel to the thrust 
vector. 

RW 

AF 

AC 

Figure. 7-2. 
Drag as a component of aerodynamic force. 
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a. Total Drag Equation. Since drag 
is a component of the aerodynamic force, 
the drag equation is the same as the 
aerodynamic force equation, except that a 
different coefficient is employed. 

D = 1/2PV2SCD (7.1) 

CD equals the CF sin X, and, as with CL, 
CD, is part of the above equation that is 
determined from wind tunnel tests. 

FM 1-50 

angle of attack (fig 7-3). Note that CD 
continues to increase, even after the CL 
curve has started to decrease. Since there is 
always some resistance to motion, drag will 
never be zero; therefore, CD will never be 
zero. 

(2) The two curves are plotted 
with different scales along the vertical axis, 
and, as with all airfoil characteristic 
curves, CD varies only with the angle of 
attack for a given aircraft at subsonic 
velocity and a constant configuration. 

CD = 
D 

1/2 P V2S 
(7.2) 

b. Coefficient of Drag. 

(1) The wind tunnel results can 
be illustrated by plotting CD against the 

7-4. LIFT/DRAG RATIO 

a. An airfoil is built to obtain lift, 
but there is always some drag produced. 
Drag is the price paid to get lift. A ratio of 
the lift to the drag can be used as an 
indication of the efficiency of the airfoil. 
Aircraft with higher lift/drag (L/D) ratios 
are much more efficient than those with 
lower values of L/D. 

/ 
z 

cP 

ANGLE OF ATTACK 

Figure 7-3. Coefficient of drag plotted against angle of attack. 
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b. To determine the L/D ratio, 
divide the LIFT by the DRAG, which is 
the same as dividing the lift equation by 
the drag equation. All the terms except the 
coefficients cancel out as shown in equation 
7.3. 

characteristic curve. The peak of the curve 
in figure 7-4 is (L/D)max and occurs at the 
most efficient angle of attack for the airfoil. 
The angle of attack for (L/D)max changes 
with configuration as is shown in figure 
7-4. 

L =1/2 PV2SCTí=CTJ (7.3) 
D 1/2PV2SCD CD 

c. Typical values of (L/D)max f°r 

various types of aircraft are: 

A ratio of the coefficients at a certain angle 
of attack determines the L/D ratio at that 
angle of attack. L/D can be plotted against 
the angle of attack. This is the third airfoil 

Aircraft (L/D) max 

High-performance 
sailplane 

25:1-40:1 

o 

o 
p < 
DC 

< 
K o 
t 
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2 

0 

-8° -4° 0° 4° 8° 12° 16° 20° 24° 

ANGLE OF ATTACK - DEGREES 

IL/DlMAX 

lL/D)MAX 

Up 

Figure 7-4. Typical lift to drag ratios. 
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Aircraft 

Typical patrol or 
transport 

H igh-performance 
bomber 

Propeller-powered 
trainer 

Jet trainer 

Transonic fighter 
or attack 

Supersonic fighter 
or attack 

(L/D)max 

12:1-20:1 

20:1 -25:1 

10:1-15:1 

9:1-16:1 

10:1-13:1 

4:1 -9:1 

d. Performance is not to be con- 
fused with efficiency; the supersonic 
fighter has a much greater performance 
than the glider, but its efficiency is less by 
comparison. Some maximum performance 
maneuvers are flown at the (L/D)max 

angle of attack; that is, maximum endur- 
ance for a jet aircraft, maximum range for a 
propeller aircraft, maximum angle of climb 
for a jet aircraft, and maximum power-off 
glide range for both jet and propeller 
aircraft. All of these maneuvers are flown 
at the angle of attack where the L/D ratio 
is maximum. A jet trainer and a supersonic 
jet fighter have their best or maximum 
angle of climb at the (L/D)max angle of 
attack (disregarding afterburner), but the 
jet fighter greatly out-performs the trainer. 
Its climb is much steeper, even though its 

(L/D)max ratio is about a third of the 
trainer’s. The details of climb performance 
are discussed in chapter 10. 

7-5. TOTAL DRAG CURVE 

a. At subsonic speeds, the curve for 
the total drag contains only induced drag 
and parasite drag. In figure 7-5 the 
independent curves for the induced and 
parasite drags are plotted against the 
velocity. The construction of these curves 
is discussed in the next chapter. There is a 
decrease in the induced drag and an 
increase in the parasite drag as the velocity 
is increased. 

b. Consider an aircraft in level 
flight at a constant altitude as its airspeed 
increases from its minimum flight velocity 
to its maximum flight velocity. The lift 
must remain constant at all velocities. As a 
car is accelerated along a level road, it does 
not change weight; the road has to support 
the car’s total weight, no matter how fast it 
goes. This is also true for the aircraft—lift 
must remain constant or the aircraft will 
change altitude. Therefore, the numerator 
in the L/D ratio is constant, but the 
denominator varies (fig 7-5). At the 
velocity where the drag is minimum (the 
bottom of the curve, 240 knots), the 
denominator is minimum and the L/D ratio 
is at its maximum. The angle of attack 
where L/D is maximum is the most 
efficient angle of attack for the airfoil. Note 
that the induced drag is equal to the 
parasite drag at (L/D)max- At velocities 
below the velocity where the drag is 
minimum, induced drag is predominant, 
and at velocities above the minimum drag 
velocity, parasite drag predominates. 
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c. The angle of attack is plotted 
below the velocity scale only as a reference, 
because this scale can shift to the left or 
right with changes in the weight and 
altitude of the aircraft. To understand how 
weight affects the angle-of-attack with 
reference to the velocity, consider the 
(L/D)max point. If the pilot wants to 
remain at his most efficient angle of attack 
and he takes on 1,000 pounds of fuel, he 
must increase the lift force of 1,000 pounds 
to support the added weight. Since he 
wants to stay at the (L/D)max angle of 
attack, the CL in the lift equation will have 
to remain constant. Therefore, he will have 
to increase velocity to obtain the added lift 
required by the additional weight. The 
minimum drag point will still be at the 
same angle of attack, but will occur at a 
higher velocity. This will shift the angle-of- 
attack scale to the right. This is discussed 
in greater detail in chapter 9. 

7-®. CAUSES OE PAMASITE BEAG 

Parasite drag may be defined as all the 
drag on an aircraft not associated with the 
production of the lift force (Dp = Dt - Dj). 
Parasite drag is created by several 
factors—displacement of air by the air- 
craft, turbulence generated in the air- 
stream, and a hindering of the airflow as it 

passes over the surface of the aircraft. All 
of these factors create drag forces due, not 
to the production of lift, but to the 
movement of an object through the 
airmass. 

a. Form Drag. The portion of the 
parasite drag which is generated because of 
the shape of the aircraft is called form drag. 
Figure 7-6 shows a flat circular disk and an 
aerodynamic shape placed in an airstream. 
The streamlines flow smoothly over the 
aerodynamic shape with little or no turbu- 
lence generated; however, around the disk, 
the streamlines break down and turbulence 
is generated which lowers the static 
pressure behind the disk. Naturally, the 
static pressure is higher on the front of the 
disk than on the back, and the net result is 
a force tending to retard motion which is 
drag. In actual tests, the drag force on an 
aerodynamic shape is about one-third of 
the drag on a disk with the same cross- 
sectional area. This is because the air is 
displaced gradually and allowed to flow 
smoothly over the shape without creating 
turbulence. To decrease form drag, most 
aircraft fuselages, engine nacelles, pods on 

(a) FLAT PLATE 

ZD 

(b)AERODYNAMIC SHAPE 

Figure 7-6. Form drag. 
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the wing, and other components exposed to 
the airstream are generally shaped like the 
teardrop shown in figure 7-6(b). 

b. Skin Friction Drag. 

( 1 ) Covering the entire “wetted 
surface” of the aircraft is a thin layer of air 
called the boundary layer. Figure 7-7 shows 
air flowing over a surface and the velocity 
profile of the air within the boundary layer. 
The air molecules on the surface have zero 
velocity in relation to the surface, but the 
layer above moves over the stagnant 
molecules on the surface because it is pulled 
along by the third layer. The velocities of 
the layers increase as distance from the 
surface is increased until free-stream 
velocity is reached. The total distance 
between the surface and the point where 
the free-stream velocity is reached is called 
the BOUNDARY LAYER and is about as 
thick at subsonic velocities as a playing 
card. The various layers of air within the 
boundary layer are sliding over one another 
and creating a force retarding motion or a 
drag force due to the viscosity of the air. 

3 
FREE 
STREAM 
VELOCITY 

BOUNDARY 
LAYER 

Figure 7-7. Boundary layer. 

This type of drag force is called SKIN 
FRICTION DRAG and is very small per 
square foot. However, when applied to 
large areas of such aircraft as transports, 
the force can become quite large and 
become a significant part of parasite drag. 
Skin friction drag is not a very important 
factor on small aircraft because of the small 
wetted surface areas. 

(2) Aluminum that is exposed 
to the atmosphere develops a coating of 
aluminum oxide which causes the surface 
to become rough and pitted and to offer 
appreciable resistance to smooth airflow. 
The boundary layer is thicker and, though 
the viscosity of the airstream is constant, 
there are more layers of air sliding over one 
another and a higher skin friction is 
produced. The best way to reduce this 
effect is to smooth the surface with wax 
and polish. Paint can help, but it can 
oxidize like aluminum and increase the skin 
friction drag if it is left unattended. 
Therefore, most large, high-speed aircraft 
that cruise with parasite drag as the 
predominant drag have highly polished 
surfaces to reduce the skin friction effects 
as much as possible. 

c. Interference Drag. 

(1) Interference drag is 
generated by the collision of airstreams 
creating eddy currents, turbulence, or 
restrictions to smooth flow. For example, 
the air flowing along the fuselage collides 
with the air flowing over the wing in the 
area of the wing root. The effects of this 
collision can be reduced by allowing a 
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smooth transition of the two air currents to 
merge as shown in figure 7-8. The wing and 
the fuselage junction area is faired or filled 
in to reduce interference drag and to let the 
airstreams meet gradually instead of 
abruptly, thus reducing the turbulence 
formed. If a fuel tank is hung on the wing 
of an aircraft and the drag of the aircraft 
and that of the fuel tank are known, the 
drag actually produced is higher than the 
sum of the drag of the individual compo- 
nents because of the interference drag 
created, since the airstream must flow 
around the rocket and the wing. Again, 
using fairing in the area between the wing 
and the rocket or increasing the distance 
between the two will lower the effect of 
interference drag. 

(2) Form, skin friction, and 
interference drags are affected by the 
airstream velocity. The higher the air- 

stream velocity, the greater the effect of 
these types of drag. This means that 
parasite drag is higher at higher velocities, 
since it is made up of the various types of 
drag mentioned. 

d. Equivalent Parasite Area and 
Parasite Drag Equation. Force is equal to 
pressure times area. Parasite drag, as a 
force, can be computed by multiplying 
dynamic pressure times an area. The area 
used is called the EQUIVALENT PARA- 
SITE AREA and is measured in square 
feet. This area is a computed area and not 
the cross-sectional area of the aircraft. The 
computed area is like a bam door 
perpendicular to the airstream that would 
have the same parasite drag as an aircraft if 
both were at the same velocities. The size of 
the equivalent area is smaller than the 
cross-sectional area of the aircraft, because 
the aircraft is streamlined and offers less 
resistance to airflow than the flat surface. 

INTERFERENCE DRAG 

FUSELAGE 
AIRFLOW 

AIRFLOW OVER WING 

FAIRING (RESTRICTED AIRFLOW5|^PP*™HB 

Figure 7-8. Reducing interference drag. 
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Dp = 1_ p V2f (7.4) 
v 2 

(f = equivalent parasite area) 

e. Parasite Drag Versus Velocity 
Curve. Figure 7-9 is a plot of the parasite 
drag and shows how it varies with the 
velocity. The important points to realize 
are that the parasite drag varies with the 
square of the velocity and therefore 
predominates at high speeds. A change in 
the configuration of the aircraft, such as 
lowering the gear, increases the equivalent 
parasite area and increases the parasite 
drag at a given velocity. 

7-7. CAUSES OF INDUCED DRAG 

The portion of the total drag force that is 
due to the production of the lift force is 
called induced drag. This drag is induced as 
the wing develops lift. A discussion of 
induced drag can become quite deeply 
involved with the wing theory; therefore, 
this text makes certain assumptions and 
presents the induced drag only in a 
practical sense as it concerns the pilot. 

a. Wing Circulation. When a wing 
is producing lift, there is a pressure 
differential created across the wing with 
pressure below atmospheric on the top 
surface and above atmospheric on the 

4000 

1 
3000 

2000 

1000 

200 
VELOCITY-(TAS) 

Figure 7-9. Parasite drag curve. 
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bottom surface. This pressure differential 
induces a circulation about the wing; the 
high-pressure air tends to flow to the top 
surface of the wing or to the low-pressure 
area as shown in figure 7-10(a). This wing 
(fig 7-10) has an infinite span so there are 
no wingtips for the air to flow around. The 
upwash ahead of the wing is equal to the 
downwash behind it, so these velocities 
cancel each other. The circulation about the 
wing is called the BOUND VORTEX, and 
on this infinite wing there is no induced 
drag. Figure 7-10(b) shows the plot of the 
vertical velocity vectors in the vicinity of 
the aerodynamic center. Note that there is 
no downwash at the aerodynamic center, 
the point where the aerodynamic force is 
generated. This is the reason that there is 
no induced drag in pure two-dimensional 
flow. 

b. Trailing-Edge Vortex. It would 
be desirable to design a wing without any 
induced drag, but naturally a wing with an 
infinite span could not be constructed. Not 
only does the air flow over the leading edge 
and create the circulation as mentioned 
above, but it also flows around and over the 
wingtips. As the wing moves through the 
airmass, the air trying to flow around the 
wingtip causes a vortex behind the 
wingtip. This wingtip vortex induces a 
spanwise flow and creates vortices all along 
the trailing edge of the wing. The 
trailing-edge vortices are strongest at the 
tips and diminish in intensity progressing 
toward the centerline of the wing. At the 
centerline of the aircraft, there is no 
trailing-edge vortex because, in looking 
forward, the right-wing vortices revolve 
counterclockwise and the left-wing vortices 

UPWASH 

UPWASH 

a 

+ + + + DOW 
AIRFLOW 

(b) 
AC 

DOWNWASH 

DOWNWASH 

Figure 7-10. Bound vortex. 
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RIGHT WING VORTICES LEFT WING VORTICES WING 

TRAILING 
EDGE / 

VORTEX 4- + ++/+ + -I- 
TRAILING EDGE 

H—h -I- H—I- “I—I- 

'CENTER LINE OF AIRCRAFT 

Figure 7-11. Trailing-edge vortex. 

revolve clockwise. The tip vortices cancel 
each other at the centerline (fig 7-11). 

c. Downwash. 

(1) The combination of the 
bound vortex and the trailing-edge vortices 
produces vertical velocities, as shown in 
figure 7-12. In figure 7-12 the dashed line 
shows the path of the airmass as it flows 

over the wing. Notice the downwash 
velocity at the aerodynamic center of the 
finite wing in figure 7-12. This downwash 
vector added to the free-stream relative 
wind vector results in another relative wind 
vector that is inclined to the actual 
flightpath. From wingtip to wingtip, the 
magnitude of the downwash vector varies 
as the intensity of the trailing-edge vortices 
varies. 

FINAL 
DOWNWASH 
VELOCITY 

AIRFLOW 

S AC 

AC DOWNWASH \ (w) 

Figure 7-12. Vertical velocity vectors (finite wing). 
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(2) Figure 7-13(a) shows the 
vector diagram using an average down- 
wash velocity vector. The downwash vector 
(w) has been reversed and added to the 
opposite end of the free-stream relative 
wind vector to simplify the diagram. The 
average relative wind, being the flow that 
actually affects the wing, is inclined to the 
free-stream relative wind at an angle of a j, 
the induced angle of attack. The force that 
is produced by the wing (labeled “R” for 
“resultant” on the diagram to avoid 
confusion) is perpendicular to the average 
relative wind. The lift force that has been 
previously discussed is that component of 
the resultant force (R) that is perpendicular 
to the free-stream relative wind. The 
component of the resultant force that is 
parallel to the free-stream relative wind is 
the induced drag (Di). 

d. Angle of Attack Versus Induced 
Drag. In examining the induced drag, note 
that if the angle of attack is increased, the 
pressure differential increases. This in- 
creases the downwash (w), which increases 
the induced angle of attack ( a¡). The result 
is a greater angle between the lift and 
resultant force vectors and, therefore, an 
increase in the induced drag. 

e. I nduced Drag E quation. 

( 1 ) The induced drag is directly 
related to the angle of attack and therefore 
to the coefficient of lift. The induced drag 
equation can be derived from the aero- 
dynamic force equation and appears as: 

(3) This resultant force is not 
to be confused with the aerodynamic force, 
because the aerodynamic force includes 
parasite drag as well as induced drag. See 
figure 7-13(b). 

Di = |-PV2SCDi (7.5) 

SECTION ANGLE 
OF ATTACK 

Di D 

INDUCED 
(a) 

AVG 
RW 

FSRW 
AC 

TOTAL 
(b) 

Iw) 

FREE-STREAM RW 

Figure 7-13. Drag vector diagram. 
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The above is the aerodynamic force 
equation with a new coefficient, CDj- 
The induced drag coefficient can be found 
from equation 7.3: 

] 
.. = CL2 (7. 
1 TT AR 

proportional to V2, this is not actually 
true. As velocity is increased, the pilot 
must decrease the angle of attack to 
maintain level flight, thereby decreasing 
induced drag. To understand the relation- 
ship between velocity and induced drag, 
solve the lift equation (equation 4.6) for 
CL. 

CL 
2L_ 

py2s (7.7) 

The above equation is not derived in this 
text, but can be found in most aeronautical 
engineering textbooks. The aspect 
ratio (AR) is equal to the wingspan 
squared divided by the wing area (AR = 
b2/S). This general equation is valid for 
any wing. If the wing is rectangular, the 
aspect ratio is the ratio of the span to the 
chord (AR = b/c). e represents the 
efficiency factor. For subsonic flight, it 
may be defined as the ratio between the 
theoretical minimum drag-due-to-lift to the 
actual drag-due-to-lift applicable to the 
particular wing, as derived from flight test. 
An efficiency factor of one represents the 
ideal wing. This may be approached with 
an elliptical platform. A sweptwing aircraft 
develops its best efficiency factor at cruise 
airspeeds. At lower airspeeds (higher angle 
of attack), flight tests and wind tunnel 
experiments show that the efficiency factor 
decreases. This factor and the lower aspect 
ratio of high performance aircraft (as 
compared to conventional straight wings of 
low speed aircraft) cause sweptwing air- 
craft to have more induced drag at low 
speeds. 

(2) Although equation 7.5 
makes induced drag appear to be directly 

Then square equation 7.4 and divide by 
AR e to get: 

CL2 =[~2L l2 1 (7.8) 
TTARE [PV2sJ V ARe 

CL2 = CDi 
ïï AR e 

Substituting equation 7.8 into equation 7.5 
results in: 

’ Di = (1/2 PV2S) 4L2 (7.9) 
P2v4s2 7TARe 

2L2 
PVZSTTARC Y2 

2L2 
PS"ARe 
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It can be seen that in level flight the 
induced drag varies inversely with the 
square of the velocity and can be plotted as 
in figure 7-14. Equation (7.9) is also 
consistent with the previous discussion of 
the wing with an infinite span, since this 
type of wing would have an infinite aspect 
ratio and produce no induced drag. 

(3) By changing the variables 
in equation 7.9 one at a time, you can see 
their effects on the induced drag. Note that 
the induced drag is directly proportional to 
the square of the lift force. (Stated again: 
Induced drag is that drag produced due to 
the production of lift.) 

4000 

_ 3000 
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A 

(9 
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Figure 7-14. Induced drag plotted against velocity. 
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AIRCRAFT PERFORMANCE 
(PROPELLER DRIVEN) 

8-1. GENERAL 

a. A pilot is very interested in the 
performance he can expect from his 
aircraft, such as maximum velocity, maxi- 
mum rate of climb, maximum angle of 
climb, etc. The performance capability of 
any aircraft depends upon the relationship 
between the four forces acting on the 
aircraft—thrust, weight, lift, and drag. To 
understand this relationship and the way 
one force can change another (and thereby 
affect the aircraft performance) requires a 
careful study of performance curves. Some 
of the items of performance which can be 
obtained from such curves are: 

CONTENTS 

General   .8-1 
Power Requirements 8-2 
Power-Available Curve  . . . .8-3 
Endurance  8-4 
Range 8-4 

( 1 ) Stalling speeds 

(2) Maximum velocity of the 
aircraft 

(3) Velocity for the maximum 
range 

(4) Velocity for the maximum 
endurance 

(5) Absolute ceiling of the 
aircraft 

(6) Velocity for the maximum 
angle of climb 

(7) Velocity for maximum rate 
of climb 

b. This chapter explains the con- 
struction of the performance curves and 
shows some of the performance items listed 
above. Others are shown in subsequent 
chapters and their relationships to the 
performance curves are developed at that 
time. 
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c. Any change in the weight, 
altitude, or drag causes a change in the 
performance curves. This being so, the 
curves constructed in this chapter are for a 
definite altitude, weight, and aircraft 
configuration. The effect of changing these 
variables is discussed in chapter 9. For 
simplicity in the construction and under- 
standing of the performance curves, a 
simple force system is assumed; that is, lift 
equal to weight and thrust equal to drag 
(fig 8-1). The performance of an aircraft is 
primarily concerned with the thrust-drag 
relationship, assuming the weight and lift 
remain constant throughout the velocity 
range of the aircraft. 

8-2. 1POWEE 

a. Since the drag force is the basis 
of performance, a plot of the total drag 
curve, as it is developed in chapter 7, is the 

starting point. The total drag at any 
velocity is described as the sum of the 
parasite and induced drags at that velocity. 
The point at the bottom of the curve 
(dragmin) is the point where the aircraft is 
operating at its maximum efficiency and is 
at an angle of attack for (L/D)max. If this 
brief review of the total drag curve is not 
sufficient, review chapter 7 at this time. 

b. The importance of drag is 
evident since it affects the amount of thrust 
required for a given velocity. If an aircraft 
with a level flight velocity of 200 knots 
develops a drag force of 750 pounds, the 
thrust required to maintain 200 knots for 
that aircraft must be 750 pounds. The 
thrust required to maintain steady unac- 
celerated level flight is equal to the drag. 
Since this relationship exists between the 
thrust and drag forces, the total drag curve 
may also be referred to as the thrust 
required curve. 

L = 10.000 lbs 

T = 1500 lbs D = 1500 lbs 

^ □□□ as 

W = 10,000 lbs 

Figure 8-1. Aircraft in equilibrium. 
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c. The production of thrust is not 
directly related (as in the case of a jet 
engine) to the fuel flow of a horsepower 
producing engine (reciprocating or turbo- 
prop). Power is simply the rate of doing 
work and the units of power are the units of 
work (ft-lbs) divided by time (sec). 

, 

Therefore, 

I 

HPR = (V in ft/sec) (8.1) ¡ OOU 

HPR = H"(Vülkts) (8-2) ! 

Work = ft-lbs 

Power = Work 
Time 

ft-lbs 
Sec For simplicity, equation 8.2 is using the 

velocity in knots and 325 is the constant 
converting to horsepower. 

The term horsepower was originated by the 
inventor James Watt and was calculated as 
the amount of work a horse could do in a 
certain length of time. The results were 
that the horse could do 550 foot-pounds of 
work in 1 second, so 

d. Using ggs-, it should be evident 
that an aircraft developing 1 pound of 
drag at 325 knots requires 1 horsepower to 
maintain that velocity. This relationship 
enables us to plot the horsepower required 
curve simply by multiplying total drag by 
velocity and dividing by 325. 

p (ft-lbs) 
Horsepower = Power sec 

550 

Considering the units of drag (lbs) and the 
units of velocity (ft/sec), the product of 
drag and velocity yields the units of power. 

DV = = Power 
Sec 

e. The horsepower required curve 
shown in figure 8-2 was developed from a 
hypothetical thrust required curve. This 
curve represents the horsepower required 
for this hypothetical propeller-powered 
aircraft. 

f. The fuel flow for the recipro- 
cating engine varies with the power 
produced, and the propeller converts this 
power into the thrust which is required to 
move the aircraft. The thrust from the 
propeller is not constant (as is the thrust 
developed by a jet engine), and the 
propeller efficiency must also be con- 
sidered. 
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g. From the curve in figure 8-2, you 
can see that the power required to maintain 
200 knots is approximately 1,000 horse- 
power. To develop this horsepower, the 
engine with a propeller operating at 80 
percent efficiency has to develop 1,250 
horsepower. This requires a fuel flow of 500 
pounds per hour. A fuel flow scale has been 
added to figure 8-2 to correspond with the 
HPR curve; therefore, this curve can also 
be considered as a fuel flow required curve 
for this propeller-powered aircraft. 

8-3. POWER-AVAILABLE CURVE 

a. In equation 8.2, we show that 
the horsepower required is equal to the 
product of the drag times velocity (kts) 
divided by 325. A similar equation can be 
written concerning the thrust developed by 
the propeller; only in this case, the result is 
horsepower available (HPA). 

HpA _ T(lbs)xV(kts) (8.3) 
325 
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Figure 8-2. Horsepower required (HPR) curve. 
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b. Included in figure 8-2 are three 
horsepower-available curves representing 
full power at sea level, partial power at sea 
level, and a full-power curve at the absolute 
ceiling. An important distinction concerns 
the absolute ceiling curve. The decrease in 
engine power output resulting from the 
decrease in air density at high altitude 
lowers the HPA curve until it just touches 
the HPRmin point on the curve. This point 
is NOT to be confused with the (L/D)max 
angle of attack (note angle of attack scale). 
This is the velocity where the horsepower 
required is at a minimum which is a 
product of drag times velocity. 

8-4. ENDURANCE 

The endurance of a propeller-powered 
aircraft occurs at the velocity where the 
fuel flow is minimum (fig 8-3). This is the 
lowest point on the HPR curve. At this 
velocity the aircraft flies at an angle of 
attack that corresponds to 

CL 
CD max 

8-5. RANGE 

The range of propeller-powered aircraft is 
found at the velocity where the ratio 
of ^-is at its minimum value. This is 
shown at the point of tangency of the 
horsepower-required curve and a straight 
line drawn from the origin. The straight 
line is the minimum slope of ^-that can be 
drawn and still contact the performance 
curve. At this point of tangency, certain 
relationships hold true, as follows: 

FF 
min 

HPR 
, V /min 

Since HPR = DV, then^pmust be 
minimum. The velocity cancels, leaving 
only the drag, which must be a minimum. 
This being true, the angle of attack for 
maximum-range performance of a 
propeller-powered aircraft will yield^max. 
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Figure 8-3. Maximum endurance curve (propeller). 
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FORCES 
AFFECTING PERFORMANCE 

C 

94. GENERAL 

a. Since the performance curves 
concern the relationship between the four 
forces acting on an aircraft, any change of 
conditions that affects any one of these 
forces also alters the performance curves. 
Changes in weight, configuration, and 
altitude are factors that vary the relation- 
ship between the aerodynamic forces on the 
aircraft and produce significant changes in 
the location and shape of the performance 
curves. This chapter discusses these varia- 
tions and their effects on the endurance and 
range performance of the propeller-driven 
aircraft. Since atmospheric winds have a 
significant effect on range performance, a 
brief discussion of this effect is included. 

CONTENTS 

General 9-1 
Weight Versus Performance 9-1 
Configuration Versus Performance 9-3 
Altitude Versus Performance  9-5 
Wind Versus Performance 9-6 

b. For continuity, the performance 
curves used in the figures of this chapter 
are the same curves used in chapter 8 (the 
propeller curves for a hypothetical air- 
craft), and again a simple force system is 
assumed to be acting on the aircraft 
(Lift—Weight, Thrust = Drag). 

9-2. WEIGHT VERSUS PERFOR- 
MANCE 

a. Figure 9-1 reflects the changes in 
the power curves resulting from a 50- 
percent increase in the gross weight of the 
aircraft. The most obvious difference 
between the two curves is the large 
separation at the lower velocities. Since 
induced drag is predominant at these 
velocities where the angle of attack is 
relatively high, the increase in the gross 
weight of an aircraft must influence 
induced drag. At higher velocities, where 
parasite drag is predominant, there is little 
difference between the performance curves 
because parasite drag is not affected by a 
change in weight. 

9-1 

b. The effect of a change in weight 
on induced drag is explained very easily. 
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Figure 9-1. Effect of weight changes on HPR. 
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Assuming lift is equal to weight, an 
increase in weight requires the same 
increase in lift. If this is to be accomplished 
at a constant velocity, then CL must be 
increased. Since the induced drag is 
directly proportional to CL squared, this 
increase in the angle of attack increases the 
induced drag at the velocity in question. 

c. The importance of knowing the 
angle of attack for (L/D)max has been 
stressed in previous chapter, but a change 
in the performance curve will change the 
airspeed at which the aircraft can maintain 
lift equal to weight at that angle of attack. 
With an increase in the gross weight of the 
aircraft, the (L/D)max velocity is still 
located at the velocity where drag is at a 
minimum. 

d. The ratio of (L/D)max Is still the 
same. There is not any change in the CL or 
CD characteristic curves of the aircraft as a 
result of an increase in weight. Since the 
L/D ratio is equal to the CL/CD for any 
angle of attack, the (L/D)max ratio is the 
same for all weights and occurs at the same 
angle of attack—but at a higher velocity. 
The lift equation and the drag equation are 
shown below. If the weight of the aircraft is 
increased, the lift must be increased. If the 
pilot maintains the angle of attack cor- 
responding to the maximum value of L/D, 
the CL and, consequently, the CD of 
equations 4.6 and 6.1 are constant. The 
only way the pilot can increase the lift force 
to support the increased weight is to 
increase the velocity. The net result of the 
higher drag and the higher velocity 
occurring at an angle of attack for 

(L/D)max is to shift the (L/D)max point 
on the performance curve up and to the 
right, as shown in figure 9-1. 

W=L = 1/2PV2SCL (4.6) 

D = 1/2PV2SCD (7.1) 

k_ = ÇL_ (9.1) 
D CD 

e. The weight increase has influ- 
enced all performance points found on the 
power-required curves, with the possible 
exception of Vmax- The endurance per- 
formances of propeller aircraft have been 
decreased because of the higher drag force 
and, therefore, the higher fuel flow required 
to maintain the maximum endurance angle 
of attack. 

f. Range and endurance of propel- 
ler aircraft decrease with increases in gross 
weight. This is as it should be, but you 
must remember that these specific points of 
performance are obtained at definite angles 
of attack which do not change with 
variations in the weight of the aircraft. 

9-3. CONFIGURATION VERSUS PER- 
FORMANCE 

a. A change in the configuration of 
an aircraft does not have the same effect on 
the performance curves as does a change in 
the weight. Changing the configuration of 
the aircraft can be accomplished by 
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Figure 9-2. Effect of increased parasite drag on HPR. 
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lowering the landing gear, adding external 
stores, extending speed brakes, or any 
method that affects the parasite drag on 
the aircraft. A change in configuration 
changes the equivalent parasite area. This 
area multiplied by the dynamic pressure 
( 6 ) of the airstream is the parasite drag. 
This is reflected in figure 9-2, where the 
equivalent parasite area of a hypothetical 
aircraft has been increased 50 percent 
(assuming no change in weight). 

b. Since changes in the configura- 
tion of the aircraft produce changes only in 
the parasite drag, the performance curves 
show the greatest variations at the higher 
velocities where parasite drag is predomi- 
nant. Naturally, the increased drag on the 
aircraft requires more power (or thrust) to 
maintain a certain velocity. This drag 
increase also adversely affects the range 
and endurance performance because of the 
higher fuel consumption associated with 
the increased power requirements. 

9-4. ALTITUDE VERSUS PERFOR- 
MANCE 

a. An increase in altitude has a 
differing effect upon the performance 
curves that is beneficial to the jet aircraft, 
but it is not too important to the propeller 
aircraft. An increase in altitude results in a 
decrease in the density. This means that 
the aircraft may increase its velocity 
(maintaining CD constant) without 
increasing the drag force. 

D = 1/p V2S CD (7.1) 

  

b. Figure 9-3 shows the effects of an 
increase in altitude on the power-required 
curve. The drag remains constant, but the 
velocity is higher. Since the power-required 
curve is a plot of the drag times the 
velocity, the increases in velocity needed to 
maintain a certain angle of attack require 
a higher power setting. At high altitude and 
low airspeeds, there is an increase in the 
HPR as compared with the same velocity 
at low altitude. The reverse is true of the 
higher velocities. Since velocity is plotted 
along both axes, the curve for increased 
altitudes is drawn up and to the right. The 
drag has not increased, but the velocity at 
which a particular value of drag occurs has 
increased. The same angles of attack yield 
the same performance characteristics at 
higher altitudes, but power increases are 
required to attain them, because they occur 
at higher velocities. 

c. It is interesting to note the effect 
on the maximum range performance of a 
propeller aircraft. The line drawn from the 
origin to a point just tangent to the 
high-altitude curve has the same slope as 
the line depicting the maximum range on 
the low-altitude curve. Therefore, the 
maximum range performance of the 
aircraft must be the same, regardless of 
altitude. This is essentially true. The 
increased power required to maintain the 
higher altitude range velocity is offset by 
the increase in the velocity where max- 
imum range occurs. The maximum range 
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performance of the propeller aircraft (recip- 
rocating engine) remains constant up to an 
altitude where it must go to high blower 
operation. Above this altitude, the engine 
efficiency decreases because of the friction 
horsepower increase resulting from blower 
operation. This allows the aircraft to select 
an altitude where the winds are most 
favorable as long as low blower operation 
can be maintained. Figure 9-3 shows that 
the endurance point is shifted up and to the 
right also, but this is a disadvantage. The 
increase in the velocity requires an increase 
in the minimum power required, and since 
an aircraft flying at maximum endurance is 
interested only in the time it can stay 
airborne, the endurance is decreased. The 
increase in the velocity is of no value in the 
endurance situation. 

9-5. WIND VERSUS PERFORMANCE 

a. Since range performance is a 
basic comparison of fuel consumption to 

distance traveled over the earth, the 
atmospheric winds must be considered 
because of their effect on the groundspeed. 
The plot of the velocity along the horizontal 
axis is the true airspeed of the aircraft, and, 
of course, is not concerned with the 
atmospheric wind. If an aircraft flies at its 
maximum no-wind range airspeed of 130 
knots, into a headwind of 130 knots, it 
would not be moving with respect to the 
terrain. It should be obvious that if the 
aircraft increased its airspeed to a velocity 
greater than the headwind velocity, its 
range would increase. Naturally, an air- 
craft flying into a headwind is never able to 
attain range equal to its no-wind maximum 
range, but it can minimize the effects of the 
headwind. 

b. Wind has a significant effect on 
range when the headwind or tailwind 
velocity component becomes greater than 
25 percent of the no-wind range airspeed. 

9-6 



CHAFFED m 

CLIMBING 
PERFORMANCE 

10-1. GENERAL 

Knowledge of climbing performance is 
essential to the pilot, because some type of 
climb is encountered in every flight. The 
type of climb performance required by a 
certain mission must be decided by the 
pilot, and just how he can obtain the 
desired performance depends upon his 
knowledge of his aircraft and its climbing 
performance. An aircraft in a climb is 
increasing its potential energy by virtue of 
its increasing altitude (potential energy 

equals weight times height). Potential 
energy is increased for an aircraft generally 
either by the expenditure of kinetic energy 
or chemical energy (propulsion power). 

a. The exchange of kinetic energy 
for potential energy is caUed ZOOMING. 
This method is accomplished by flying 
straight and level to obtain a high airspeed, 
and then rotating the aircraft into a 
climbing attitude. The velocity is dis- 
sipated as altitude is gained. 

b. The exchange of chemical energy 
or propulsion power for potential energy 
produces a steady-state climb which can be 
sustained. This type of climb is used most 
often and is the type which is discussed in 
this chapter. 

10-2. THE STEADY-STATE CLIMB 

a. During the sustained climb, 
there are two factors of climbing per- 
formance of concern to the pilot—angle of 
climb and rate of climb. 

CONTENTS 
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( 1 ) The angle of climb ( Y) is the 
angle between the flightpath and the 
horizontal plane. The maximum angle may 
be required to clear an obstacle after 
takeoff. Rate-of-climb performance is the 

foot-per-minute gain in altitude (vertical 
velocity). 

(2) The maximum rate of climb 
(Vy) is flown at a lower climb angle and a 
higher airspeed than the maximum angle of 
climb (Vx). Though the aircraft is flown at 
a lower climb angle, the higher velocity 
produces a higher rate of climb than could 
be obtained during a maximum angle of 
climb (fig 10-1). 

b. A vector diagram, as shown in 
figure 10-2, is necessary to understand the 
action of the four basic forces acting on the 
aircraft during a stabilized steady-state 
climb. Certain assumptions must be made: 

LIFT 

Y\ Wcos Y 

M WsinY 

Assume thrust acts along flight path 

Figure 10-2. Force vector diagram 

for climbing flight. 

(1) The aircraft is climbing at a 
constant velocity (constant true airspeed 
(TAS) and straight flightpath). 

(2) For simplicity, the thrust 
force is considered acting along the 
flightpath. 

fVTV)ot 

n * **■ 300 

* of 

TAKEOFF POINT Both aircraft 10 seconds after takeoff 

Figure 10-1. Climb angle versus rate of climb. 
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Using these assumptions, Newton’s first 
law of motion prevails. The aircraft is in 
equilibrium and the sum of the forces 
acting about the center of gravity of the 
aircraft equals zero. 

c. To simplify analysis, all forces 
acting on the aircraft are resolved into 
components either perpendicular or parallel 
to the relative wind. In the case of climbing 
flight, since weight is not perpendicular to 
the relative wind, we must resolve it into 
its two components (fig 10-2). 

Now the forces can be added alge- 
braically, which yields: 

L = WcosY (10.1) 

T = D+W sin Y (10.2) 

d. An interesting fact that is 
evident trom the vector diagram in figure 
10-2 and equation 10.1, is that the lift force 
is less than the weight in a climb. The 
steeper the climb angle, the less lift that is 
required to maintain balanced flight. This 
is because the thrust force supports the 
portion of the weight that is not supported 
by lift (W sinY). If the aircraft could climb 
straight up (Y = 90°), lift would be zero and 
the thrust would support the entire weight 
of the aircraft and overcome drag (equation 
10.2). 

10-3. ANGLE OF CLIMB 

a. Angle-of-Climb Equation. Angle- 
of-climb performance can be calculated 

from equation 10.2 by solving this equation 
for the climb angle ( Y ), which results in: 

SiI1Y= m =TA-TR (10.3) 
! W W 

Since thrust required is equal to drag at 
any given velocity, then (T - D) must equal 
thrust available less thrust required (TA 

-TR) which is the excess thrust. Therefore, 
for a given weight, the angle of climb 
depends on the amount of excess thrust. 

b. Altitude Effect Upon Angle of 
Climb. As an aircraft gains altitude, the 
thrust developed by the engine decreases. 
This is true for both the turbojet and 
reciprocating engines. The angle of climb 
must decrease also, since a decrease in TA 

causes a decrease in excess thrust (TR 

remains essentially constant at all alti- 
tudes) . Because of this, the aircraft angle of 
climb decreases to 0° when it reaches its 
absolute ceiling where the TA equals the 
TR. 

c. Weight Effect Upon Angle of 
Climb. A weight increase has a twofold 
adverse effect upon the angle-of-climb 
performance. An increase in weight in- 
creases both the. W and the TR in equation 
10.3. Simplified, this means there is more 
weight to raise with less excess thrust. This 
results in a shallower angle of climb. 

10-3 
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d. Wind Effect Upon Angle of 
Climb. The climb angle of an aircraft is 
calculated using equation 10.3. The maxi- 
mum climb angle (Vx) occurs where there is 
the greatest amount of excess thrust 
available, regardless of wind. The maxi- 
mum climb angle (Vx) gives us the most 
altitude gained for horizontal distance 
covered. This is our primary concern in 
obstacle clearance. In this situation we are 
concerned with the effect of wind on the 
horizontal distance needed by the aircraft 
to clear an obstacle. As shown in figure 
10-3, with the aircraft climbing at the 
maximum climb angle, the horizontal 
distance covered across the ground in a 
headwind is less than the horizontal 
distance with no wind or tailwind. Conse- 
quently, when obstacle clearance is an 
important factor to the pilot, wind is a 

* 

GROUND 

(NOTE APPARENT CHANGES IN CLIMB ANGLE) 

Figure 10-3. Wind effect on aircraft 
at maximum climb angle. 

factor to be considered, because it affects 
ground distance, even though the climb 
angle is independent of wind. 

e. Angle of Attack for Best Angle 
of Climb (Vx). 

(1) To determine angle-of- 
climb performance for a propeller aircraft, a 
thrust required (TR) and thrust available 
(TA) curve must be constructed for a 
propeller aircraft. The thrust required 
curve is simply the drag curve for the 
aircraft. As a propeller aircraft increases its 
velocity, the thrust force coming from the 
propeller decreases. This results in a TA 

curve similar to the one shown in figure 
10-4. The angle of attack for a propeller 
aircraft, when it is climbing at its best 
angle of climb, is higher than the angle of 
attack for (L/D)max- 

(2) This high angle of attack 
required of a propeller aircraft is con- 
veniently close to its takeoff angle of 
attack. If a propeller aircraft must make an 
obstacle clearance takeoff, it continues to 
climb at an airspeed that is very close to its 
takeoff airspeed. 
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Figure 10-4. Thrust required and available (propeller). 
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10-4. EATE OF CLIMB 

a. Rate-of-Climb Equation. Since 
the rate of climb is nothing more than a 
vertical velocity, a velocity vector diagram 
is useful to show and understand rate-of- 
climb performance. Figure 10-5 is a 
velocity vector diagram. The aircraft 
velocity is plotted along the hypotenuse of 
the triangle. The horizontal velocity may 
be considered to be the no-wind ground- 
speed and the vertical velocity to be the 
rate of climb. The angle between the 
flightpath velocity and the horizontal 
velocity is the climb angle. Using the 
diagram, the rate of climb is: 

Rate of climb=V sin Y 

T-D 
Since sm Y =   

W 

Rate of climb=V sin Y 

(10.4) 

(10.3) 

V(T-D) 
W 

TV-DV 
W 

(10.5) 

RATE OF CLIMB 

VV = V SIN Y 

HORIZONTAL VELOCITY 

Figure 10-5. Velocity vector diagram. 

(1) The relationship previously 
developed in chapter 8, where TV repre- 
sented the horsepower available and DV 

the horsepower required, shows that the 
rate of climb must depend upon the excess 
horsepower. 

Rate of climb=33,000 
HPA-HPR 

w 
(10.6) 

(2) Rate of climb is usually 

expressed in feet per minute, so a constant 
33,000 is used in equation 10.6 to 
convert thePhorsepower units to feet per 
minute. 

b. Altitude Effect Upon Rate of 
Climb. Similar to angle-of-climb perfor- 
mance, increases in altitude decrease the 
rate-of-climb performance because of alti- 
tude effects on engine performance. The 
rate of climb at the absolute ceiling of an 
aircraft is zero. At this altitude, there is no 
excess horsepower (HPA equals HPR). 

There is an altitude called the SERVICE 
CEILING, which is defined as the altitude 
where the aircraft can maintain a 100-foot 
per minute rate of climb. 

c. Weight Effect Upon Rate of 
Climb. 

(1) As with angle of climb, 
weight also has a twofold effect upon 
climbing performance (equation 10.6). The 
horsepower required is increased because of 
increase in weight; therefore, the decrease 
in excess horsepower and the increase in 
weight decrease the rate of climb. As an 
aircraft bums fuel, its weight decreases, 
and this weight-change produces noticeable 
changes in performance toward the end of a 
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flight. Figure 10-6 is a curve showing the 
velocity for maximum rate-of-climb perfor- _ T(lbs)xV(kts) (g.3) 
manee for propeller aircraft. Recall from A 325 
chapter 8: 

PROP AIRPLANE DATA 

a =1 

viQi 

MAX 
RATE 

OF 
CLIMB 
PROP 

VELOCITY-(KNOTS) 

Figure 10-6. Maximum rate of climb performance {propeller 
aircraft). 
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(2) Since the thrust from the 
propeller engine decreases as the aircraft 
increases its velocity; therefore, the HP A 

appears as a curved line. 

d. Wind Effect Upon Rate of 
Climb. Since the horizontal and vertical 
velocities are within the airmass (TAS), 
wind has no effect on rate of climb. 

e. Angle of Attack for Maximum 
Rate of Climb (Vy). The velocity where the 
propeller aircraft can obtain its maximum 
rate of climb is very close to the velocity 
(L/D)max- This point is determined from 
the horsepower curves and the measure- 
ments are made on the curves; they are not 
calculated. MAXIMUM EXCESS 
POWER PRODUCES THE MAXIMUM 
RATE OF CLIMB (Vy). 

10-5. CLIMBING FLIGHT STALL 
SPEED 

An aircraft in a climb has a reduced 
stalling speed. Chapter 5 states that 
stalling speed depends upon the amount of 
lift that must be produced by the wing. 
Any method that reduces the amount of lift 
required of the wing reduces the stalling 
speed of the aircraft. When in climbing 
flight, the lift required of the wing is not 
equal to the weight, but to a portion of the 
weight (equation 10.1). 

I 

L=W cos Y (10.1) 

Therefore, substituting equation (10.1) into 
equation 5.7, the stall speed equation now 
appears as: 

V2(W COSY -T sin 5 ) (10.7) 
CLmax P S 

The stall speed equation in this form 
(equation 10.7) is valid for all angles of 
climb and flight conditions. If the aircraft 
is in vertical flight, the stalling speed is 
zero. Since the climb angle is 90°, the cos 
90° equals zero; therefore, the stalling 
speed is zero. This is true because there is 
no lift force required when an aircraft is in 
vertical flight; therefore, an aircraft cannot 
stall aerodynamically while maintaining 
vertical flight. 

10-6. FULL POWER POLAR DIAGRAM 

a. To help visualize the full power 
performance capabilities of an aircraft in 
climbs or dives, a full power polar is very 
useful. The polar diagram is plotted with 
three conditions assumed: 

( 1 ) The weight is held constant. 

(2) The altitude is held con- 
stant. 

(3) The power of thrust is held 
constant. • 

If any one of the three items mentioned 
above is changed, then the curve will 
change and performance will change. 
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b. Figure 10-7 shows the typical 
polar diagram for full power operation at 
5,000 feet altitude. This curve represents the 
plot of vertical and horizontal velocities 
obtained by the aircraft at full power with 
different climb and dive angles. Actually, it 
is an infinite number of plots of the 
airspeed triangle shown in figure 10-5. 

(1) Point 1 on the curve repre- 
sents the maximum velocity of the aircraft 
in straight-and-level flight at full power. 
This is similar to driving an automobile 
along a level highway at maximum speed. 
If the car comes to a slight hill, the velocity 
of the car decreases and it starts to gain 

altitude and have a vertical velocity. This 
is shown at point 2 for the aircraft. 
Remember that the aircraft is flying along 
the hypotenuse and its TAS is plotted from 
the origin to the point on the curve. The 
vertical velocity or rate of climb can be read 
on the scale at the left. The angle between 
the flightpath and the horizontal velocity 
line is the angle of climb ( y ). 

(2) The maximum rate of climb 
(Vy) is shown at point 3. Here the curve 
indicates the maximum vertical velocity 
obtainable by the aircraft. A line drawn 
from the origin to the top point of the curve 

BEST ANGLE 
OF CLIMB 3MAXIMUM RATE OF CLIMB 

2 V MAX 

X - AXIS MM or 12 

HORIZONTAL VELOCITY 

VV 

VH 

AIRPLANE DATA 
1. CONSTANT WEIGHT 

AND ALTITUDE 
2. FULL POWER 

INCREASING a 

TERMINAL VELOCITY 

Figure 10-7. Full power polar. 
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shows the climb angle and the TAS of the 
aircraft when it is climbing at its maximum 
rate. 

(3) A line drawn from the 
origin tangent to the curve indicates the 
aircraft’s maximum angle of climb (Vx) 
(point 4). Since the aircraft performs 
somewhere on this curve when at full 
power, there cannot be any steeper climb 
angle for this aircraft. A steeper climb 
angle would be beyond this aircraft's 
ability. Again, the TAS and climb angle 
can be obtained as before. 

(4) Any aircraft that has excess 
power when it is at its stalling speed will be 
in climbing flight when it stalls at full 
power. The full power stalling speed is 
shown at point 5 and the climb angle that 
the aircraft would be able to attain at its 
stalling speed can be read from the graph. 

(5) The point labeled “6” is the 
terminal velocity of the aircraft. This is the 
vertical velocity the plane would attain if it 
were diving straight down with full power. 
Mirny of today’s aircraft would break up 
before they could reach this velocity 
because of the structural limitations of the 
aircraft. This point is shown for informa- 
tion only and to complete the curve. 

c. As mentioned previously, any 
change in altitude, weight, or power setting 
affects the performance of the aircraft and 
produces changes in the full power polar. 
Curves drawn showing these changes are 
called the FAMILY OF POLAR CURVES. 
Figure 10-8 could either be the polar curve 
of the aircraft at its absolute ceiling, a 
partial thrust polar, or even a sea level 
polar where the weight of the aircraft is so 
great that the aircraft could not climb. If it 
is the absolute ceiling, naturally the 

+vv 

7* VH 

CURVE REPRESENTS 

1. FULL POWER AT ABSOLUTE 
ALTITUDE 

2. PARTIAL POWER (MINIMUM 
POWER TO MAINTAIN LEVEL 
FLIGHT! 

3. EXCESSIVE WEIGHT AT 
FULL POWER 

Figure 10-8. Polar curve. 
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aircraft cannot climb and the full power 
that can be produced by the powerplant at 
the maximum altitude is just enough to 
maintain the aircraft in straight-and-level 
flight. 

d. The curve could also represent 
partial power; in this case, the aircraft is 
operating with a minimum power to 

maintain level flight. This is the condition 
encountered when the aircraft is operating 
at maximum endurance. The third case 
would be impossible to obtain because the 
aircraft loaded with this much weight 
would not be able to become airborne, but a 
similar curve could show the angle of climb 
obtainable with full power in an overweight 
condition. 
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GLIDING 
PERFORMANCE 

11-1. GENERAL 

a. An aircraft depends on a me- 
chanical powerplant to sustain flight. 
There is always a possibility of complete 
engine failure, and though the aircraft will 
not suddenly fall from the sky should the 
engine fail, it will definitely start to 
descend. When this occurs, the pilot must 
make rapid and correct decisions which are 
based on his knowledge of his aircraft’s 
performance in power-off gliding flight. 

b. Items that the pilot must con- 
sider are: Ho\v far can the aircraft glide? 

CONTENTS 

General  11-1 
Gliding Flight Equilibrium Equations 11-2 
Maximum Glide Angle 11-2 
Power-Off Polar Diagram 11-4 
Wind Effect Upon Glides 11-6 

How long will it remain airborne? What will 
be the rate of sink? Can a sucessful 
power-off landing be accomplished in this 
aircraft? These are some of the questions 
that naturally require immediate answers 
when engine failure occurs. This chapter 
discusses some of these aspects of gliding 
flight, but some of the answers must come 
from the Operator’s Manual. To be able to 
understand the data given in the Opera- 
tor's Manual, a pilot must have a thorough 
understanding of the aerodynamics of 
gliding flight. 

c. There are two terms used with 
reference to descending flight—glides and 
dives. There is no distinct difference 
between the two and no real definition, but 
shallow angles of descent are usually 
referred to as “glides” and steep angles as 
“dives.” 

d. Glides or dives may be accom- 
plished with either power on or power off. A 
power-on glide is used during every flight 
and is considered a normal flight condition, 
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but a power-off glide is usually an 
emergency condition, and this is the type of 
descent that is discussed in this chapter. 

11-2. GLIDING FLIGHT EQUILIB- 
RIUM EQUATIONS 

a. Naturally, in a power-off glide, 
there is no thrust force, so a component of 
the weight must replace this force to 
balance the drag force and obtain equilib- 
rium conditions. An aircraft can maintain a 
straight descending flightpath at a con- 
stant velocity without the engine. It can 
attain equilibrium conditions so that the 
sum of the forces about the center of 
gravity (CG) equal zero. Figure 11-1 shows 
the vector diagram of such a condition. The 
weight vector has been resolved into two 
components, one parallel and one perpen- 
dicular to the flightpath, so the forces can 
be added algebraically. Therefore, the 
equilibrium equations are: 

L = W cos 

D = W sin 

(11.1) 

(11.2) 

H'J 

HORIZONTAL PLANE 

Figure 11-1. Power-off glide. 

b. The Greek letter Y was used in 
the last chapter as the climb angle; 
however, here it is the glide angle. It is still 
the angle between the horizontal plane and 
the flightpath. Sometimes this angle is 
prefixed with a negative sign to denote a 
descent, but the negative sign is not used 
in this text. 

11-3. MAXIMUM GLIDE ANGLE 

Of most concern to the pilot in gliding 
flight is how to achieve the maximum glide 
ratio. Flying at a maximum glide ratio 
would insure the pilot of covering the 
greatest horizontal distance with the least 
loss of altitude. If the aircraft is of the type 
that can make a successful power-off 
landing, the pilot must arrive over a 
selected landing area with sufficient alti- 
tude to perform a power-off landing 
approach. If he has insufficient altitude 
when he arrives over the landing area, there 
is nothing he can do to regain lost altitude. 
The ratio of the horizontal distance to the 
vertical distance is the glide ratio. The pilot 
experiencing engine! s) failure wants to 
select a flightpath that gives him the 
maximum glide ratio. To help understand 
how the maximum glide ratio is found, 
think of the two extremes of descending 
flight. If an aircraft loses its engine at 
5,000 feet and the aircraft can only 
maintain a flightpath with a glide angle of 
90° (straight down), then the aircraft 
travels only 5,000 feet. It could travel no 
horizontal distance. On the other hand, if 
the pilot could glide his aircraft parallel to 
the horizon ( Y = 0°), he could glide an 
infinite distance. Of course, this is im- 
possible, but it points out the fact that the 
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shallower the glide angle, the greater is the 
horizontal distance covered by the aircraft. 

a. Glide-Angle Equation. 

(1) The velocity that gives the 
minimum glide angle and the maximum 
horizontal distance is the velocity that 
corresponds to the (L/D)max angle of 
attack. The minimum glide angle may be 
attained by dividing equation 11.1 by 
equation 11.2. 

_ W cos Y _ 1  
D W sin Y tan Y 

Therefore, 

TanY = B- = l- 111.3) 
Li Li 

D 

(2) From equation 11.3, you 
can see that the minimum glide angle is 
obtained when the aircraft is flown at the 
velocity corresponding to the (L/D)max 
angle of attack. 

(3) In a power-off glide, perfor- 
mance is determined by the relationship 

between the aerodynamic forces only. The 
engine/propeller thrust and fuel consump- 
tion have nothing to do with this flight 
condition; therefore, aircraft obtain their 
minimum angles of glide when flown at 
their respective angles of attack for 

(L/D)max- 

b. Glide Ratio. 

(1) The determination of the 
glide ratio can also be made from equation 
11.3. The tangent of the glide angle is 
actually the reciprocal of the glide ratio. 
Referring to the vector diagram shown in 
figure 11-2, the tangent of the glide angle is 
equal to the opposite side over the adjacent 
side. It is also equal to drag over lift, as 
seen in equation 11.3. Therefore, the sides 
of the vector triangle may be labeled with 
the side opposite as “drag” and side 
adjacent as “lift.” 

(2) This vector diagram can 
represent vertical and horizontal distance 
or vertical and horizontal velocities. When 
referring to the glide ratio, though, the 
vertical and horizontal vectors represent 
distances. 

(3) If an aircraft has a 

(L/D)max ratio of 11:1, it can produce 11 
pounds of lift for every pound of drag. 
Therefore, the vector diagram has a 

+ vH (LIFT) 

-vv 

(DRAG 

ITAS) 

Figure 11-2. Glide ratio vector diagram. 
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horizontal distance of 11 (corresponding to 
lift) and a vertical distance of 1 (corre- 
sponding to drag). The aircraft is capable 
of gliding power-off 11 miles horizontally 
for every 1 mile vertically (altitude). It will 
also glide at a rate of 110 knots horizontally 
and 10 knots vertically. These ratios are 
proportional to the (L/D)max for the 
aircraft. 

c. Weight Effect Upon Gliding 
Performance. 

(1) Since it is the L/D ratio 
that determines the distance an aircraft can 
glide, the weight will have no effect on this 
distance. The glide ratio is based only on 
the relationship of the aerodynamic forces 
on the aircraft. The only effect the weight 
will have is to vary the time that the 
aircraft will glide. 

(2) Figure 11-3 shows an air- 
craft at two weights (Wi and W2). The 

$ 

Hr 
"y 

Hi * 

Figure 11-3. Effect of weight on glide ratio. 

aircraft with the greater weight, W2, needs 
lift equal to L2. This is not accomplished 
by increasing the angle of attack. The 
aircraft wants to maintain the angle of 
attack that results in (L/D)max- The 
added lift can only come from an increase in 
the velocity. Notice that the W2 sin Y is 
larger than Wi sin Y. The difference causes 
the aircraft weighing W2 to be at a higher 
velocity. The increased velocity also in- 
creases the drag force, so the forces are 
again in equilibrium and both aircraft 
maintain the same flightpath. The heavy 
aircraft goes faster, so it descends faster, 
but the horizontal distance is not affected. 
Two aircraft capable of the same values of 

(L/D)max have the same glide ratios, 
regardless of their weights. 

d. Maximum Glide Performance. 
One tendency experienced by all pilots 
flying a power-off approach is to try to 
stretch a glide. If the aircraft is gliding at 
its minimum glide angle (best glide speed) 
and it is going to land just short of the 
selected landing point, the tendency is to 
increase the angle of attack to try to stretch 
the glide. This action actually increases the 
glide angle and thereby decreases the 
horizontal glide distance. The aircraft 
cannot glide at any glide shallower than its 
minimum angle of glide. You can see this 
better by examining the power-off polar 
(fig 11-4) of the family of polar diagrams. 

11-4. POWEE-OFF POLAE D1AGEAM 

a. This polar (fig 11-4) is similar to 
the full power developed in chapter 10, 
except that, in this case, it is a plot of the 
vertical velocities against the horizontal 
velocities encountered by an aircraft in 
gliding flight. Again, the altitude and 
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Figure 11-4. Power-off polar. 

weight must be defined. If either of these 
variables is changed, the location and 
shape of the curve is altered. This curve 
results from plotting an infinite number of 
velocity vector diagrams (fig 11-2) at 
different glide angles. The horizontal 
velocity axis again represents the horizon- 
tal plane. Naturally, the aircraft is not able 
to maintain horizontal flight during a 
power-off condition, so the entire curve is 
below the horizontal axis. 

the aircraft must fly somewhere on the 
polar curve, there is no other point which 
yields a smaller angle of descent than the 
angle of descent indicated at the tangent 
point. Remember that the aircraft velocity 
is plotted along the line of flight. The 
velocity indicated by projecting the true 
airspeed (TAS) to the horizontal axis is 
simply the horizontal velocity. 

c. The condition mentioned above, 
where the pilot is trying to stretch a glide 
by increasing the angle of attack, can be 
shown on this curve. The angle of attack is 
increasing around this curve counterclock- 
wise; therefore, as the angle of attack 
increases, the performance of the aircraft 
moves around the curve to the left. If the 
angle of attack is increased to the point on 
the curve labeled “2,” the aircraft is 
descending at a minimum rate of sink. 
Point 2 has the lowest vertical velocity of 
any point on the curve. But notice the glide 
angle. It is larger than the angle at point 1. 
This decrease in rate of sink is what causes 
the misconception of stretching the glide. 

d. At the minimum angle of glide 
(best glide speed), the rate of sink is a little 
higher than the rate of sink at the minimum 
rate of sink. This small increase, however, 
results in a larger increase in the horizontal 
velocity. Therefore, a greater distance can 
be covered at the minimum glide angle. 

b. A straight line drawn from the 
origin tangent to the curve represents the 
velocity and the angle of descent the 
aircraft makes when flying at its minimum 
angle of glide (maximum glide ratio). Since 

e. A few pilots might be fooled by 
the point where the aircraft will have its 
maximum horizontal velocity, point 3. 
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However, it can be seen that the angle of 
descent is steeper compared to the mini- 
mum angle of descent. This point has no 
real value and is seldom even mentioned. 

f. Another important point on the 
power-off polar curve is the angle of 
descent when the aircraft is stalling power 
off. This is shown at point 4. The maximum 
speed of the aircraft is shown in the vertical 
descent; that is, power-off terminal veloc- 
ity or velocities. 

origin to the point of the curve, and the 
length of this second line represents the 
velocity the aircraft must maintain to 
obtain the wind-corrected performance. In 
this case, the actual glide ratio is found by 
using the angle between the apparent 
flightpath and the surface of the earth (rate 
of sink/groundspeed). A tailwind may be 
plotted to the left and a tangent line drawn 
from that point. Note that the rate of sink 
is decreased; therefore, the aircraft will 
stay airborne a little longer and get the 
maximum benefit from the tailwind. 

11-5. WMD EFFECT UPON GLIDES 

Atmospheric winds have an important 
effect on gliding performance. You can 
appreciate this by realizing that an aircraft 
gliding at 100 knots into a 100-knot 
headwind would cover no horizontal dis- 
tance. If the aircraft increased its glide 
airspeed above 100 knots, it would then 
develop some horizontal velocity. To 
determine performance of the aircraft 
taking into consideration the atmospheric 
winds, simply plot a no-wind polar like the 
one in figure 11-4. This polar is a plot of the 
horizontal velocities. Now plot a headwind 
component along the horizontal axis as 
shown in figure 11-5. Using this point as 
the origin, draw a straight line tangent to 
the polar curve. The angle this line makes 
with the horizontal axis is the angle of the 
flightpath with the surface of the earth. 
The actual flightpath through the atmos- 
phere is shown by the line drawn from the 

+ Vv 

TAILWIND 
COMPONENT 

HEADWIND 
COMPONENT 

^ GROUND SPEED 

^ACTUAL 

»V 

(GIVEN W AND ALTITUDE) 
EFFECT OF HEADWIND AND 
TAILWIND COMPONENTS ON 
GLIDING PERFORMANCE 

Figure 11-5. Power-off polar showing wind effect. 
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TURNING 
PERFORMANCE 

12-1. GENERAL 

a. Unlike an automobile or a 
ground-supported vehicle, an aircraft can 
rotate about three axes which gives it 6° of 
motion. It can pitch up and down, yaw left 
and right, and roll to the left or the right. 
Because an aircraft has this large freedom 
of motion, it can perform many useful 
maneuvers. All of these maneuvers use 
turns, either vertical or horizontal, or a 
combination of the two. This chapter 
discusses vertical and horizontal turns 
separately and the limits imposed on these 
turns. To discuss the mechanics of turning 
flight or maneuvering flight, certain terms 
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are defined and certain assumptions are 
made. 

b. Unlike an automobile, when an 
aircraft turns (coordinated), it is in 
BALANCED FLIGHT. This means there 
is no sidewise force pulling the pilot 
outward from the turn, as is experienced in 
a car. When an aircraft is banked and the 
forces acting on it are resolved, the net 
resultant force acts toward the center of the 
turn. This type of turn is called a 
BALANCED COORDINATED TURN 
and is discussed in this chapter. A term 
that sometimes causes confusion is LEVEL 
TURN. This refers to a constant altitude 
turn and not a wings-level turn. An aircraft 
never turns with the wings level because 
the forces acting on the aircraft would be 
unbalanced and there would be the possibil- 
ity that loss of control may occur. 

c. People not associated with flying 
may think that the rudder is the primary 
control surface used to turn the aircraft. 
This is true of a boat, but not of an aircraft. 
Actually, the elevators are the primary 
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control surface used once a turn is 
established. To visualize this, picture an 
aircraft flying straight and level with its 
wings level. If the pilot pulls back on the 
control stick, the aircraft will pitch up. 
Now, if the pilot rolls the aircraft on its side 
and then pulls back on the stick, the 
pitchup will result in a horizontal change in 
heading. The ailerons do nothing more than 
roll the aircraft and do not have any effect 
on the turn itself. The elevators are the 
control surfaces that turn the aircraft, and 
the force that turns the aircraft is actually 
the lift force. The horizontal component of 
the lift is the force that accelerates the 
aircraft toward the center of the turn. 

L sin ffl 

Leos 

& 

I 

Figure 12-1. Force diagram. 

d. A body traveling in a circular 
path must be constantly accelerated 
toward the center of the turn. This 
acceleration is a function of the velocity 
and the radius of the circle: 

fictitious force is shown as a dotted vector 
and used to obtain a balance. This force, 
called the CENTRIFUGAL FORCE, is 
equal and opposite to the centripetal force. 
This is the force that tends to pull the 
driver of an automobile outward away from 
the center of a turn. Since it is a force 
which results from the normal acceleration, 
it is equal to the product of the mass times 
the acceleration: 

CP-M£-E£- (l2-2> 
The horizontal component of the lift is the 
force that produces this acceleration and is 
called the CENTRIPETAL FORCE. 

12-2. TURNING FLUGHT EQUILIB- 
RIUM EQUATIONS 

e. In the force diagram in figure 
12-1, this centripetal force is shown as L 
sin <f) where <p is the angle of bank. A 

12-2 

Refer to the vector diagram in figure 
12-1. Bídance equations can be written for 
the aircraft in a balanced coordinated level 



FM 1-50 

turn. Note that the aircraft is coming out of 
the page; therefore, the thrust, drag, 
relative wind, and flightpath do not show, 
because they are acting perpendicular to 
the plane of the forces shown. 

L sin <f> = CF WV2 

gR 
(12.3) 

Lcos0 = W (12.4) 

Dividing equation 12.3 by equation 12.4 
gives: 

tan<|> 
gR 

(12.5) 

12-3. RADIUS OF TURN 

A pilot is interested in the radius of turn 
that the aircraft can perform during certain 
missions, such as avoiding objects in 
low-level flight, formation flights, etc. 
Equation 12.6 shows that the radius of the 
turn of the aircraft varies directly with the 
square of its velocity and inversely with the 
angle of bank. Since this is true, any two 
aircraft capable of flying at the same 
velocity and same angle of bank can fly in 
formation, regardless of their weights. 
These are the only two variables that 
directly affect the radius of turn, but there 
are factors that affect the velocity and, 
thereby, affect the radius of turn indirectly. 
Weight, altitude, load factor, angle of 
attack, and wing area affect the velocity 
and thereby affect the turning radius. 
These aerodynamic considerations all play 
a part in the lift force that must be 
produced. A pilot who is interested in 
turning an aircraft in the smallest possible 
radius flies at the slowest possible speed 
and the highest possible angle of bank 
below 90°. Naturally, the lowest possible 
velocity would be the stalling speed of the 
aircraft. 

Solving for R yields: 

V2 

g tan <P 
(12.6) 

This is the equation for radius of turn. 

a. Aerodynamic Limit of Radius- 
of-Tum Performance. 

(1) By substituting the stall- 
speed equation from chapter 5 in equation 
12.6, the various factors which affect the 
stalling speed and the minimum radius of 
turn are evident. (Thrust is assumed 
opposite the relative wind.) 
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Vs 
2nW 

CLmax p S 

orVo = 
2   2nW- 
S CLmax p S 

Radiusmin = 

2nW 

V2S 
g tan <t> 

CLmax S g tan <() 

(5.5) 

(12.7) 

the load factor could be found by dividing 
the lift force by the weight. 

n = L/W (5.4) 

Substituting equation 12.4 into equation 
5.4 gives: 

(2) Since the horizontal com- 
ponent of the lift force is the force that 
turns the aircraft, one can see that an 
aerodynamic limit to the radius of turn is 
reached when the aircraft is turned at its 
stall velocity. The airspeed at which the 
minimum radius of turn occurs is the 
stalling speed at which the maximum Gs 
can be pulled without overstressing the 
aircraft. This is the MANEUVERING 
AIRSPEED, which is discussed further in 
chapter 15. An increase in weight or in 
altitude (decreased), or a decrease in 

CLmax requires an increase in velocity and 
therefore in radius of turn. 

b. Structural Limit of Radius-of- 
Turn Performance. 

(1) Since load factor (n) has an 
effect upon the stalling speed of the 
aircraft, it also affects the turning radius of 
the aircraft. In the discussion on load 
factor (n) in chapter 5, it was shown that 

L _   (12.8) 
L cos <(> cos 4) 

Since the load factor is purely a function of 
the angle of bank, the weight of the aircraft 
itself has no effect upon the G load imposed 
on the aircraft. A T-42 and an OV-1 both 
experience a 2 G acceleration when they are 
in 60° of bank. The table in figure 12-2(a) 
lists the load factor experienced at the 
various angles of bank, and the percent 
increase of induced drag over level flight 
conditions. The graph (fig 12-2(b)) shows 
the stalling speed of an aircraft and how it 
is affected by the increasing load factor. 
Notice that from 0° to 60° angle of bank, 
the load factor has increased only by one, 
but in the next 10°, the load factor has 
increased almost one. At high angles of 
bank, the load factor and stalling speed 
increase very rapidly. A steep turn 
immediately gfter takeoff is extremely 
dangerous because of the load factor 
imposed and the low velocity of the 
aircraft, yet some pilots still try it. 
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Figure 12-2. Effect of load factor on stalling 
speed. 

(2) Since the stall speed in- 
creases as the bank angle is increased, a 
compromise between the bank angle and 
stalling speed must be made to obtain the 
minimum radius of turn of the aircraft. 

(3) You can find this by con- 
sidering the design strength of the aircraft. 
An aircraft that is pulling 6 Gs is 
developing a lift force that is six times its 
weight. This is putting a terrific bending 
moment on the wings and fuselage. An 
aircraft is only designed to take a certain 
load factor and this load limit should never 
be exceeded or it will be overstressed and 
may come apart. This limit is published by 
the manufacturer of the aircraft in the 
Operator’s Manual. If an aircraft has a load 
limit of 6 Gs, then the minimum radius of 
turn would be performed when it is at its 
6 G stalling speed. That would be an angle 
of bank of about 81° (fig 12-2(a)). This 
condition is called the MANEUVERING 
SPEED of the aircraft and is the velocity 
where the minimum radius of turn can be 
performed for a given altitude. 

(4) The preceding paragraph 
has added a structural limit to turning 
performance. The aircraft mentioned can- 
not make a balanced coordinated level turn 
at a bank greater than 81° because of the 
structural limits of the airframe. Notice 
that a 90-degree bank has an infinite load 
factor. Not only would the structural 
limitations tof the aircraft make a 90° 
banked level turn impossible, but there 
would be no force developed to oppose the 
weight force. The lift force in this case 
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would be acting 90° to the weight; 
therefore, it could not support the weight 
and the aircraft could not maintain altitude 
(fig 12-3). 

imposed on the minimum radius of turn 
are the aerodynamic, structural, and power 
limits. These three factors must be 
present in the pilot’s mind at all times when 
the aircraft is being maneuvered at its 
design limits. 

L ► CF 

(NO FORCE TO OPPOSE W) 

Figure 12-3. 90° banked turn. 

12-4. VEETICAL TURNS 

a. An aircraft is capable of perform- 
ing another type of turn—a vertical turn. 
This is used during a pullout from a dive or 
during any vertical maneuvers, such as 
loops, split Ss, Immelmanns, etc. Again, 
the pilot is interested in the radius of turn 
and whether or not sufficient altitude is 
available to perform the desired maneuver. 

c. Power Limit of Radius-of-Tum 
Performance. 

(1) The third limit imposed on 
the turning performance is the power or 
thrust limit. The induced drag developed at 
the high-load factors can become quite 
large. 

b. Figure 12-4 shows an aircraft 
just passing level flight when the lift is 
opposite the weight. Because the aircraft is 
turning about some point in space, there is 
also a centrifugal force. At the bottom of 
the pullout, where the forces are directly 
opposite the lift force, the radius of turn is 
the greatest. Therefore, only this condition 
is examined mathematically. The vertical 
balance equations are: 

(2) In chapter 7, induced drag 
is shown to be directly proportional to the 
lift squared. Therefore, in an 81° bank 
where six times the lift is produced that is 
produced in level flight, the induced drag is 
36 times the induced drag during a level 
flight at the same velocity. This is a 
tremendous amount of drag to overcome. A 
limitation is set by the power available for 
the powerplant. Refer again to the chart in 
figure 12-2(a). To summarize, the limits 

T-+ ► D 

wW 

t 
CF 

Figure 12-4. Vertical balance. 
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L = w+CF = w+^P (12,9) 

gR 

n = L/W (5.4) 

Therefore: 

n = 14 
V2 
gR 

(12.10) 

power limits are still present and affect the 
vertical turn as well as the horizontal turn 
previously discussed. 

12.5. HATE OF TURN 

a. The RATE OF TURN is 
primarily used during this instrument 
flight and is simply the rate of change of 
heading of the aircraft. The rate-of-tum 
equation 12.12 has been derived in 
appendix C for those who are interesed. 

Solving for R: R.O.T. = ' 

R = V2 
g(n-l) 

(12.11) 

c. Equation 12.11 shows again that 
the radius of turn, in this case the vertical 
turn, depends upon the velocity and the 
load factor. The minimum vertical radius of 
turn for the aircraft mentioned above is at 
its maneuvering speed or its 6 G stall 
speed. The aerodynamic, structural, and 

b. You can see the importance of 
the angle of bank and the velocity, which 
are again shown to affect the rate of turn as 
well as the radius of turn. Higher velocities 
and shallower bank angles result in slower 
changes in aircraft heading. The rate of 
turn is at its maximum at the manuevering 
speed and angle of bank for the limit G. 
This is consistent with the discussion of the 
radius of turn. 

12-7 
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TAKEOFF AND 
LANDING PERFORMANCE 

13-1. GENERAL 

a. For every successful flight, there 
must be at least one successful takeoff and 
landing. The pilot techniques used in older 
aircraft during these phases of the flight 
were essentially the same for each type of 
aircraft. This is not so today. Because of 
the many different aircraft designs em- 
ployed in today’s aircraft, pilot procedures 
and techniques can differ from aircraft to 
aircraft. For example, some aircraft rotate 
to their takeoff attitude early in the takeoff 
velocity. Some aircraft make a constant 
angle of attack approach and hold that 
angle of attack until a landing is made, 
while others flare just before touchdown 
and decrease the rate of sink. Aerodynamic 
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braking is effective in some aircraft during 
a landing roll, but it is dangerous in others. 

b. An aircraft’s design characteris- 
tics determine its takeoff and landing 
performance, but a detailed discussion of 
various aircraft is beyond the scope of this 
chapter. This chapter is concerned pri- 
marily with the aerodynamic and physical 
considerations that determine the length of 
runway needed to perform a takeoff or 
landing successfully. 

13-2. TAKEOFF 

The takeoff is referred to as an accelera- 
tion and a transition maneuver. During the 
takeoff run, the aircraft is making a 
transition from a ground-supported to an 
air-supported vehicle. At the start of the 
takeoff roll, the entire weight of the aircraft 
is supported by the wheels, but as the 
aircraft gains velocity, the wing starts 
supporting more and more of the weight. 
By the time the aircraft reaches its takeoff 
velocity, the wing is supporting the aircraft 
entirely. The aircraft has undergone a 
transition from ground support to air 
support. 
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a. Acceleration Forces. 

(1) According to Newton’s 
second law of motion, a body accelerates 
only if there is an unbalanced force acting 
upon that body. The acceleration takes 
place in the direction of the unbalanced 
force. Therefore, for the aircraft to accel- 
erate during the takeoff run, the sum of the 
horizontal forces acting on the aircraft 
must yield an unbalanced force in the 
direction of the thrust. 

(2) Figure 13-1 shows the hori- 
zontal forces that determine the net 
accelerating force on the aircraft during its 
takeoff roll. 

(3) The thrust force has been 
discussed previously, and you should 
remember that for a given altitude and 
revolutions per minute the thrust from a 
propeller aircraft decays as velocity is 
increased during the takeoff roll. (Refer to 
chapter 8.) 

(4) The wing of the aircraft is in 
close proximity to the ground during the 
takeoff run. This reduces or cancels out 
entirely the downwash and wingtip vortices 
behind the wing. The elimination of the 

downwash eliminates the induced drag. 
The phenomenon is referred to as 
GROUND EFFECT and normally affects 
aircraft to an elevation equal to 1/2 the 
wingspan. Therefore, the drag force, 
shown in figure 13-1, is predominately 
parasite. Since the parasite drag is directly 
proportional to the square of the velocity, 
this drag force increases as the aircraft 
increases velocity. 

(5) The friction force shown is 
called ROLLING FRICTION. It is the 
result of the action of the tires against the 
runway. Like any friction force, the rolling 
friction force is equal to the product of the 
coefficient of rolling friction and a normal 
(perpendicular) force. The coefficient of 
rolling friction varies from 0.02 to 0.3, 
depending upon the runway surface and the 
type of tire. The normal force, in this case, 
is the weight of the aircraft that is not 
supported by the wing. As the aircraft 
gains speed during takeoff roll, the wing is 
supporting more and more of the weight; 
therefore, this reduction of the weight on 
the wheels reduces the rolling friction force 
as the aircraft accelerates. When the 
aircraft reaches its takeoff velocity, the 
friction force is zero because the normal 
force is now zero. 

Ff 

DRAG THRUST 

Figure 13-1. Net accelerating force. 
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(6) The sum of these three 
horizontal forces results in the net accelera- 
tion force (Fa): 

propeller thrust is shown to decrease as the 
velocity is increased. 

b. Takeoff Distance. 

Fa = T-(D+Ff) (13.1) 

(7) Figure 13-2 shows the ac- 
tion of the forces during the takeoff run. 
Since all these forces, with the exception of 
the thrust, are functions of the square of 
the velocity, V2 is used in the horizontal 
axis so the forces show as linear plots. The 

(1) To arrive at an equation 
that brings together the variables that 
affect the takeoff distance, the physics 
equation for the distance required by a 
body to attain a certain velocity under a 
constant acceleration is used: 

S = V2t/o 
2a 

(13.2) 

LIFT = WEIGHT 

Ff' D 

DBAG 

y2 Takeoff Velocity 

Figure 13‘2. Finding net acceleration force (Fa). 
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Next, the acceleration from the mathemati- 
cal expression of Newton’s law of motion: W 2W 

P SCL 

(13.5) 

a F r T-(D + Ff) “I 
M “ 

gL W J (13.3) 
d. Factors Affecting Takeoff Dis- 

tance. 

is substituted into equation 13.2, which 
yields: 

2g[T-(D + Ff)] 

(2) Equation 13.4 shows the 
takeoff distance is directly proportional to 
the takeoff velocity squared. Since velocity 
is square, its effect is quite significant on 
the takeoff distance. The takeoff velocity is 
a function of the stalling speed of the 
aircraft and is usually 1.1 to 1.25 times the 
power-off stalling speed. Some aircraft use 
high-lift devices to lower the stalling speed, 
which decreases the takeoff velocity and 
thereby the takeoff distance. These high- 
lift devices are used only to increase CL, 

and any devices that increase the drag force 
must be used with caution. 

c. Takeoff Velocity. Since velocity 
is so important in determining the takeoff 
distance, the factors that affect the takeoff 
velocity must be considered. This is done 
by solving the lift equation from chapter 4 
for V2 (weight is substituted for the lift). 

(1) ALTITUDE EFFECTS. 
To properly analyze the takeoff distance 
requirements, consider equation 13.5 in 
conjunction with equation 13.4. For ex- 
ample, an aircraft taking off from a field at 
a 5,000-foot elevation requires a longer 
takeoff run than the same aircraft requires 
at sea level. As the altitude is increased, 
the takeoff true airspeed must be increased 
(equation 13.5), and this increase in the 
takeoff airspeed increases the takeoff 
distance (equation 13.4). Engine perfor- 
mance is also affected as elevation is 
increased. As previously discussed in 
chapters 8 and 9, altitude increases 
decrease thrust output; therefore, the net 
accelerating force (T - (D-Ff)) is decreased 
at the higher elevation. The takeoff 
distance is increased to compensate for this 
thrust loss (equation 13.4). 

(2) WEIGHT EFFECTS. 
Weight changes have a compounding effect 
on the takeoff distance, as does the change 
in air density. If an aircraft could double its 
takeoff weight, it might be assumed from 
equation 13.4 that the takeoff distance 
would be doubled. This would be true if the 
weight had no effect on the takeoff 
velocity; but from equation 13.5, a doubling 
of the weight would double the value of the 
square of the takeoff velocity. This value, 
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substituted into equation 13.4 and com- 
bined with the increased value of the 
weight yields a takeoff distance four times 
the original distance. There is still another 
factor that is affected by the weight 
increase—the rolling friction force (Ff). The 
increased weight increases the normal 
force, hence the rolling friction force. This 
results in a decrease in the net accelerating 
force which adds additional distance to the 
takeoff run. 

(3) WIND COMPONENT 
EFFECT. Up to this point, the discussion 
of takeoff distance has assumed a no-wind 
condition; but wind can be used to decrease 
the takeoff distance. Assume that an 
aircraft is to take off into a headwind equal 
to its takeoff velocity. While the aircraft is 
standing still at the end of the runway, the 
wind velocity over the wing is sufficient to 
support the aircraft and there is no need to 
accelerate at all. It does not require any 
takeoff run or takeoff distance. The 
groundspeed of the aircraft is zero, even 
though the true airspeed is equal to the 
takeoff velocity. This effect of headwind is 
shown in takeoff equation 13.4. The 
headwind component is subtracted from 
the takeoff velocity and the difference is 
squared. 

S = w[(Vt/o - wind)2 1(13.61 
VV[2g[T-(D + Ff)] J 

Most runways are built in the direction of 
the local prevailing winds. If a runway 
must be used that has a tailwind com- 
ponent, the value of the tailwind must be 
added to the takeoff velocity and the sum 
of the two squared. This naturally results 
in a large increase in the takeoff distance 
required. 

e. Takeoff Performance Summary. 
Equations 13.4, 13.5, and 13.6 are pre- 
sented here to show how the various factors 
that influence takeoff performance are 
combined and what effect they have upon 
the takeoff distance. Because of the 
interplay between some of the factors 
mentioned above during the discussion of 
weight and altitude, accurate takeoff 
distance requirements are difficult to 
predict. It is assumed that the acceleration 
is constant during the takeoff roll and this 
is not necessarily true. To determine the 
actual takeoff distance required, the re- 
spective aircraft Operator’s Manual has 
charts which include the effects of tempera- 
ture, pressure altitude, aircraft weight, 
winds, and runway slope. These charts are 
taken from actual flight tests and show 
what performance can be expected from 
each aircraft. 

13-3. LANDING 

The landing phase of the flight can be 
considered as the reverse of the takeoff. In 
a landing roll, the aircraft must be 
decelerated instead of accelerated. As the 
velocity decreases and the lift force decays, 
the weight shifts from the wings of the 
aircraft to the wheels. This is the reverse of 
the transition and acceleration mentioned 
at the beginning of the takeoff discussion. 
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a. Landing Distance and Velocity 
Equations. Since the pilot is primarily 
interested in the landing distance, and 
whether or not there is sufficient runway to 
bring the aircraft to a complete stop, the 
equations developed during the takeoff 
discussion can be applied with slight 
modifications to the landing. 

S = W 
2g[(D + Ff) —T] 

(13.7) 

Viand — 
2W 

p SCT 
(13.8) 

b. Factors Affecting Landing Dis- 
tance. The primary consideration in land- 
ing is the dissipation of the aircraft’s 
kinetic energy. Any factor affecting the 
mass or velocity of the aircraft as expressed 
in the relationship KE = 1/2 MV2 must be 
considered in computing the landing dis- 
tance of the aircraft. Since velocity is a 
squared term in the kinetic energy equa- 
tion, final approach is always flown at as 
low a velocity as is feasible. This 
condition requires careful planning and 
execution on the part of the pilot. 

(1) NET DECELERATING 
FORCE. In equation 13.7 the forces that 
comprise the net accelerating force are 
reversed. The acceleration force is now in 
the direction of the drag and friction forces, 
so the aircraft slows down. To develop this 
net decelerating force, the drag and friction 

must be greater than the thrust force. 
However, thrust force must still be 
considered, even though the engine is 
usually at idle. There is a residual thrust 
force that must be overcome by the drag 
and friction if the aircraft is to decrease its 
velocity. Some aircraft are equipped with 
propellers which are capable of reversing 
their pitch and, thereby, capable of 
developing a thrust force in the direction of 
the retarding forces. If this is the case, the 
sign of the thrust in equation 13.7 will 
become positive. This naturally increases 
the retarding force and decreases the 
landing distance required. 

(a) The net decelerating 
force can be increased on some aircraft 
through the use of aerodynamic braking. 
This is nothing more than increasing the 
drag on the aircraft during the landing roll. 
You should remember that the drag force is 
proportional to the square of the velocity, 
so aerodynamic braking is only effective 
during the initial landing roll when the 
aircraft is at its higher velocities. 

(b) If a short-field landing 
is to be made, it is possible to increase the 
friction force far above that of any 
aerodynamic force that could be applied to 
the aircraft. The increase in the friction 
force is done with the wheel brakes. 
Caution should be used in applying the 
brakes too early. During the initial landing 
roll, the major portion of the aircraft 
weight is supported by the wings. The use 
of brakes at this time is not effective, 
because the normal force on the wheels is 
low and the resulting friction force devel- 
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oped is small. It is also possible that the 
wheels might lock and the tires blow out if 
the brakes are applied at this time. The 
velocity must be decreased to allow enough 
weight to be transferred to the wheels 
where the brakes will be effective. Some 
aircraft have wing spoilers that are used to 
destroy the lift on the wings and thereby 
transfer the weight to the tires and allow 
the brakes to be applied earlier in the 
landing run. This weight shift can be aided 
by retracting the flaps, as this also reduces 
the lift developed by the wings. 

(c) The condition of the 
runway surface can play an important part 
upon the required stopping distance of the 
aircraft. On wet or icy runways the 
coefficient of friction is very small, result- 
ing in a small decelerating force. Hence a 
longer stopping distance is required. This 
is accounted for in terms of runway 
condition reading (RCR). This number may 
be determined by use of decelerometers on 
the slippery runways. This RCR is given in 
the “Remarks” section of weather sequence 
reports by the pilot-to-forecaster service 
and by the appropriate air traffic control 
facility. Pilots should always consider this 
factor when landing on a slippery runway. 
The landing distance required may exceed 
the runway length available! 

(2) HYDROPLANING. Wet 
or slippery runways can also lead to a 
situation called HYDROPLANING. In 
this situation, the aircraft rides on a film of 
water and the tires have little or no contact 
with the runway surface. The aircraft is 
supported by a hydrodynamic lift force 
much like a water skier who is supported by 

skis. The pilot should be aware of the 
conditions that can cause hydroplaning and 
what to do to avoid it. 

(a) A very simplified ex- 
planation of hydroplaning in an aircraft can 
be likened to the water skier again. To 
support the skier, a hydrodynamic lift force 
is developed, dependent on speed. Below 
speeds where aerodynamic forces become 
predominant, the faster the speed, the 
easier it is to ski. There is a minimum speed 
where the drag is so great and the 
hydrodynamic lift force so small that the 
skier sinks. In like manner, there is a 
minimum speed at which hydroplaning will 
occur. Below this speed the aircraft tires 
will make contact with the runway. 
Experiments have determined that a 
simple formula for this speed can be applied 
to nearly all airplanes: 

V hydroplane — •V2 * * * * 7 

(13.9) 

(b) The velocity at which 
TOTAL hydroplaning can occur depends 
on the square root of the tire inflation 
pressure. PARTIAL hydroplaning may 
occur at even slower speeds. The pilot 
should be aware of this and carefully 
inspect the aircraft tires during preflight to 
insure proper inflation. An underinflated 
tire can hydroplane at a slower speed. 

(c) The speed at which 
hydroplaning can occur has been shown to 
be dependent on tire inflation pressure. At 
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first thought, one might think that a 
heavier aircraft would require a faster 
speed before hydroplaning could occur, but 
experiments and classical hydrodynamic 
theory have shown this speed to be 
independent of weight. Weight only 
determines the size of the “footprint” that 
the tire makes. The heavier the aircraft, the 
bigger the “footprint,” but the ratio of 
weight per square inch of “footprint” area 
is the same. But weight has an indirect 
effect, since a heavier aircraft must fly at a 
faster approach and touchdown speed. 
Consequently, the possibility of hydroplan- 
ing is higher in a heavy aircraft. 

(d) Other factors that 
affect hydroplaning cannot be quantita- 
tively described in a formula. The depth of 
the fluid on the runway surface required to 
develop hydroplaning is not well defined. 
The tread depth and the pattern are also 
factors, as well as the runway surface itself. 

(e) These factors are all 
interrelated. A smooth tire may hydroplane 
in as little as .15 inch of water on the 
runway; but one with a deep tread, 
allowing channels for the water to escape 
while part of the tire makes contact with 
the runway, may require as much as 2 
inches of water before it will hydroplane. 
Puddles on the runway may result in 
intermittent hydroplaning. The runway 
surface is important. Smooth, as opposed 
to a coarse surface, may result in earlier 
hydroplaning. Some airfields have experi- 
mented with a slotted crosswise surface to 
allow the water to escape as the tire rolls 
over the surface. 

(f) The pilot must be 
aware that hydroplaning can occur in any 
aircraft. Tires should be checked during 
preflight for proper inflation and tread 
condition. The pilot should try to avoid 
crosswind landings where practicable and 
fly at the minimum airspeeds for wet or 
slippery runway landings. 

(3) SPEED ALONG LAND- 
ING ROLL. Figure 13-3 shows the speed at 
various distances from touchdown to a full 
stop. This again assumes a constant 
deceleration, which is not necessarily true, 
but is easy to visualize. (Operator’s Manual 
provides accurate information.) If the total 
landing distance requires 4,500 feet and the 
touchdown speed is 130 knots, notice that 
at half the distance, the speed is more than 
half of the touchdown speed. It can be 
shown (assuming constant deceleration) 
that at half the distance, half of the kinetic 
energy is dissipated and the speed is 
VTD/'N/ST. A pilot can expect his speed to 
be higher than half his touchdown speed at 
half the landing distance. Knowing this, a 
pilot won’t inadvertently overbrake, think- 
ing he has not slowed up soon enough. 

(4) LANDING VELOCITY. 
The landing velocity of an aircraft is about 
1.3 times its stalling speed; therefore, any 
high-lift device that decreases the stalling 
speed also decreases the landing speed. A 
decreased landing velocity decreases both 
the kinetic energy and the required landing 
distance. Landings at airfields at high 
altitudes result in higher final approach 
true airspeeds which result in longer 
landing distances. 
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(5) WIND EFFECT. A head- 
wind results in lower final approach and 
touchdown velocities (groundspeed). This, 
of course, results in reduced kinetic energy 
(with respect to the ground) which de- 
creases the landing distance. 

(6) LANDING WEIGHT. The 
weight of the aircraft has the same effect 
upon the landing distance as it does on the 
takeoff distance. Decreased weight requires 
less runway. 

c. Landing Performance Summary. 
As with takeoff performance, the landing 
performance is difficult to predict ; therefore, 
landing distance charts are supplied in each 
handbook and show the results of actual 
flight tests conducted under differing 
conditions. These charts are based on 
equations 13.7 and 13.8 and, therefore, 
take into consideration the factors affecting 
the landing distance. 
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Figure 13-3. Velocity along landing roll. 
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STABILITY 

14-1. GENERÄL 

a. For an aircraft to be effective, it 
must be stable. Since an aircraft has six 
directions of freedom about three mutually 
perpendicular axes, it must be stable about 
each axis. This stability decreases the 
workload on the pilot and allows him to 
direct his attention elsewhere. 

b. Volumes of material have been 
written on aircraft stability, particularly on 
today’s complex, high-performance aircraft 
which have stability problems that are 
quite complicated and are beyond the scope 
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of this text. Therefore, this text discusses 
only the simplest and most basic aircraft 
stability requirements. 

14-2. STATIC STABILITY 

Static stability is defined as the tendency 
a body possesses after it has been displaced 
from its equilibrium condition. Equilbrium 
condition refers to Newton’s law which 
states that “the sum of the forces and 
moments about the center of gravity of a 
body must equal zero.” Previously, this 
text has not been too concerned with the 
moments about the center of gravity (CG) 
when discussing equilibrium, but when 
discussing stability these moments must 
be considered. 

a. Positive Static Stability. If a 
body possesses positive stability, it has a 
tendency to return to its equilibrium point 
after it has been disturbed. This is shown in 
figure 14-l(a). At point A, the ball is in 
equilibrium. If the ball is moved to point B, 
it has a tendency to roll back toward point 
A. This tendency is an indication of 
positive static stability. Do not consider 
whether the ball actually returns to point 
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A; only consider its TENDENCY to 
return. If it has a tendency to return, it has 
positive static stability. 

b. Negative Static Stability. In this 
case, the bowl has been inverted (fig 
14-l(b)). Point A again represents the 
equilibrium position. The ball has been 
removed to point B. Now the ball has a 
tendency to roll away from point A and 
thereby demonstrates negative static 
stability. Remember, do not consider 
whether the ball actually rolls away or not; 
static stability is only concerned with its 
tendency. 

c. Neutral Static Stability. In 
figure 14-1 (c) the ball has been placed on a 
flat surface. Now when the ball is displaced 
to point B, it does not have a tendency 
either to return to or to go away from point 
A. This is neutral static stability. 

14-3. DYNAMIC STABILITY 

The word “ dynamic” refers to motion; 
therefore, dynamic stability refers to the 
movement of the body with respect to time. 
Naturally, when considering the dynamic 
stability of a body, we must also consider 
the static stability that it possesses. 
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Figure 14-1. NonosciUatory motion. 
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a. Nonoscillatory Motion. 

(1) NEGATIVE STATIC 
AND DYNAMIC STABILITY. As stated 
above, when a body possesses negative 
static stability, it has a tendency to go 
away from its equilibrium position. If it 
actually does go away from its equilibrium 
position, then the body is said to have 
nonoscillatory negative dynamic stability 
(fig 14-l(d)). 

(2) NEUTRAL STATIC AND 
DYNAMIC STABILITY. If the body once 
displaced does not go toward or any farther 
away from its equilibrium point, it is 
demonstrating nonoscillatory neutral 
dynamic stability (fig 14-l(e)). 

(3) POSITIVE STATIC AND 
DYNAMIC STABILITY. When a body 
possesses both positive stability and 
strong positive dynamic stability, nonoscil- 
latory positive dynamic stability may 
result, as shown in figure 14-1 (f). This 
motion is sometimes referred to as DEAD- 
BEAT DAMPENING. This type of 
stability is very hard on the aircraft. It 
would be similar to driving across a 
railroad track in an automobile that had the 
springs replaced with steel blocks between 
the frame and the axle. There is no give and 
all of the energy must be absorbed at once. 
If this condition were allowed to continue, 
material failure would eventually occur. 

b. Oscillatory Motion. To have 
oscillatory motion, the body must possess 

positive static stability. Therefore when 
discussing oscillatory motion, the various 
types of dynamic stability are coupled with 
positive static stability. 

(1) POSITIVE STATIC AND 
POSITIVE DYNAMIC STABILITY. If a 
body, after being displaced, has a tendency 
to return to its equilibrium position, it has 
positive static stability. Referring to the 
elapsed time shown in figure 14-2(a), the 
body moves toward equilibrium but over- 
shoots it. Since it has positive static 
stability, after it overshoots the equilib- 
rium position, it starts to turn around and 
go back toward equilibrium again. These 
oscillations continue until they are damp- 
ened and the body has come to rest at 
equilibrium. The fact that the amplitudes 
of the oscillations are decreasing indicates 
that the body has positive dynamic 
stability and will eventually come to rest in 
an equilibrium condition. 

(2) POSITIVE STATIC AND 
NEUTRAL DYNAMIC STABILITY. The 
elapsed time shown in figure 14-2(b) 
indicates neutral dynamic stability. Again 
the body, after displacement, moves 
toward the equilibrium condition but 
overshoots. The positive static stability 
makes the body start back toward equilib- 
rium, but again it overshoots and continues 
to an amplitude equal to the first displace- 
ment. As time continues, the body oscil- 
lates with equal amplitudes on both sides of 
the equilibrium position and never comes to 
rest. Since the amplitudes are neither 
increasing or decreasing, the body must 
have neutral dynamic stability. 
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(3) POSITIVE STATIC AND 
NEGATIVE DYNAMIC STABILITY. In 
this case (fig 14-2(c)), the positive static 
stability makes the body oscillate as it did 
in the two previous cases, but negative 
dynamic stability is indicated by the 
increasing amplitudes of the oscillations as 
time increases. Lines drawn tangent to the 
top and bottom of each oscillation will 
diverge. 

\jXf^ »—► 

(a) POSITIVE STATIC AND POSITIVE DYNAMIC STABILITY 

(b) POSITIVE STATIC AND NEUTRAL DYNAMIC STABILITY 

time 

(c) POSITIVE STATIC AND NEGATIVE DYNAMIC STABILITY 

Figure 14-2. Oscillatory motion. 
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14-4. MOTION SIGN CONVENTIONS 

a. Since an aircraft has six direc- 
tions of motion about three mutually 
perpendicular axes, sign conventions must 
be assigned to each direction of motion. 
Refer to figure 14-3 when reading these 
definitions and learn them thoroughly 
before proceeding. 

b. The three axes are (1) the 
longitudinal axis about which the airframe 
rolls, (2) the lateral axis about which the 
aircraft pitches, and (3) the vertical axis 
about which the aircraft yaws. 

c. To help remember the signs 
assigned to each motion, a right-hand rule 
is applied. A right roll, right yaw, and a 
pitchup are all considered positive. For 
example, a positive rolling moment rolls 
the aircraft to the right, whereas, a 
negative rolling moment produces a left 
roll. 

14-5. LONGITUDINAL STABILITY 

a. When discussing longitudinal 
stability, reference is made to the pitching 
motion of the aircraft. Therefore, longi- 
tudinal stability is the stability of the 
longitudinal axis of the aircraft about the 
lateral axis. 
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POSITIVE PITCHING 
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(PITCH UP) 

POSITIVE YAWING 
MOMENT 
(RIGHTYAW) 

Figure 14-3. Stability nomenclature. 
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b. Oscillatory Pitching Motion. 

(1) An aircraft is a well 
designed, very complex mass in motion. 
When disturbed from equilibrium, it 
develops a moment of inertia. If it has 
positive static stability, the system 
naturally will become oscillatory unless a 
dampening force is so strong that it 
prevents this type of motion. Moderate 
dampening forces will cause this type of 
oscillation to be convergent to equilibrium. 
The period of oscillation is a function of the 
moment of inertia and the dampening 
force. 

(2) This period varies depend- 
ing on aircraft characteristics at a given 
airspeed. The long-term oscillation (more 
than 5 seconds) is called PHUGOID 
MOTION (pronounced foo-goid). Because 
the change in pitch attitude is so slight, the 
gain and loss in altitude combined with the 
forward movement of the aircraft result in 
this motion occurring at essentially a 
constant angle of attack. A pilot makes 
these corrections almost subconsciously as 
a person would make minute steering 
corrections while driving an automobile 
down a straight road. 

(3) The short period oscillation 
(.3 to 1.5 seconds) is called a BUZZ. This 
occurs so quickly that the stability of the 
aircraft dampens out the motion before a 
pilot can normally respond. 

(4) The medium periods of 
oscillation (1.5 to 5 seconds) are about the 
same as the range of response time of thé 

pilot. This can lead to a sudden and violent 
divergence in pitch attitude resulting in 
very large positive and negative load 
factors, which are actually made larger by 
the pilot attempting to control the oscilla- 
tion. This is known as PIO (pilot induced 
oscillation) and in the landing phase is 
called a porpoise. 

(5) Overall, the phugoid 
motion is relatively unimportant in sta- 
bility considerations since the angle of 
attack is essentially constant. Shorter 
periods of oscillation, however, must be 
properly dampened in a fly able aircraft. 

c. Pitching Moments About Center 
of Gravity. 

(1) To be flyable, an aircraft 
should have positive static longitudinal 
stability and positive dynamic longitudinal 
stability. Dynamic stability, involving 
motion with respect to time, is far too 
complicated for this text. This text is 
primarily concerned with static stability. 
You can easily analyze any tendency an 
aircraft has when displaced from equilib- 
rium by considering the pitching moments 
about the CG of the aircraft. 

(2) CM is called the PITCH- 
ING MOMENT COEFFICIENT and 
comes from the pitching moment equation. 
The sign of the pitching moment coefficient 
indicates whether a pitching moment will 
pitch the nose up or down. Since this text 
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discusses only the direction of the pitching 
moments created by thtf various compo- 
nents of the aircraft and not the magnitude 
of the component, there is no need to be 
concerned with the pitching moment 
equation. 

(3) These pitching moments 
about the CG of the aircraft are caused by 
changes in the total lift of the aircraft as 
the total lift is distributed among the 
wings, fuselage, and tail surfaces. This 
total lift is considered to act through the 
aerodynamic center of the total aircraft, 
called the NEUTRAL POINT. Thrust 
effects are discussed later. Drag changes 
and compressibility effects are omitted to 
simplify discussions. We also assumed that 
the controls are fixed. Then at one angle of 
attack there will be a zero pitching 
moment. This is called the TRIM POINT, 
and is graphically illustrated in figure 14-4. 

+CM 

TRIM POINT 

□■QaesAaoeoBBaafttB 

+ CL 

Figure 14-4. CM versus CL. 

(4) The graph shows the varia- 
tion of CM with respect to changes in CL* 

CL can be used instead of angle of attack 
since their relationship is linear except as 

CLmax (stalling angle of attack) is 
approached. At the value of CL where the 
curve crosses the horizontal axis, the 
pitching moments are zero. At this angle of 
attack (trim point), stability considerations 
are made. 

(5) If the angle of attack is 
increased to a higher value of CL than that 
indicated at the trim point, a negative 
pitching moment must be present to return 
the aircraft to the trim angle of attack. This 
is illustrated by point A in figure 14-4. The 
converse is true also; if the angle of attack 
decreases from the trim point, a positive 
pitching moment must be created which 
tends to return the aircraft to the trim 
point. This is shown at point B in figure 
14-4. Therefore, for an aircraft to exhibit 
positive longitudinal stability the slope of 
CM versus CL curve must be negative. The 
degree of the slope indicates the degree of 
stability. A steeper slope shows stronger 
pitching moments with changes in CL; 

therefore, greater stability. 

(6) The location of the trim 
point is a very important consideration in 
the design of the aircraft. It must occur at 
some usable angle of attack—some angle of 
attack between that of zero lift and the 
stalling angle of attack. To be able to 
satisfy the preceding requirements, the 
neutral point (aerodynamic center of the 
entire aircraft) must be aft of the center of 
gravity of the entire aircraft. 
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(7) This relationship is shown 
in figure 14-5. If a sudden gust should pitch 
the aircraft to a higher angle of attack, the 
increase in overall lift of the aircraft, acting 
through the aerodynamic center of the 
entire aircraft (neutral point), creates a 
negative pitching moment which tends to 
return the aircraft to equilibrium. A gust 
pitching the nose down will cause a 
decrease in the angle of attack—an overall 
net decrease in lift forces. This results in a 
pitching moment about the CG of the 
aircraft, tending to return it back to 
steady-state conditions. 

CG AC 

OO. x 

Figure 14-5. Airplane CG and AC. 

(8) The way in which the 
various parts of the aircraft contribute to 
the overall stability of the entire aircraft is 
discussed in the succeeding paragraphs. 

d. W ing Contribution. 

(1) The overall static stability 
of the aircraft depends on the position of 
the center of gravity in relation to the 
aerodynamic center of the aircraft (neutral 
point) as determined by the contribution of 
all parts of the aircraft. The moments 

contributed by the wing (or any other part 
of the aircraft) depend on the location of the 
aerodynamic center of the wing (or other 
part of the aircraft being considered) in 
relation to the CG of the aircraft. These 
moments, when considered together, 
determine where the neutral point is 
located. Assuming incompressible flow, the 
aerodynamic center of the wing is approxi- 
mately at the 2 5-percent chord of the wing 
(shown in chapter 4). Referring to figure 
14-6(a), you can see that if the center of 
gravity of the aircraft is behind the 
aerodynamic center of the wing, an 
external disturbance which pitches the 
wing to a higher angle of attack increases 
the pitching moment toward the stalling 
angle of attack. This further increase in 
angle of attack increases the lift and the 
pitching moment. The aircraft would 
actually pitch in an upward direction, over 
and over, unless another force would 
counter this effect. By the same argument, 
referring to figure 14-6(b), you can see that 
when the aerodynamic center of the wing is 
aft of the center of gravity of the aircraft, 
this would contribute positively to the 
longitudinal stability of the aircraft. In like 
manner, if the center of gravity of the 
aircraft and the aerodynamic center of the 
wing coincide, the wing contributes neutral 
stability to the aircraft. 

(2) Lift is normally considered 
to act through the aerodynamic center of an 
airfoil. In reality, the aerodynamic force, of 
which lift is a component, acts through the 
center of pressure. As angles of attack are 
changed, the center of pressure moves back 
and forth on the airfoil, and because of 
unequal pressure distribution on the wing, 
a moment is created. For positively 
cambered wings, this moment about the 
aerodynamic center MAC (not to be 
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confused with the moment about the center 
of gravity of the aircraft, MCG) is in a 
negative direction, nose down. Refer to 
figure 14-7. 

„ INCREASED LIFT 
+ CMCG 

(a) UNSTABLE 

AC 
CG 

'
C

MCG 

INCREASED LIFT 

(b) STABLE CG 

Figure 14-6. Wing contribution to longitudinal stability. 

TOP SURFACE LIFT 

C
MAC 

AC 

BOTTOM SURFACE LIFT 

Figure 14-7. Negative pitching moment 

about aerodynamic center 
of a positively cambered airfoil. 
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(3) An aircraft with a posi- 
tively cambered airfoil and a CG forward of 
its aerodynamic center will be untrimmable 
unless the resultant negative moment is 
balanced by a positive moment about the 
CG. This can be accomplished only when 
the value of CL is negative. At any greater 
value of CL, the net result of the moments 
will be negative. This can be seen in figure 
14-8. This means for a positively cambered 
wing to contribute positive stability to the 
aircraft, it must be trimmed at an unusable 
angle of attack. The negative moment can 
be overcome by a positive moment from the 
horizontal tail. 

AC 

<3 CG AC 

+ CM CG 

+ CM 

+ CL cL 

CM 

USELESS TRIM POINT 

NEGATIVE 
SLOPE 
STABLE 

Figure 14-8. Positive longitudinal stability 

of a positively cambered airfoil. 

(4) If this same wing has the 
center of gravity of the aircraft located 
behind its aerodynamic center, then a 

positive lift force at the aerodynamic center 
creates a positive pitching moment which 
balances the negative moment about the 
aerodynamic center that is present in 
cambered airfoils. In this case, the wing 
can be trimmed at an angle of attack above 
CL = 0 and the stalling angle of attack, 
which is usable. Refer to figure 14-9. In this 
case, however, the wing contributes nega- 
tively to the stability of the aircraft. This, 
too, can be overcome by the horizontal tail. 

C
MAC 

AC 
CG 

■•■CM CG 

POSITIVE 
SLOPE 
UNSTABLE 

cL +cL 

CM 

USEFUL 
TRIM 
POINT 

Figure 14-9. Negative longitudinal stability 
of a positively cambered airfoil. 

(5) We have seen that using a 
positive cambered airfoil with the center of 
gravity of the aircraft forward of the 
aerodynamic center of the wing contributes 
positively to the stability of the aircraft, 

14-8 



FRfl 11-SO 

but can only be flown in the usable flight 
regime if a horizontal tail balances the 
moments. If the center of gravity is aft of 
the wing aerodynamic center, the CG 
contributes negatively to the stability of 
the aircraft, but also can be balanced by a 
horizontal tail. 

e. Fuselage and Engine Nacelle 
Contribution. A symmetrical body in a 
perfect fluid at a positive angle of attack 
develops pressure distributions but no 
resultant force. This is almost the case of 
the streamlined fuselage. Naturally, the 
airstream is not a perfect fluid and the 
fuselage is not perfectly symmetrical, but 
the fuselage produces positive pitching 
moments at positive angles of attack and 
negative pitching moments at negative 
angles of attack. Induced flow from the 
wing (upwash ahead of the wing and 
downwash behind) adds to the unstable 
contributions of the fuselage. An engine 
nacelle located on the leading edge of the 
wing is also influenced by the wing upwash 
and adds to the longitudinal instability. 
The fuselage-engine combination has an 
aerodynamic center about 25 percent of the 
fuselage length rearward from the nose of 
the fuselage. There is usually no fuselage 
resultant force, only a pitching moment 
which must be added to the moments 
created by the wing about the center of 
gravity. The fuselage and/or engine aero- 
dynamic center is placed in such a position 
relative to the aircraft aerodynamic center 
that it makes a negative contribution to the 
aircraft longitudinal stability which must 
be overcome by the horizontal stabilizer. 

f. Horizontal Stabilizer. 

(1) The horizontal stabilizer, 
usually a symmetrical airfoil, is located 

well aft of the center of gravity of the 
aircraft. Being a symmetrical airfoil, it can 
produce either positive or negative lift, 
depending on the angle of attack. Since the 
entire horizontal stabilizer is located behind 
the center of gravity, its aerodynamic 
center is aft of the center of gravity, which 
is a stable relationship. 

(2) The stabilizing moment 
contributed by the horizontal stabilizer can 
be controlled either by increasing the 
distance (moment arm) between the center 
of gravity and the aerodynamic center of 
the horizontal stabilizer or by increasing 
the surface area of the stabilizer itself. The 
stabilizer, being an airfoil, produces lift as 
the stabilizing force. The lift equation 
applies to the horizontal stabilizer; there- 
fore, Em increase in the surface EU'ea of the 
stabilizer increases the lift force produced. 
The unit of the moment Eirm (ft) multiplied 
by the units of the tail area (ft2) produce 
ft3. This is sometimes referred to as the 
TAIL VOLUME and is an indication of the 
effectiveness of the horizontal stabilizer. 
An increase in either the area of the tail of 
the distance between the center of gravity 
and the aerodyneunic center of the stabilizer 
increases the tail volume emd EQSO the 
stabilizing moment. 

(3) If the aircraft pitches up to 
an angle of attack higher than the trim 
angle of attack, as shown in figure 14-10, 
the increased angle of attack on the 
horizontEd stabilizer increases the positive 
lift of the tail. This produces a negative 
pitching moment and returns the aircraft 
toward the equilibrium trim point. 
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NEGATIVE 
TAIL LIFT 

+ CM 

\ RW 

»Dg 

RW 

POSITIVE 
TAIL LIFT 

o» CG? 
RW 

RW 
C

MCG 

Figure 14-10. Lift as stabilizing moment of horizontal stabilizer. 

(4) The reverse is true should 
the aircraft angle of attack decrease. In this 
case, the horizontal stabilizer would be a 
negative angle of attack and produce 
negative lift, which would give a positive 
pitching moment about the center of 
gravity and return the aircraft to equilib- 
rium conditions. 

g. Combination of Wing, Fuselage, 
and Horizontal Stabilizer. Depending on 
the location of the center of gravity of the 
aircraft in relation to the aerodynamic 
center of the wing, the wing may either be 

stabilizing or destabilizing to the total 
aircraft. In either case, the horizontal 
stabilizer is used to overcome the trim 
problem of a stabilizing wing (center of 
gravity ahead of the aerodynamic center of 
the wing) or the stability needed with the 
unstable wing (center of gravity aft of the 
aerodynamic center of the wing). Since the 
fuselage is also destabilizing to the entire 
aircraft, the horizontal stabilizer must also 
overcome this contribution. All the 
components together must result in the 
neutral point (aerodynamic center of the 
entire aircraft) being located aft of the 
center of gravity of the aircraft for positive 

  N WING + FUSELAGE 

WING ONLY 

CM 

cL 

AIRPLANE 

TAIL ONLY 

Figure 14-11. Typical buildup of components. 
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static stability. A typical buildup of 
components is shown in figure 14-11. The 
final CM versus CL curve of the total 
aircraft must have a negative slope. The 
degree of the slope (proportional to the 
degree of stability) can be controlled by 
varying the effectiveness of the horizontal 
stabilizer, or in other words, by varying the 
tail volume. 

h. Thrust Axis. The line along the 
thrust force vector is called the THRUST 
AXIS. If the thrust axis is located above 
the aircraft center of gravity (fig 14-12), an 
increase in thrust would create a negative 
pitching moment. The horizontal stabilizer 
must be capable of balancing this moment 
also. The capability must exist to trim the 
aircraft at any power setting. If the thrust 
is located below the center of gravity, the 
opposite pitching moments are created 
with increases in thrust. 

-CM 
CG 

Figure 14-12. Thrust axis about CG. 

stability which can be seen every time the 
car turns a comer. After the turn is made 
and the steering wheel is released, the 
wheels straighten and the car starts in a 
straight direction. This is directional 
stability. 

b. Sideslip Angle. Directional sta- 
bility of an aircraft is concerned with 
sideslip and the yawing moments produced 
about the center of gravity due to the 
sideslip. This sideslip angle is defined as 
the angle between the relative wind and the 
aircraft’s longitudinal axis. This is denoted 
by the Greek letter P (beta). When the 
relative wind is to the right of the nose, the 
sideslip angle is positive. Figure 14-13 
shows a right or positive sideslip angle. 

FLIGHT PATH 

RELATIVE WIND 

K 

LONGITUDINAL AXIS 

14-6. DIRECTIONAL STABILITY Figure 14-13. Positive sideslip angle. 

a. Directional stability is concerned 
with the motion of the aircraft about the 
vertical axis or the yawing motion of the 
aircraft. An automobile has a directional 

c. Yawing Moments Versus Side 
slip Angle. 
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(1) As in the last chapter, the 
magnitude of the moments about the center 
of gravity are not discussed in this text, 
only their direction. Therefore, the sign of 
the coefficient of yawing moment (CN) is 
used to denote the direction of the yawing 
moments developed by the various compo- 
nents of the aircraft—the negative sign for 
the left yawing moment and the positive 
sign for the right. 

(2) When the relative wind is 
parallel to the nose of the aircraft or along 
the longitudinal axis, the aircraft should be 
in an equilibrium condition directionally. 
With no sideslip, no yawing moment is 
desired, but if the aircraft has a positive 
sideslip angle, as is the case in figure 14-13, 
a positive yawing moment is required for 
static directional stability. With the rela- 
tive wind coming from the right, the 
aircraft should have a tendency to yaw to 
the right to return the relative wind to the 
nose and again achieve equilibrium condi- 
tions. A graph of the yawing moment 
coefficient (CN) versus the sideslip angle 
( ß ) indicates the static directional stability 
of an aircraft. 

(3) The point marked “A” on 
the graph in figure 14-14 indicates the case 
just discussed. A positive sideslip angle 
develops a positive yawing moment. If the 
right sideslip had developed a negative 
yawing moment, the aircraft would have 
turned to the left and increased the sideslip 
angle. This is indicated by a point marked 
“B” and is an unstable condition. There- 
fore, the final aircraft configuration must 

have a CN versus ß curve that has a positive 
slope and goes through the origin. The 
degree of the slope indicates the degree of 
the aircraft’s static directional stability. A 
steeper slope indicates stronger directional 
static stability. 

+ CN 

TRIM POINT 

CN = YAW MOMENT 

ß = SIDESLIP ANGLE 

STABLE 

A 

+ P 

UNSTABLE 

Figure 14-14. Graph of yawing moment 
coefficient versus sideslip 
angle. 

d. Aircraft Component Contribu- 
tion to Directional Stability. 

(1) FUSELAGE AND 
ENGINE NACELLES. 

(a) In considering longi- 
tudinal stability, fuselage and engine 
nacelles were influenced by the upwash and 
downwash of the airstream as it passed 
over the wing. This added to the instability 
of the fuselage contribution to the longi- 
tudinal stability of the aircraft. There are 
no wing influences that affect the yawing 
moments created by the fuselage and the 
engine nacelles. The only consideration is 
the side area of the fuselage and engine 
nacelles ahead of the center of gravity as 
compared with the side area behind. Most 
aircraft have a larger side area ahead of the 
center of gravity than behind it. Therefore, 

14-12 



FM 1-50 

a relative wind striking the aircraft from 
either side creates a larger moment ahead 
of the center of gravity than that created 
behind. This causes the aircraft to yaw 
away from the relative wind. In other 
words, a positive sideslip angle on the 
fuselage creates a negative yawing mo- 
ment. This is an unstable condition 
directionally and is shown in fígure 14-15. 

cN 

0° 

RW 

VERTICAL 
AXIS 

‘"VSTV 
+ CN 

•CN 

+ p 

Figure 14-15. Directional instability 
( +P vs -CN). 

(2) VERTICAL STABILI- 
ZER. 

(a) The vertical stabilizer 
is a symmetrical airfoil. Like the horizontal 
stabilizer, it is located behind the aircraft’s 
center of gravity; therefore, the aero- 
dynamic center of the vertical stabilizer is 
located in a favorable position to produce 
positive static directional stability. The 
sideslip angle represents the angle of attack 
of the vertical stabilizer; a positive sideslip 
angle produces a lift force acting to the left 
of the stabilizer. This produces a positive 
yawing moment about the center of gravity 
and is statically stable. Figure 14-16 shows 
this condition and the restoring moment 
created by the vertical stabilizer. 

+ CN 

RELATIVE 
WIND 

CG 

LONGITUDINAL 
AXIS 

VERTICAL STABILIZER 
LIFT COMPONENT 

Figure 14-16. Directional stability 
( +ß vs + C]\f). 

(b) To get directional 
stability, the side area of the aircraft must 
be larger behind the center of gravity. 
Since the fuselage does not do this, a fin 
(vertical stabilizer) must be added to the 
fuselage to increase the area and develop 
desirable yawing moment producing 
positive directional stability. 

(b) As the aircraft is 
yawing to the left, the stabilizing moment 
is stronger than when the yawing stops; 
this is because of the increase in the angle 
of attack of the vertical stabilizer during 
the yaw. Figure 14-17 shows the vector 
diagram of the relative wind on the vertical 
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stabilizer as it yaws (RWa). As the nose 
yaws to the left, the tail moves to the right. 
The relative wind due to the yawing motion 
is toward the left (RWy ). This vector added 
to the free-stream relative wind (RW) 
increases the vertical stabilizer’s angle of 
attack ( ß a) and, therefore, increases the 
force it develops to restore equilibrium. 
When the yaw stops, the sideslip angle 
( + ß ) is the angle of attack of the stabilizer 
and the restoring force is less than it was 
during the yawing motion. 

14-19. Since the vertical stabilizer is an 
airfoil, it is subjected to aerodynamic 
stalls. This can occur at high sideslip 
angles. The addition of the dorsal fin, by 
decreasing the aspect ratio of the tail, 
increases the stalling angle of attack. The 
tail is then effective at the larger angles of 
sideslip. This is of particular importance to 
a multiengined aircraft that might be 
subjected to large sideslip angles due to 
asymmetrical power conditions (i.e., engine 
out on one wing). 

RW ^ RWy 

DUE TO YAW 

CN 

v\W\ 

LONGITUDINAL 
AXIS 

RW 

*0. 

LONGITUDINAL 
AXIS 

RWy 

Figure 14-17. Vector diagram of relative wind during yaw. 

(c) As with the horizontal 
stabilizer, the area of the vertical stabilizer 
or the distance from the center of gravity 
can be varied to get the desired stabilizing 
moments. But if the area of the vertical 
stabilizer is increased too much, the 
increase in the height of the tail increases 
the frontal area and increases the drag. 
Quite often, the height is decreased and a 
dorsal fin is added in the interests of 
decreasing the drag (fig 14-18). This also 
decreases the aspect ratio of the vertical 
stabilizer, which makes the tail effective at 
higher angles of sideslip, as shown in figure 

(3) WING CONTRIBUTION. 
The wing contribution to the directional 
stability of the aircraft is very small, but it 
increases with increases in sweepback wing 
design. This design is not used in Army 
aircraft and is, therefore, not discussed in 
this text. 

(4) COMBINATION OF 
VERTICAL STABILIZER AND FUSE- 
LAGE CONTRIBUTION. The final air- 
craft configuration must have a positive 
slope of the CN curve. Figure 14-20 shows 
the final configuration of the aircraft and 
how the vertical stabilizer must produce a 
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generated by the fuselage and the engine 
nacelles. 

r 

ii 

A AND B HAVE 
SAME AREA 
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B HAS LOWER EQUIVALENT 
PARASITE AREA If) 
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Figure 14-18. Dorsal fin decreases drag. 
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DORSAL FIN 
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Figure 14-19. Ctf versus ß for dorsal fin. 
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Figure 14-20. Airplane configuration with positive Cjq. 
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14-7. LATERAL STABILITY 

Lateral stability is concerned with the 
stability of the lateral axis about the 
longitudinal axis. Motion about the longi- 
tudinal axis is roll. As previously men- 
tioned, a right roll is indicated with a 
positive sign and left roll with a negative 
sign. When an aircraft is being designed, 
much care is given the design of the wing. 
Not only is it the primary lift-producing 
surface, but it is the primary lateral 
stabilizing surface. As with directional 
stability, the aircraft achieves its lateral 
stability through the sideslip angle. Only in 
the case of lateral stability are stabilizing 
rolling moments created by the sideslip 
acting on the wing. 

are level and the relative wind is on the 
nose. The degree of the slope, as with the 
other stabilizing curves previously covered, 
indicates the degree of the lateral static 
stability of the aircraft. 

HORIZONTAL COMPONENT 
OF LIFT PRODUCES 
SIDESLIP 

a. Sideslip Caused by Wing Down. 
Referring to figure 14-21, the aircraft 
coming out of the page has its right wing 
down. This tilts the lift vector of the wing 
to the right, so there is a horizontal 
component of lift acting to the right. This 
horizontal force moves the aircraft to the 
right, since there is no opposing force. This 
motion to the right, coupled with the 
aircraft’s forward motion, produces a 
positive sideslip angle. With the right wing 
down and a positive sideslip angle gen- 
erated, the aircraft must develop a negative 
or a left rolling moment for positive static 
lateral stability. (Cl denotes the coefficient 
of rolling moment and is not to be confused 
with the coefficient of lift.) Therefore a 
curve of the rolling moment versus the 
sideslip angle must have a negative slope to 
indicate positive static lateral stability (fig 
14-22). The curve must also go through the 
origin, because there should be no rolling 
moment generated when the aircraft wings 

Figure 14-21. Horizontal lift component 
produces sideslip. 

+ cn 

7 IM POINT 

+ 0 

STABLE 

Cl 

Figure 14-22. Positive static lateral stability 
(+ßvs- Cl). 

b. Dihedral. 

(1) DEFINITION AND IN- 
TRODUCTION. Dihedral of the wing 
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refers to the angle between the wing and a 
plane parallel to the lateral axis (fig 14-23). 
This angle creates a stabilizing moment as 
is discussed in the next paragraph. If the 
wings are drooped, the wing has anhedral, 
negative dihedral, or cathedral; all of these 
mean that a destabilizing rolling moment is 
produced by the wing. 

DIHEDRAL 
ANGLE 

Figure 14-23. Dihedral angle. 

forward velocity. The important point to 
see is that the low wing has a higher angle 
of attack than the high wing. This higher 
angle of attack gives the lower wing a 
larger coefficient of lift than the higher 
wing. The lower wing therefore has more 
lift than the high wing and a negative 
rolling moment is created because of this 
differential in the lift forces between the 
two wings. 

(b) Anhedral produces the 
opposite reaction. The positive sideslip 
angle produces a positive rolling moment. 
Anhedral, then, is destabilizing laterally. 

(2) HOW DIHEDRAL STA- 
BILIZES. 

(a) To understand how 
dihedral stabilizes, a three-dimensional 
picture is really required, but figure 14-24 
shows the relative wind approaching the 
airfoil from the left side of the picture. This 
aircraft is in a right sideslip, but it is also 
going forward. Therefore, you have to add 
the third dimension to the picture, which is 
the relative wind due to the aircraft’s 

c. Dihedral Effects. 

(1) DEFINITION AND IN- 
TRODUCTION. Dihedral was the first 
method used in the construction of an 
aircraft to gain lateral stability, but factors 
other than bending the wings can con- 
tribute to the lateral stability of the aircraft 
and their contributions are said to be 
dihedral effects. They can either stabilize or 
destabilize, so their contributions are 
classified as either positive or negative 
dihedral effects. 

Cl 

RW 

O-* RW 

Figure 14-24. How dihedral works. 

(2) VERTICAL WING POSI- 
TIONS. The vertical location of the wing in 
relation to the center of gravity affects the 
lateral stability. A high mounted wing 
contributes a positive dihedral effect, 
whereas a low mounted wing contributes a 
negative dihedral effect. The effect on 
lateral stability produced by the wing 
position can be quite large and accounts 
for the large dihedral angle normally 
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observed on aircraft with low mounted 
wings. Wings mounted near the center of 
gravity have essentially no effect on the 
lateral stability of the aircraft. 

(3) VERTICAL STABI- 
LIZER. The vertical stabilizer can make a 
slight but positive contribution to the 
lateral stability of the aircraft. Since the 
vertical stabilizer is a large area above the 
aircraft center of gravity, a sidewise force 
caused by the sideslip angle produces a 
favorable rolling moment and helps 
stabilize the aircraft laterally. 

d. Final Aircraft. The final aircraft 
must demonstrate a positive static lateral 
stability tendency. The plot of the Cl 
versus 8 must have a negative slope. Even 
though some components might produce 
negative stabilizing moments, they must 
be overcome by stabilizing moments from 
some other component of the aircraft to the 
point where the final aircraft is laterally 
stable. 

M-8. Ci??,3§8 3? 

In the previous discussions, the sideslip 
angle has been the predominant factor used 
to achieve directional and lateral stability. 
Since yaws and rolls both produce side- 
slips, there are cross effects between the 
directional stability and the lateral 
stability. That is to say, a sideslip angle 

produces a yawing moment and a rolling 
moment at the same time. The magnitude 
of the moments and the inertia of the 
aircraft, or its resistance to act due to the 
moments created, can produce certain cross 
effects—some desirable and some not. 

a. Adverse Yaw. 

(1) Adverse yaw is a yaw 
produced by rolling the aircraft with the 
ailerons, and, therefore, is sometimes 
referred to as adverse aileron yaw. The 
aircraft in figure 14-25 has its right aileron 
down and the left aileron up. This produces 
a differential in the lift force acting on each 
wing and produces a left roll. Since the 
right wing has a higher coefficient of lift 
because of the increased camber caused by 
the down aileron, the induced drag is 
greater on the right wing than on the left. 
This increased drag causes the aircraft to 
yaw about the center of gravity toward the 
right. As the aircraft is rolling, the relative 
wind resulting from the roll on the 
downgoing wing is upward (opposite its 
direction of movement), and this relative 
wind added vectorially to the free-stream 

, relative wind resolves into an inclined rela- 
tive wind vector as shown. The lift force 
produced by the downgoing wing (LD), 

being perpendicular to its relative wind, 
must act forward. The opposite relative 
wind must occur on the upgoing wing, and, 
therefore, its lift vector (Lu) acts in a 
rearward direction. The different directions 
of the lift forces produce a couple which 
adds to adverse yaw caused by the drag 
differential. 
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Figure 14-25. Adverse yaw. 

(2) Modern aircraft which 
would be subject to adverse yaw have some 
controls to overcome the problem. This is 
accomplished through use of spoilers that 
extend on the downgoing wing, spoiling 
some lift and adding drag to counter the 
adverse effects. Differential aileron is 
another technique in which the downgoing 
wing aileron extends up more than the 
upgoing wing aileron goes down producing 
drag in the direction of the downgoing 
wing, again countering the effects. Frise 
ailerons add drag to the downgoing wing 
by extending the part forward of the hinge 
line down into the airstream while the other 
half extends upward. Without these or 
other similar devices, aircraft using only 
aileron for lateral control tend to yaw to the 
right when rolled left and vice versa. 

b. Proverse Roll. Proverse roll 
refers to the roll encountered when an 
aircraft is yawed. In this case, an aircraft is 
put in a right yaw by applying right 
rudder. This creates a left sideslip angle. 
Recalling that a negative sideslip angle 
produces a positive rolling moment, the 
aircraft rolls to the right. The wing does 
not know whether it is level or not. It 
always responds to a negative sideslip with 
a positive roll. Another factor that con- 
tributes to the proverse roll is the difference 
in the velocities of each wing. In the above 
case, the left wing has a greater velocity 
than the right wing because of the yawing 
motion about the aircraft center of gravity. 
This increased velocity increases the lift 
force on the left wing, which causes a 
positive roll only as long as the aircraft is 
yawing. 
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c. Directional Divergence. 

(1) The degree of directional 
stability compared with the degree of 
lateral stability of an aircraft can produce 
three conditions which are described in the 
next three paragraphs. 

(2) Directional divergence 
would result from a negative directional 
stability. Naturally, this cannot be toler- 
ated in an aircraft, because this represents 
the ability of the aircraft to increase its yaw 
after a slight yaw has occurred. This would 
continue until the aircraft had turned 
broadside to the flightpath or the aircraft 
had broken up from the high-pressure load 
imposed on the side of the aircraft. 

d. Spiral Divergence. Spiral diver- 
gence would result from strong positive 
directional stability. This is the opposite 
condition from the directional divergence 
mentioned in the previous paragraph. If an 
aircraft that has strong directional stability 
has its right wing down, a positive sideslip 
angle is produced. Because of the strong 
directional stability, the aircraft tries to 
correct directionally before correcting 
laterally. It chases the relative wind and 
the resulting flightpath is a descending 

spiral. To correct this condition, the pilot 
needs only to raise the wing with the lateral 
control surfaces and the spiral stops 
immediately. Because this spiral is slow 
and there is no oscillation, this is usually 
the way the two stabilities are related. The 
directional stability is designed stronger 
than the lateral stability. 

e. Dutch Roll. 

(1) Dutch roll results from a 
compromise between directional divergence 
and spiral divergence. It is somewhere 
between the two. In this case, the lateral 
stability of the aircraft is stronger than the 
directional stability. The directional 
tendencies of the aircraft have been reduced 
from the condition that led to spiral 
divergence. 

(2) If the aircraft has the right 
wing down, the positive sideslip angle 
corrects the wing position (laterally) before 
trying to line the nose up with the relative 
wind. As the wing corrects, a lateral- 
directional oscillation starts, which results 
in the nose making a figure eight on the 
horizon. The rolling and yawing oscilla- 
tions frequencies are the same, but out of 
phase. 
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CLASSIFICATION, CONSTRUCTION, AND 
OPERATING LIMITATIONS 

15-1. GENERAL 

a. Aircraft structures and compo- 
nents are very efficiently designed with 
respect to structural strength versus 
weight. As shown in previous chapters, 
aircraft performance deteriorates as weight 
increases. For this reason, aircraft are built 
of lightweight materials and their struct- 
ural strength is closely controlled so the 
airframe can withstand the loads imposed 
by normal operating maneuvers, but not 
much more. 

b. Because the airframe is so 
closely designed to the operating require- 
ments, it is possible to overstress an 
aircraft and actually fail the structure itself. 
For this reason, there are structural 
limitations imposed on the aircraft and the 
pilot must never intentionally exceed them. 
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c. There are also aerodynamic 
limitations on the aircraft. One is set by the 
maximum lift obtainable at certain air- 
speeds. This naturally depends upon the 
maximum value of CL obtainable (CLmax) • 
There are also aeroelastic effects resulting 
from the combined effect of all aerodynamic 
forces acting on the airframe structure. 

d. Since it is possible for the pilot to 
overstress the aircraft through excessive 
acceleration loads or excessive airspeeds, it 
is very important that the pilot understand 
the structural and aerodynamic limitations 
on his aircraft. 

e. This chapter discusses the 
characteristics of aircraft metals, aircraft 
classification, airframe construction, and 
explains how a flight envelope is developed 
for predicting operating limitations of an 
airframe. 

15-2. STATIC STRENGTH OF METALS 

a. Stress and Strain. 

(1) Stress and strain are terms 
used concerning the strength of metals. To 
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define these terms, an example is used with 
figure 15-1. The original length of the 
specimen shown in figure 15-1 is 10 inches; 
it has a cross-sectional area of 1 square 
inch. If a tension (pulling) force of 40,000 
pounds is applied to the specimen, the 
specimen is said to be under a stress of 
40,000 pounds per in2. The STRESS is the 
force per unit area and is found by dividing 
the total force by the cross-sectional force 
applied, but the area is 2 in2, then the 
stress is only 20,000 pounds per in2. The 
stress can be reduced either by reduction of 
the force or by an increase in the area. 

F = 
40,000 lbs 

0.1 

h *3 
10 

Fz 

40,000 lbs 

Figure 15-1. Stress and strain. 

(2) The STRAIN is the unit 
deformation of the specimen and units are 
inches per inch. If the specimen stretches a 
total length of 0.1 inch, then the strain 
would be 0.01 inch per inch. This means 
that each inch of the original specimen 
stretched 0.01 inch, so all 10 inches of the 
specimen, each stretching 0.01 inch, make 
up the total elongation of the 10-inch 
specimen of 0.1 inch. 

b. Stress - Strain Diagram. 

(1) When a specimen is under- 
going a tension test to determine its static 
strength, the stress applied to the specimen 
is plotted against the strain. This results in 
a stress-strain diagram similar to the one 
shown in figure 15-2. This is important 
information to a manufacturer of an 
aircraft. If he is designing a wing main 
spar, he wants to know what type of metal 
to use, how much load it can take, how 
much metal is needed to support a certain 
load, and how much the wing spar bends 
when it is subjected to that load. This 
information comes from the stress-strain 
diagram. This curve also shows how the 
metal acts when it is undergoing a stress, 
so an acquaintance with the stress-strain 
diagram helps the pilot understand the 
structural strength of an aircraft. 

ULTIMATE STRESS 

PROPORTIONAL 
& ELASTIC v*'" / 
LIMITS / / 

FAILURE 

DESIGN LIMIT 

ENDURANCE LIMIT 

PERMANENT 
DEFORMATION 

STRAIN 

Figure 15-2. Stress-strain diagram. 
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(2) As a tension stress is 
applied to a metal, it starts to stretch; this 
is represented by the straight portion of the 
curve (fig 15-2). In this part of the curve, 
the strain is proportional to the stress 
applied; that is, if the stress is doubled, the 
strain is doubled. This proportionality 
continues up to a stress equal to a point 
caUed the PROPORTIONAL LIMIT or the 
ELASTIC LIMIT. If the material is not 
stressed beyond the proportional limit, 
when the stress is removed, the material 
returns to its original shape and size. For 
example, if a bar is bent slightly and then 
released, it returns to its original shape. 
The metal in the bar has not been stressed 
past its elastic limit, so it returns to its 
original shape with no permanent deforma- 
tion. If the bar is bent again, only with a 
stress applied greater than the elastic limit, 
minute portions of the metal fail (point A 
on fig 15-2). When the stress is again 
removed, the bar does not return to its 
original shape. There has been a permanent 
deformation. The metal has deformed due 
to the overstress. The portions of the metal 
that have not failed return down the dotted 
line of the diagram which is parallel to the 
proportional slope. These minute portions 
of the metal are still elastic, but the bar is 
never again the same. It has been 
overstressed and even though it has not 
broken, it is permanently bent. 

(3) This is still not the maxi- 
mum stress that can be applied to the 
specimen before it will fail completely or 
break. The maximum stress is shown at the 
top of the curve and is labeled the ultimate 

stress. A stress greater than the ultimate 
stress breaks the specimen. 

(4) When an aircraft manu- 
facturer designs an aircraft, he selects 
metals that will not be stressed beyond the 
elastic limit during normal operations. He 
probably uses a design limit of about .8 of 
the elastic limit, as shown on the diagram. 

c. Fatigue. 

(1) Metal not only fails by 
being overstressed, but it can break from 
repeated application of loads well within 
the elastic limit. This is called METAL 
FATIGUE and can be visualized quite 
easily using a tin can as an example. To 
remove the lid from a tin can, cut the can 
around the top—say three-quarters of its 
perimeter. Then fold the lid back and forth 

DESIGN LIMIT 

ENDURANCE LIMIT 
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OFCYCLES 

Figure 15-3. Cyclic-stress diagram. 
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until it finally breaks. If you bend the lid 
only slightly, it takes a long time to get it 
to fail; but if you fold the lid as far as it will 
go in each direction, it fails with fewer 
cycles. This is a characteristic of metal that 
the manufacturer must take into account. 
The higher the stress applied to a part, the 
shorter is its service life. This is shown in a 
cyclic-stress diagram, figure 15-3. 

(2) The cyclic-stress curve 
continues to the right asymptotically to the 
zero stress line. When a stress is found that 
can be repeated over and over again, where 
the material can take millions of cycles 
without failure, this stress is called the 
ENDURANCE LIMIT of the metal. This 
means that this stress will never fail the 
metal, no matter how many times it is 
applied. If a wing spar is designed using 
this as the limit stress, the wing would 
never fail. But to decrease a stress when a 
definite load is to be applied, the cross- 
sectional area of the part must be increased 
to reduce the stress. This adds weight to 
the aircraft because of the added metal; 
therefore, the endurance limit is not used as 
the design limit. 

(3) The manufacturer cal- 
culates how long an aircraft is to be in 
service and how many times the load will be 
applied. He can then go to the cyclic-stress 
diagram and obtain a design stress (point 
A). If he has not used a safety factor in his 
calculations for the number of times the 
loads are to be applied, he then might 
decrease the maximum design stress as 
shown by point B so as to include a safety 
factor. 

(4) The manufacturer uses this 
design stress derived from information 
from the stress-strain diagram and the 
cyclic-stress diagram to build an airframe 
that fulfills the operating requirements 
outlined in the aircraft specifications. The 
pilot sees the results of these structural 
limitations in the form of landing tech- 
niques recommended for a particular 
aircraft, power settings recommended by 
the engine manufacturer, speed limita- 
tions, G limitations, etc. 

15-3. AIRCEAFT CLASSEFUCAHTON 

Aircraft may be classified by distin- 
guishable features of the wing, powerplant, 
and landing gear, and by their purpose. 

a. Wing. The number, location, 
and design of the wing helps classify an 
aircraft. There may be one, two, or more 
wings, although most of today’s aircraft 
are of single-wing construction. The high- 
wing aircraft has the wing attached to the 
top of the fuselage; the mid-wing, at or 
near the center of the fuselage; and the 
low-wing, at the bottom of the fuselage. 
The wing may have the normal straight- 
edge design; the swept-wing design, where 
both the leading and trailing edges are at 
an angle to the longitudinal axis; or delta 
wing design, where the leading edge is 
swept back and the trailing edge forms the 
rear of the aircraft. 

b. Powerplant. An aircraaft may be 
referred to by the type of powerplant used, 
such as reciprocating, gas turbine, or jet. 
The reciprocating engine always drives a 
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propeller, which may further aid in 
classification. Aircraft equipped with a 
turbine engine drives a propeller and is 
referred to as a turboprop or a turbojet. 
Powerplants and propellers are discussed in 
more detail in chapter 17. 

c. Landing Gear. There are several 
different types of landing gear. For 
landplanes, they may be either retractable 
or fixed. A conventional landing gear has 
two main wheels (one on each side of the 
fuselage) and a tailwheel. A tricycle gear 
has two (or more) wheels, one on each side 
of the fuselage, and a nosewheel(s). Bicycle 
gear has a set(s) of two (or more) wheels in 
tandem within the fuselage. Seaplanes use 
floats or the hull for water operations. 
Amphibian aircraft are equipped for both 
land and water operations. 

d. Purpose. The purpose for which 
an aircraft is designed or used will also help 
classify it. This classification may be 
observation, cargo, utility, or trainer. 
Other classifications of military aircraft are 
not applicable to Army fixed-wing 
aircraft. 

15-4. AIRFRAME CONSTRUCTION 

The principal structural units of an 
aircraft are the fuselage, wings, control 
surfaces, and landing gear. Each has a 
specific function and when considered 
collectively is called airframe or aircraft 
structure. 

a. The fuselage is the main body of 
an aircraft to which the other structural 
units are fastened. It will contain the crew 
and cargo, except external stores, and on 
singe-engine aircraft usually will contain 
the powerplant. The three main types of 
fuselage construction are monocoque, semi- 
monocoque and truss. 

(1) A true monocoque con- 
struction consists of only the shell, with no 
internal bracing to help carry stresses (as in 
a tin can) (fig 15-4(a)). Consequently, it 
requires heavy metal for the shell and is not 
too desirable because of the weight factor. 

(2) The semimonocoque type (a 
modified monocoque) is more suitable for 
military use (fig 15-4(b)). It uses rings, 
bulkheads, and stringers inside the shell to 
help give shape and carry stress, for 
example, as a tin can with bracing inside. 
The shell (or stressed skin) is fastened 
to the internal members and can be of 
lightweight metal. Since stresses are 
divided between skin and internal bracing, 
vital or critical points are for the most part 
eliminated. 

(3) The truss type is mostly 
used on fabric-covered aircraft (fig 15-4(c)). 
The most common truss is the Warren 
type, which consists of a rigid framework 
made of beams, struts, and bars welded 
together to form triangles. Its main 
advantage is that members are subjected 
only to tension or compression stresses. 
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b. The wing provides the lifting 
force that makes an aircraft fly and 
supports the weight of the aircraft during 
flight. Its design is dependent on the size, 
weight, purpose, and desired speed for 
flight and takeoff of the aircraft. There are 
two general types of wing construction— 
internally and externally braced—called 
cantilever and semicantilever (fig 15-5). 
Each type may be covered with cloth or 
stressed skin. Stressed-skin wings 
distribute the load over more of the wing 
area and, thereby, can carry more load or 
stress without failing. Most military 
aircraft are constructed with stressed-skin 
wings. 

c. Control surfaces (manual, 
mechanical, hydraulic, or electrical) are 
constructed on the same principle as an 
airfoil and aire normally covered with metail. 

d. The landing gear consists of 
wheels, shock absorbers, and possibly a 
retracting mechanism. Most small aircraft 
have a fixed gear; however, larger, faster 
aircraft usually have a retractable landing 
gear, which cuts down on overall drag and 
stress while in flight. 

SEMI-CANTILEVER 

CANTILEVER 

Figure 15-6. Wing construction. 
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15-5. THE FLIGHT ENVELOPE 

All of the airframe limitations can be 
summed up by a flight envelope diagram. 
The aircraft manufacturer guarantees the 
aircraft will perform according to the 
specifications set forth by the Army and 
that it will have a service life equal to the 
requirements set forth in the specifications. 
To achieve this service life each aircraft 
must be operated within a prescribed flight 
envelope (operating limitations). 

a. Structural Limits. 

(1) When an aircraft is under- 
going positive G loads, there is a bending 
moment created at the junction of the wing 
and the fuselage (fig 15-6). Because of the 
design of the aircraft, only a certain load 
factor can be applied without damage. A 6 
G aircraft would be one with a design limit 
load of 6 Gs. The stresses incurred by 
performing a 6 G maneuver are not greater 
than the elastic stress on,any member of 

the airframe. When the load factor is 
removed, the aircraft will return to its 
original shape, and no damage will be done 
to the airframe. The negative limit load is 
usually less than the positive limit load. 
The pilot cannot take excessive G loads 
and, therefore, there is no reason to build 
the airframe to support a load that it will 
never receive. This is a weight-saving 
factor which helps to increase performance. 

(2) Any G load greater than the 
limit load, either negative or positive, may 
cause damage and decrease the service life 
of the airframe. The damage might not be 
visible and might only be detected in 
internal inspection, so any time an aircraft 
is flown past its design limit load, it must 
be reported so inspections may be made. 

(3) The ultimate limit is 
usually about 1.5 times the design limit 
load. If the aircraft is subjected to loads 
above this limit, the airframe structure will 
probably fail. 

k 

nW 

Figure 15-6. Bending moment. 

(4) These are the structural 
limits imposed on the airframe by the 
manufacturer and should not be exceeded 
intentionally. Sometimes gust loads might 
push an aircraft past the limit load if it is 
operating at high G loads in gusty air. This 
can be avoided by slowing the aircraft 
down when turbulent air is encountered. 
The Operator’s Manual will (in most cases) 
provide a recommended penetration speed 
for severe turbulence. 
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b. Aerodynamic Limits. 

(1) The curved lines at the left 
side of the flight envelope chart show the 
aerodynamic limit (fig 15-7). This is the 
stalling speed of the aircraft. In chapter 5 
the stalling speed was found to be directly 
proportional to the square root of the load 
factor. This is the relationship these curves 
represent. They show the stalling speed at 
both positive and negative load factors. 
These curves are the aerodynamic limits 
that are dictated by the maximum lift 
available when flown at slow airspeeds and 
at an angle of attack that corresponds to 

CLmax- 

(2) If the aircraft is flown at 
velocities between the 1 G and the 6 G 
stalling speeds, note that the aircraft 

cannot be overstressed. At these airspeeds 
the aircraft is not capable of developing a 
load factor large enough to exceed the 
design limit load. The lowest velocity at 
which the aircraft can develop a load factor 
equal to the limit load is called the 
MANEUVERING SPEED (Va). At any 
velocity greater than this maneuvering 
speed, the aircraft can be overstressed. 
This is also the velocity where the aircraft 
can perform its minimum radius of turn as 
described in chapter 12. 

(3) The vertical line shown at 
the right side of the flight envelope chart is 
labeled the “redline speed.” This refers to 
the usual marking of a redline on the 
airspeed indicator to denote the maximum 
speed of the aircraft. Above this speed, the 
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LIMIT LOAD 

ACCELERATED 
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Figure 15-7. Flight envelope unit {typical) 
showing aerodynamic limits. 
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high dynamic pressure and the aeroelastic 
effects overstress the airframe structure. 

(4) Aeroelastic effects refer to 
the interaction between the aerodynamic 
forces and the elasticity of the structure. 
One form of this is called WING DIVER- 
GENCE and causes the wing structure to 
fail immediately. If the aircraft is flown at 
velocities above the redline speed, a change 
in the lift force might produce a positive 
twisting moment on the wing because of 
the high dynamic pressure striking the 
leading edge. This twist of the wing 
increases the angle of attack of the wing 
sections affected; this produces additional 
lift force which twists the wing even more. 
This continues until the wing structure 
fails. 

(5) Wing flutter can sometimes 
be experienced at excessive airspeed. The 
normal frequency of the wing, as the result 
of its elasticity, occurs at velocities above 
the designed redline speed. A fluttering 
wing will not fail as quickly as the wing 
divergence situation, and the pilot will 
probably have time to reduce the airspeed 
and stop the flutter. 

(6) There is also a condition 
called AILERON REVERSAL that is the 
result of an aeroelastic effect (fig 15-8). If 
the pilot puts in right aileron to roll the 
aircraft to the right, the high dynamic 
pressure striking the leading edge, coupled 
with the lift force moving aft on the wing 
with the down aileron, causes the wing 
structure to twist the leading edge down. 

TWIST 

u TWIST 

ROLL 

Figure 15-8. Aileron reversal. 

The aircraft rolls to the left instead of to the 
right. The opposite.reaction occurs on the 
right wing. 

(7) Compressibility effects are 
of concern at airspeeds exceeding the 
redline speed of compressibility limited 
aircraft. The high airspeed can create a 
shock wave on the wing which causes a 
buffet or flutter that overstresses the 
airframe. This buffet feels similar to the 
aerodynamic buffet encountered before the 
aerodynamic stall. 

(8) Therefore, the redline speed 
is specified for a definite purpose. Do not 
exceed it, because the airframe will 
definitely be damaged. 

(9) Figure *15-9 is the flight 
envelope chart for a T-42A aircraft and is 
typical of all Army fixed-wing aircraft. The 
velocities indicated are indicated airspeeds 
so the pilot doesn’t have to make con- 
version to true airspeed. 
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FLIGHT 
CONTROL SYSTEMS 

104. GENERAL 

a. After early aircraft designers 
built surfaces that would yield sufficient 
lift to support the aircraft, their greatest 
problem was to gain adequate and positive 
control of the aircraft while it was airborne. 
The early gliders that were flown toward 
the end of the last century were controlled 
by shifting the location of the center of 
gravity in relation to the aerodynamic 
center. The pilot did this by shifting his 
weight. This proved quite inadequate and 
was often disastrous. The largest contribu- 
tion to flying made by the Wright Brothers 
was the development of an adequate 
control system. They developed a method 
of warping the wings for lateral control and 
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realized the need for a rudder to be used in 
conjunction with each wing. The elevator 
had already been developed by others in 
early glider flights. 

b. This chapter discusses the 
theory of control surface operation, the 
control requirements, and the types of 
control systems currently in use. 

10-2. THEORY OF CONTROL SUR- 
FACE OPERATION 

a. The Wright Brothers’ method of 
warping the wings changed the value of the 
coefficient of lift on each wing. They were, 
in effect, changing the camber of the 
airfoils. Chapter 6, “High-Lift Devices and 
the Boundary Layer,” shows that increas- 
ing the camber of an airfoil increases the 
CL at a given angle of attack. This is how 
aircraft are controlled today; however, the 
wings and stabilizer surfaces are not 
flexible as they were in the days of wood 
and linen aircraft. Today, flap controls are 
used to vary the camber of the airfoils and 
thereby vary the coefficient of lift. If a flap 
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control is deflected downward (fig 16-1), 
the camber of the airfoil is increased. This 
results in a higher coefficient of lift. 

right (fig 16-2), he lowers the left aileron 
(increases the camber of the left wing) and 
raises the right aileron (decreases the 
camber of the right wing). The left wing, 
with the increased CL as compared to the 
right wing, has a greater lift force 
(assuming both wings are at equal or nearly 
equal velocity). This unbalanced lift force 
between the two wings results in a rolling 
moment about the longitudinal axis and 
the aircraft rolls toward the right. 

Figure 16-1. Increasing camber of 

the airfoil by use of flaps. 

b. The ailerons on a conventional 
aircraft operate in opposite directions. If 
the pilot desires to bank his aircraft to the 

c. The elevators attached to the 
horizontal stabilizer and the rudder 
attached to the vertical stabilizer work in 
the same manner to develop pitching 
moments and yawing moments, respective- 
ly (fig 16-3, a and b). The stabilizers are 
normally symmetrical airfoils. Deflecting 

SPOILER EFFECT OF UP AILERON DESTROYS LIFT 
AND THUS LOWERS THE WING 

—RW 

X 

I 
CJ 

P 

—RW 

CONTROL MOVEMENT HAS BEEN 
GROSSLY EXAGGERATED FOR 
DEMONSTRATION PURPOSES 

DOWN AILERON INCREASES 
CAMBER & ANGLE OF ATTACK, 
THUS INCREASING LIFT Er 
RAISING THE WING 

RIGHT AILERON UP, 
RIGHT WING DOWN 

LEFT AILERON DOWN, 
LEFT WING UP. . . RESULT: ROLL TO THE RIGHT 

Figure 16-2. Operation of aileron in a turn. 
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the control surface changes the airfoil to 
either a positively or a negatively cambered 
airfoil, depending upon the direction of the 
surface movement. 

d. “Control effectiveness” is a term 
often used when discussing airplane control 
systems. This term does not refer to the 
ability of the control surface to maneuver 
the aircraft. It simply refers to the amount 

of change in the coefficient of lift per degree 
of control surface deflection. This means 
that control effectiveness refers to the 
change in coefficient of lift and does not 
refer to the amount of lift change that is 
produced by deflecting the control surface. 
Since the lift formula applies to control 
surfaces, the amount of lift not only 
depends on the value of CL but also the 
velocity. 

B' (A) \ t 

ELEVATOR UP; TAIL DOWN; 

NOSE UP 

RESULT: PITCH "UPWARD" 

ACTION OF RELATI 

ELEVATOR [TAIL 

UP ■^^DOWNi; 

ELEVATOR REACTION TO 

ACTION OF RELATIVE WIND 

'ÍAIL 

ELEVATOR | UP 

DOWN cZ 

(B) 

RUDDER LEFT: TAIL RIGHT: NOSE LEFT: 

RESULT: YAWTOTHE LEFT: 

Figure 16-3. Effect of elevator and rudder on moments. 
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e. A control surface deflected 10° 
produces a greater change in the lift force 
at 200 knots than at 100 knots. At both 
airspeeds, the CL change is the same; 
therefore, control effectiveness does not 
change. However, the greater lift change at 
the higher airspeed represents better 
control response. This should indicate that 
if a definite moment is desired, the control 
surface deflection must be increased as the 
velocity is decreased. 

located; and this requires more elevator 
deflection to obtain a certain value of CL as 
the center of gravity is moved forward. 
This, it should be remembered, increases 
the longitudinal stability and, therefore, 
would be unsuitable for most military 
requirements. To correct this situation, the 
center of gravity must be moved aft, or the 
elevator must be designed in such a way as 
to allow it to produce a larger moment. 

16-3. LONGITUDINAL CONTROL 

a. Maneuvering Control Require- 
ments. 

(1) Most military aircraft have 
the ability to obtain CLmax- This means 
they can fly at any value of coefficient of 
lift that is designed into the aircraft. They 
can obtain the maximum lift the airfoil is 
capable of producing for a given airspeed 
and altitude. This is definitely a require- 
ment of highly maneuverable aircraft, such 
as fighters. 
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Figure 16-4. Effect of CG location. 

b. Takeoff Requirements. 

(2) Figure 16-4 shows the effect 
of center of gravity location upon the 
longitudinal maneuvering capability of an 
aircraft. The slanted lines represent dif- 
ferent locations of the aircraft’s center of 
gravity. Thirty percent mean aerodynamic 
chord (MAC) denotes that the center of 
gravity is located 30 percent of the MAC 
length back from the leading edge of the 
airfoil. (The mean aerodynamic chord is the 
chord of a rectangular wing that has the 
same pitching moments as the wing under 
consideration.) The lower the percentage 
the farther forward the center of gravity is 

(1) An aircraft should be able 
to rotate to takeoff attitude before reaching 
its takeoff velocity. The usual requirement 

WING LIFT 

a Do 

TAIL ROLLING 
FRICTION 

LIFT 

Figure 16-5. Adverse moments 

during takeoff. 
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is that the aircraft is able to attain takeoff 
attitude at about 0.9 Vs. This is an 
essential requirement and a very demand- 
ing one. Figure 16-5 represents an aircraft 
rolling down the runway and depicts the 
forces which produce adverse moments 
that must be overcome by the elevator 
control surface. First, there is the rolling 
friction force generated at the wheels. This 
force is located below the center of gravity 
and produces a negative pitching moment. 
In an aircraft with a tricycle landing gear, 
the center of gravity must be located ahead 
of the main wheels. Therefore, if the 
aircraft is to rotate about the main wheels 
as it achieves takeoff attitude, this center 
of gravity location produces an adverse 
pitching moment that must be overcome. 
The lift force of the wing can slightly help 
the elevators on an aircraft where the lift 
acts ahead of the main wheels. Another 
condition that is not evident from the 
drawing is the ground effect or the decrease 
in the downwash because of the aircraft’s 
close proximity to the runway. When the 
downwash is decreased, the lifting surfaces 
are more effective, which is usually 
beneficial. But in this case, the elevator is 
trying to increase the negative lift force of 
the horizontal stabilizer. The ground effect 
makes the horizontal stabilizer less effec- 
tive in producing this negative lift. 
This makes it necessary for the elevator 
deflection to be greater. The elevator 
deflection required must be larger than if 
the aircraft were not being influenced by 
ground effect. Some aircraft use flaps 
during their takeoff run which can produce 
a downwash that might be of benefit to the 
horizontal stabilizer and decrease the 
elevator control deflection. But trailing- 
edge flaps also generate a negative pitching 
moment, so the net result might be a 
greater elevator deflection requirement. 

(2) In the final design, the 
elevator must be able to produce a positive 
pitching moment (below the aircraft flight 
speed) that is capable of overcoming all the 
adverse pitching moments that might be 
created by some or all of the above- 
mentioned conditions. 

c. Landing Control Requirement. 
The landing control requirement is essen- 
tially the ground effect problem. The 
aircraft should have enough elevator 
control to maintain a landing attitude down 
to the touchdown point. This means that 
the elevator must overcome the ground 
effect when the aircraft approaches the 
runway surface. If the aircraft fulfills the 
takeoff requirements satisfactorily, it will 
usually have sufficient elevator control to 
handle the landing requirement. 

1(8-4. DIRECTIONAL CONTROL 

a. Adverse Yaw. Adverse aileron 
yaw was described in the last chapter as 
yaw which is developed when an aircraft is 
rolled using ailerons. The rudder must 
develop sufficient yawing moments to 
overcome the adverse yaw created by the 
aileron roll. It must also be able to keep the 
relative wind on the nose so a coordinated 
turn can be performed. 

b. Spin Recovery. The mechanics of 
a spin are developed in chapter 18. At this 
time it is important to note that the aircraft 
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has a large sideslip angle as it is spinning. 
Most aircraft (not all) require the use of 
rudder to decrease the sideslip angle before 
the aircraft can be recovered from the spin. 
This is a very important requirement and 
can be critical in some aircraft. 

c. Slipstream Rotation. The direc- 
tional requirement resulting from slip- 
stream rotation is of concern to single 
propeller powered aircraft. Most US-made 
aircraft engines rotate the propeller in a 
clockwise direction when viewed from the 
cockpit. This induces a clockwise airflow 
about the fuselage which strikes the left 
side of the vertical stabilizer. The vertical 
stabilizer is subjected to a negative sideslip 
angle, while the rest of the aircraft is not. 
This negative sideslip produces a negative 
yawing moment and tends to move the 
nose to the left (fig 16-6). The propeller can 
also develop a negative yawing moment 

when the aircraft is at a high angle of 
attack. In figure 16-7, the propeller disk 
has been inclined from the normal to the 
flightpath. Because of the inclination of the 
propeller disk to the flightpath, the 
downgoing blade (right side) has a greater 
angle of attack and velocity than the 
upgoingblade (left side). This results in the 
downgoing blade producing a larger thrust 
force than the upgoing blade, which 
produces a negative yawing moment that 
must be added to the slipstream yawing 
moment. The rudder must have the ability 
to overcome both of these moments and 
maintain directional control. The adverse 
moments created by the slipstream rota- 
tion and the high angle of attack of the 
aircraft £0*6 increased as the aircraft slows 
down. Unfortunately, the rudder moment 
used to counteract the adverse yawing 
moments is decreased as the velocity is 
decreased; therefore, the rudder must be 
deflected even more. This also can be a 
critical control requirement for the aircraft. 

CN 

VERTICAL STABILIZER 
LIFT COMPONENT 

L, 

AIRCRAFT RW 

Figure 16-6. Negative sideslip angle on vertical 
stabilizer. Figure 16-7. Negative yawing moment on nose. 
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d. Crosswind Takeoffs and Land- 
ings. An aircraft either taking off or 
landing in a crosswind must have a track 
over the ground parallel to the runway 
heading. If the aircraft is going to make the 
desired track over the ground, it must 
sideslip through the airmass that is moving 
across the runway. The rudder is required 
to produce the required sideslip so the 
landing or takeoff can be made in the 
direction of the runway heading. Again, 
the aircraft is at low airspeeds during these 
phases of the flight; therefore, the direc- 
tional control problem is again amplified by 
the lack of a high dynamic pressure. 

by asymmetrical power or a difference in 
power on each wing (fig 16-8). This 
difference in thrust force developed on each 
wing produces a yawing moment about the 
aircraft’s center of gravity away from the 
thrust. This moment must be counteracted 
by an opposite moment from the rudder. 
Where the rudder can maintain sufficient 
yawing moment to maintain the sideslip 
angle within usable values, the minimum 
airspeed is called the minimum control 
speed (Vmc). This value can never be 
greater than 1.2VS. Chapter 21 provides 
additional information on asymmetrical 
power and multiengine operations. 

e. Asymmetrical Power. A multi- 
engine aircraft has an additional directional 
control requirement that is not required of 
the control system of a single-engine 
aircraft. This is the yawing moment caused 

*rr 
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Figure 16-8. Yawing moment caused 
by asymmetrical power. 

16-5. LATEEAL CONTROL 

a. Control in a Roll. Each aircraft is 
designed to perform specific types of 
missions. These designs require different 
roll rates. A fighter, which is more 
maneuverable than a transport, must have 
a fairly high roll rate to perform its 
mission. In chapter 14, you read that as an 
aircraft is rolled, the downgoing wing has a 
larger angle of attack than the upgoing 
wing. Within usable values of CL (below 
stall), the downgoing wing has a larger 
value of CL and, therefore, more lift than 
the upgoing wing. This difference in the 
angle of attack between the two wings 
produces a rolling moment counter to the 
rolling moment developed by the ailerons. 
As the roll rate is increased, the difference 
between the angles of attack of the two 
wings increases and the counter rolling 
moment increases. When the rolling 
moment produced by the roll equals the 
rolling moment produced by aileron deflec- 
tion, a STEADY-STATE ROLL is reached. 
The roll rate is at a maximum, and this 
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steady-state roll must be rapid enough to 
be compatible with the mission require- 
ments of the aircraft. 

b. Landing and Takeoff Cross wind. 
As we mentioned during the directional 
control requirements discussion, an aircraft 
must sideslip through the airmass when 
making a crosswind landing or takeoff. 
Referring to the dihedral effect, a sideslip 
angle produces a roll away from the 
sideslip; therefore, the aircraft is side- 
slipped for a crosswind landing or takeoff. 
The stronger the dihedral effect of the 
aircraft (positive lateral stability), the 
greater is the lateral control requirement 
during this condition of flight. 

1®-®. STFAMLHTY AUGMENTEIS SYS- 
TEM 

When disturbed from equilibrium, an 
aircraft exhibiting positive static stability 
will naturally oscillate because of the 
moment of inertia caused by the disturb- 
ance. A dampening force will cause the 
oscillation to be convergent to equilibrium; 
but, in some cases, the aerodynamic 
dampening of the aircraft is insufficient to 
do this in the desired time element. If so, 
an artificial means of dampening must be 
used—an auxiliary system designed ex- 
plicitly for this purpose. This is called a 
stability augmenter system. Pitch and yaw 
augmentera are common on modern aircraft 
capable of high performance. Their damp- 
ening forces are overriden when controls 
for maneuvering are used. Roll augmentera 
are usually unnecessary. 

l®-7. CONTIOL EOECES 

Control forces refer to the force that the 
pilot must exert on the control column to 
control the aircraft. These forces must be 
logical and manageable. A logical force 
means that the force must increase as the 
control surface is deflected or as speed of 
the aircraft is increased. Manageable 
means that the magnitude of the control 
force must be within the comfortable 
physical capabilities of the pilot. 

a. Hinge Moments. When a control 
surface is deflected, the pressure differen- 
tial developed across the control surface 
creates a force that tends to streamline the 
control surface (fig 16-9). This force creates 
a moment about the hinge of the control 
surface that is referred to as the hinge 
moment. This moment must be overcome 
by the force applied by the pilot to the 
control column. You should realize that the 
hinge moment is directly proportional to 
V2 and to the area of the control surface. If 
the airspeed is doubled, the hinge moment 
for a given control deflection increases four 
times and the pilot must exert four times 
the control force on the control column to 
overcome that hinge moment. 

HINGE 
MOMENT 

Figure 16-9. Hinge moment. 
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b. Aerodynamic Balance. 

(1) As the size of aircraft 
increases (requiring larger control surfaces) 
and aircraft speeds increase, the control 
forces become unmanageable. Even though 
the control system contains many levers 
and bellcranks to give the pilot a mechan- 
ical advantage over the hinge moments 
developed by the large control areas and 
dynamic pressures, the magnitude of the 
control forces is still too large for the pilot 
to overcome. This led to the development of 
aerodynamic balancing of the control 
surfaces. 

(2) While aerodynamic balance 
does not actually balance anything, it does 
use aerodynamic forces to aid the pilot in 
deflecting the control surface. In other 
words, aerodynamic balancing uses the 
dynamic pressure of the airstream to 
reduce the hinge moments of a control 
surface. This is accomplished by the use of 
one or more of the following devices: 

(a) THE HORN. The horn 
is probably the first type of aerodynamic 
balancing developed. This consists of an 
area located ahead of the hinge line which 
creates a moment to oppose the hinge 
moment developed by the area of the 
control surface behind the hinge. The 
moment developed by the horn is in the 
same direction as the moment developed by 
the pilot and aids the pilot in displacing the 
control surface. It decreases the hinge 
moment that the pilot must apply. The 
horn can be either hidden or exposed, 
depending upon the particular design 
requirements of the control surface (fig 
16-10). An unshielded horn is usually more 
effective than the shielded horn, but it is 
seldom used in today’s high performance 
aircraft because of drag considerations. 

(b) INTERNAL BAL- 
ANCE. Another type of aerodynamic 
balance is internal balance. In this type, a 
balance board is contained in the fixed 
portion of the airfoil ahead of the control 
surface as shown in figure 16-11. There is a 

FIXED SURFACE 

CONTROL SURFACE 

HINGE LINE 

(A) UNSHIELDED HORN 

FIXED SURFACE 

CONTROL SURFACE 

(B) SHIELDED HORN 

Figure 16-10. Aerodynamic balancing. 
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Figure 16-11. Internai balance. 

flexible seal between the balance panel and 
the wall of the plenum chamber where the 
balance board is located. This flexible seal 
effectively divides the plenum chamber into 
two compartments. There is a slot between 
the control surface and the fixed portion of 
the airfoil. When the control surface is 
deflected, as shown, the increased velocity 
caused by the increased camber over the 
top slot develops a lower static pressure in 
the top compartment of the plenum 
chamber as compared with the lower 
compartment. There is a pressure differen- 
tial developed across the balance panel 
which moves the panel upward. This 
assists the pilot in deflecting the control 
surface downward. The decreased pressure 
over the slot on the top of the airfoil 
decreases the static pressure, which de- 
creases the hinge moments of the control 
surface. Therefore, this is a form of 
aerodynamic balancing. 

(c) SERVO TABS. Servo 
tabs can be thought of as flaps on flaps (fig 
16-12). When deflected, the servo tab 
produces a small aerodynamic force which 
is located behind the hinge of the control 
surface. This small force deflects the 
control surface, which in turn moves the 

CONTROL SURFACE FORCE 
CHANGE MOVES AIRCRAFT 

PLIGHT TAB 

FLIGHT TAB FORCE 
CHANGE MOVES CONTROL 

SURFACE 

Figure 16-12. Flight tabs. 

aircraft. The servo tab does not move the 
aircraft—it only moves the control surface. 
It should be evident that the control force 
required to move a small tab is much less 
than the force required to move the entire 
control surface; therefore, servo tabs 
enable the pilot to use the aerodynamic 
qualities of the airstream to reduce the 
hinge moments. Today’s modern jet air- 
liners use servo tabs on many of their 
control surfaces. 

(d) BALANCE TABS. 
Another device used to assist the pilot with 
control forces is the balance tab. This is 
simply a small flap, similar to the servo tab 
shown in figure 16-12, that moves in the 
opposite direction of the control flap itself. 
For example, if the elevator moves up, the 
balance tab moves down automatically 
because of the linkage mechanism con- 
trolling its movement. This downward 
movement of the balance tab produces a 
moment assisting the movement of thp 
control surface. These systems sometimes 
incorporate springs in the linkage and are 
then referred to as spring tabs. 
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c. Mass Balancing. Mass balancing 
of the control surface is most important if 
the aircraft is going to be dynamically 
stable. For example, if an aircraft has an 
elevator that has its center of gravity 
located behind the hinge line, a sudden 
gust that moves the tail upward causes the 
elevator to be deflected downward. This 
increases the tail lift, and, therefore, 
increases the upward movement of the tail. 
If, on the other hand, the center of gravity 
of the elevator is ahead of the hinge line, 
the pitchup caused by the air gust deflects 
the elevator upward, which dampens the 
upward motion by developing a negative 
tail lift. 

d. Trim Tabs. Trim tabs are identi- 
cal in appearance and operation with servo 
tabs. Trim tabs are connected to trim 
controls in the cockpit and are used to trim 
the aircraft for different weights, airspeeds, 
and power conditions. For example, an 
aircraft has 200 pounds more fuel in one 
wing than in the other. For the aircraft to 
remain wings-level, the lift force on the 
heavier wing must be increased to hold up 
the added weight. This is accomplished by 
deflecting the ailerons, which requires the 
pilot to hold the ailerons in this position. 
Trim tabs, which are simply tabs that can 
be deflected and hold the ailerons for the 
pilot, are used to decrease the pilot’s 
workload. 

H®-8. TYPES OE CONTROL SYSTEMS 

Only a few of the various systems and 
control components will be discussed. 

There are many more, but their principles 
follow the types discussed in this chapter. 

a. Conventional Control System. 
The type of control system that has been 
considered in the previous discussions has 
been the conventional mechanical reversi- 
ble control system. Conventional refers to 
the type of control system that employs a 
rudder, aileron, and elevator. The mechan- 
ical refers to the method used to deflect the 
control surfaces (cables, pushrods, bell- 
cranks, etc.). Reversible means that the 
system has feedback. The pilot can move 
the stick/wheel and the surface moves, or 
he can move the surface and the stick/ 
wheel moves. It is necessary for the pilot to 
feel the airloads on the control surfaces. 
This eliminates the pilot’s tendency to 
overcontrol the airplane and possibly 
produce an overstress. This type of control 
system is used in all Army aircraft (except 
the C-12 rudder system). 

b. Power-Boosted Control System. 
As aircraft are designed to go faster and 
faster, the airloads or hinge moments 
created on the control surfaces get so large 
that aerodynamic balancing is not effective 
enough without creating large increases in 
drag. Therefore, a new form of control 
system has been developed called the 
power-boosted, conventional, reversible 
control system. This system is similar to 
the power steering used in cars today. The 
pilot supplies part of the control force 
through a mechanical linkage with the 
control surface, but a power system in 
parallel also supplies part of the force to 
overcome the hinge moments. Usually a 
power-boosted system is about a 20 or 30 to 
1 ratio. This means that the pilot puts in 
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the control system 1 pound of force and the 
power system supplies 20 or 30 pounds of 
force. The power system usually is a 
hydraulic system, but some pneumatics or 
even electrical devices have been used. This 
type of system is still reversible, though, 
and the pilot feels the airloads through the 
mechanical system. If the power system 
should fail, the pilot can still control the 
airplane through the mechanical system; 
however, the control force needed is greatly 
increased. This is similar to the power 
steering in the automobile. This type of 
control system is used in the C-12 rudder 
system. 

c. Full-Power Control System. This 
type of system is used on supersonic 

aircraft, where the requirement is to deflect 
high surfaces against extremely high 
dynamic pressures. This type of system is 
not necessarily conventional; it can use 
spoilers rather than ailerons, slab tails 
instead of elevators or rudders. These types 
of control surfaces are much more effective 
than flap-type control surfaces at super- 
sonic velocities (fig 16-13). This system, 
however, is not employed on any Army 
aircraft. 

DEFLECTED SPOILER DECREASES 

CLOFSURFACE 

Si 2 C 
cc 

Figure 16-13. Use of spoiler as control surface. 
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THRUST 
AND POWER 

17-1. GENERAL 

a. In his early attempts at ñight, 
man soon learned that heavier-than-air 
aircraft would need power to attain and 
sustain flight. He was soon to learn that his 
own body was totally inadequate as a 
propulsion engine. 

b. If man were to “get off the 
ground” in controlled powered flight, he 
would have to develop a power source 
capable of meeting the needs of a heavier- 
than-air aircraft. While early attempts to 
develop a satisfactory engine included the 
use of rocket, steam, jet, and reciprocating 
engines, it was the reciprocating heat 
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engine which first pushed the Wright 
brothers aloft. 

c. Modern aircraft are now pro- 
pelled by several different propulsion 
systems. For the purpose of this text, we 
shall discuss only those powerplants which 
are employed by Army aircraft—the gas 
turbine and reciprocating engines. To 
complete the production of power, each 
type engine will use an aerodynamic 
propeller to convert its shaft horsepower 
(SHP) to thrust. 

17-2. TMEOEY OF PROPULSION 

All of the principal items of flight 
performance involve the steady-state flight 
condition and equilibrium of the aircraft. 
For an aircraft to remain in steady level 
flight, a balance must be obtained by a lift 
equal to the aircraft’s weight and a 
powerplant thrust equal to the aircraft’s 
drag (total). Because drag increases or 
decreases with velocity (chap 7), a power- 
plant must be capable of prxlucing 
sufficient thrust to overcome total drag. 
Without this ability, an aircraft would be 
unable to accelerate for takeoffs or climbs. 
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The maximum airspeed an aircraft can 
achieve in level or climbing flight is 
generally obtained when all thrust has been 
used. 

17-3. GAS TJEMME OTElBOi’ET) 
ENGMES 

a. General. The gas turbine engine 
has found widespread use in aircraft 
propulsion because of its relatively high 
power output per powerplant weight and 
size. Very few aircraft powerplants can 
compare with the high output, flexibility, 
simplicity, and small size of the aircraft’s 
gas turbine. The coupling of the propeller 
and reciprocating engine is one of the most 
efficient means known for converting fuel 
energy into propulsion energy. However, 
the intermittent action of the reciprocating 
engine places practical limits upon the 
airflow which can be processed and 
restricts the development of power. The 
continuous steady-flow feature of the gas 
turbine allows it to process considerably 
greater airflow and, thus, use a greater 
expenditure of fuel energy. A schematic of 
a typical turbine engine is shown in figure 

17-1 along with a pressure volume diagram 
of the airflow through the components in 
figure 17-2. 

b. Components. If the entire gas 
turbine engine is examined with respect to 
airflow through it, the components would 
aline as follows: 

(1) Air inlet or diffuser section. 

(2) Compressor section. 

(3) Combustion chamber. 

(4) Turbine section. 

(5) Exhaust nozzle. 

c. Operating Characteristics. 

(1) Air inlet or diffuser. Air 
entering the engine must pass through the 
inlet or diffuser to reach the compressor. 
The inlet is designed to deliver the air to 
the face of the compressor with even 
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Figure 17-1. Typical turbine engine components. 
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Figure 17-2. Pressure volume diagram for a typical turbine engine. 

pressure distribution and a smooth flow. It 
is the function of the inlet to take air of 
varying velocity and deliver it to the first 
stage of the compressor at the lowest 
possible velocity and the highest possible 
pressure. 

(2) Compressor section. The 
function of the compressor section of the 
gas turbine engine (fig 17-3) is to furnish 
the combustion chamber with large quanti- 
ties of high pressure air. This may be 
accomplished with a centrifual compressor, 
an axial compressor, or a combination of 
the two. Each will be discussed separately 
as follows: 

(a) Centrifugal com- 
pressor. 

1. This type com- 
pressor is more desirable than the axial 
flow compressor because of its simplicity 

and limited susceptibility to stall or surge. 
However, operation of the centrifugal 
compressor requires relatively low inlet 
velocities and a plenum chamber or 
expansion space must be provided for the 
inlet. The impeller rotating at high speed 
receives the inlet air and provides high 
acceleration by virtue of centrifugal force. 
As a result, the air leaves the impeller at 
very high velocity and high kinetic energy. 
A pressure rise is produced by subsequent 
expansion in the diffuser manifold when 
kinetic energy is converted to static 
pressure energy. The manifold then dis- 
tributes the high pressure discharge to the 
combustion chambers. A double-entry 
impeller allows a given diameter com- 
pressor to process a greater airflow. The 
major components of the centrifugal com- 
pressor are shown in figure 17-3. 

2. The centrifugal 
compressor can provide a relatively high 
pressure ratio per stage, but the provision 
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Figure 17-3. Components of a centrifugal compressor. 

of more than one or two stages is normally 
not feasible for aircraft turbine engines. 
The single-stage centrifugal compressor is 
capable of producing pressure ratios of 
about 3 or 4 with reasonable efficiency. 
Pressure ratios greater than 4 require such 
high impeller tip speed that compressor 
efficiency decreases very rapidly. Since 
high pressure ratios are necessary to 
achieve low fuel consumption, the centrif- 
ugal compressor finds greatest application 
in smaller engines where simplicity and 
flexibility of operation are the principal 
requirements rather than high efficiency. 

(b) Axial flow compressor. 

1. This type com- 
pressor is capable of providing high 
pressure ratios necessary for low fuel 
consumption. Also the axial compressor is 
capable of providing high airflow with a 
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smaller compressor diameter than the 
centrifugal compressor. When compared 
with the centrifugal compressor, the design 
and construction of the axial compressor is 
relatively complex and costly. Also, the 
high efficiency is sustained over a much 
narrower range of operating conditions. 
For these reasons, the axial compressor 
finds greatest application where the 
demands of efficiency and output predomi- 
nate over considerations of cost, simplicity, 
and flexibility of operations. 

2. The axial flow 
compressor consists of alternate rows of 
rotating and stationary airfoils called rotor 
and stator blades, respectively. The major 
components of the axial flow compressor 
are illustrated in figure 17-4. A pressure 
rise occurs through the row of rotating 
blades since the airfoils cause a decrease in 

velocity relative to the blades. Additional 
pressure rise takes place through the row of 
stationary blades since these airfoils cause 
a decrease in the absolute velocity of flow. 
The decrease in velocity, relative or 
absolute, causes a compression of the flow 
and results in an increase in static pressure. 
While the pressure rise per stage of the 
axial compressor is relatively low, the 
efficiency is high and high pressure ratios 
can be obtained efficently by successive 
axial stages. Pressure ratios from 5 to 10 
(or greater) can be obtained with the 
multistage, axial flow compressor. This 
efficiency cannot be approached with a 
multistage centrifugal compressor. 

(c) Axial-centrifugal com- 
pressor (fig 17-5). This combination pro- 
vides the advantages of both types to give 
moderate pressure ratios and a means of 
minimizing engine length. In addition, the 
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Figure 17-4. Components of an axial compressor. 
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axial-centrifugal compressor provides the 
means to cope with the Reynolds number 
effects of the small blades in small engines. 
As the diameter of the turbine engine has 
decreased, so has the chord of the axial 
compressor blades. Furthermore, as the 
stages are increased in the small engine, 
the chord of the blade becomes even 
smaller. The low Reynolds number caused 
by the small blade chord reduces the 
maximum lift coefficient which the indi- 
vidual blades can develop. For this reason 
it is more advantageous to increase the 
pressure ratio of small turbine engines by 
the addition of a centrifugal compressor 
rather than by adding more axial stages. 

(3) Combustion chamber. Fuel 
chemical energy is converted into heat 
energy in the combustion chamber causing 
a large increase in the total energy of the 
engine airflow. The combustion chamber 
has one principal limitation—the discharge 
from the combustion chamber must be at 

temperatures which can be tolerated by the 
turbine section. Combustion of turbine 
fuels can produce gas temperatures which 
are in excess of 1,700° to 1,800° C. 
However, the maximum continuous 
turbine blade operating temperatures must 
be kept in the 800° to 1,000° C range. This 
is accomplished by introducing excess air 
into the combustion process to prevent 
exceeding the allowable temperatures. 

(a) While the combustion 
chamber design may take various forms, 
the main features of a typical combustion 
chamber are illustrated by figure 17-6. 
High pressure air is discharged from the 
compressor into the combustion chamber. 
About one-half of this air is introduced into 
the immediate area of the fuel spray. This 
primary combustion air has a relatively 
high turbulence and low velocity to 
maintain a nucleus of combustion in the 
combustion chamber. During the normal 
combustion process, the speed of flame 
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Figure 17-5. Axial-centrifugal compressor. 

propagation is quite low. If the local 
velocities are too high at the forward end of 
the combustion chamber, poor combustion 
will result; and it is likely the flame will 
blow out. 

(b) The remaining part of 
the air, which bypassed the area where fuel 
was injected, is called secondary or cooling 
air. This air is reintroduced downstream 
from the combustion nucleus. Its purpose 
is to dilute the combustion products and 
lower the discharge gas temperature so the 
turbine blades will not be overheated. 

(4) Turbine section. The 
turbine section, sometimes called the hot 
section, is the most critical element of the 
gas turbine engine. Power to drive the 
compressor, its accessories, and the air- 
craft propeller is extracted from the 
combustion gases as they pass through the 
turbine section. 
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Figure 17-6. Typical combustion chamber. 
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(a) The combustion 
chamber delivers high energy combustion 
gases to the turbine section at high 
pressure and a tolerable temperature. 
Turbine nozzle vanes are a stationary row 
of blades located immediately behind the 
combustion chamber. These blades form 
the nozzle which discharge the combustion 
gases as high velocity jets onto the rotating 
turbine (fig 17-7). In this manner, high 
pressure energy of the combustion gases is 
converted into kinetic energy and a 
pressure and temperature drop takes place. 
The function of the turbine blades oper- 
ating downstream of the jets is to develop a 
rotating force along the turbine wheel thus 
extracting mechanical energy from the 
combustion gases (fig 17-8). 

(b) Normally there are two 
types of turbines in the turbine section— 
the gas generator turbine and power 
turbine. These two turbines are usually 
mounted on separate shafts and are 
connected only aerodynamically. The gas 

generator turbine is on the shaft with the 
compressor. Its primary purpose is to 
extract energy from combustion to drive 
the compressor and any accessories that 
are driven from that shaft. Downstream 
from the gas generator turbine is the power 
turbine. It is on a separate shaft that is 
mechanically connected to the aircraft 
propeUer through a speed reduction gear- 
box . Because it is located downstream from 
the gas generator turbine, the gases which 
turn it have been partially spent. This leads 
to a slower rotational speed for the power 
turbine than for the gas generator turbine. 
Gas generator turbine speed is commonly 
referred to as Ni speed or rpm, while power 
turbine speed is called N2 speed or rpm. 

d. The Gas Turbine-Propeller Com- 
bination. 

(1) The turbojet engine uses 
the turbine to extract sufficient power to 

COMBUSTION 
CHAMBER 

TURBINE NOZZLE 
VANES 

GASGENERATOR 
COMPRESSOR 

TURBINE 

POWER TURBINE 

Figure 17-7. Typical turbine section. 
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Figure 17-8. Combustion energy converted to a rotating force. 

operate the compressor. The remaining 
exhaust gas energy is used to provide the 
high exhaust gas velocity and jet thrust. 
The propulsive efficiency of the turbojet 
engine is relatively low because thrust is 
produced by creating a large velocity 

change with a relatively small mass flow. 
The gas turbine-propeller combination (fig 
17-9) is capable of producing higher 
propulsive efficiency in subsonic flight by 
having the propeller operate on a much 
greater mass flow. 

TURBINE-PROPELLER COMBINATION 

REDUCTION 
GEARING COMPRESSOR TURBINES 

llllllllllllllllllllllllllllllllllllllllllllil 
COMBUSTION 

CHAMBER 
EXHAUST 

NOZZLE 

Figure 17-9. The gas turbine propeller combination. 
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(2) The turboprop powerplant 
requires additional turbine stages to con- 
tinue expansion in the turbine section and 
to extract a very large percent of the 
exhaust gas energy as shaft power. In this 
sense, the turboprop is primarily a power- 
producing machine and the jet thrust is a 
small proportion of the output propulsive 
power. Ordinarily the jet thrust of the 
turboprop accounts for 15 to 25 percent of 
the total thrust output. Since the turbo- 
prop is primarily a power-producing 
machine, the turboprop powerplant is rated 
by an “equivalent shaft horsepower” 
(ESHP). 

ESHP = BHP + 
325Np 

(17.1) 

Where: ESHP = equivalent shaft 
horsepower 

BHP = brake horsepower, 
or shaft horse- 
power, applied to 
the propeller 

Tj = jet thrust, pounds 

V = flight velocity, 
knots, true air- 
speed 

Np = propeller efficiency 

(3) The gas tubine engine must 
operate at a very high rotative speed to 
process large airflows and produce high 
power. However, high rotative speeds are 
not conducive to high propeller efficiency 

because of compressibility effects. A large 
reduction of shaft speed must be provided 
in order to match the powerplant to the 
propeller. Propeller reduction gearing pro- 
vides a propeller shaft speed which can be 
used effectively by the propeller. Problems 
involving such gearing were one of the 
greatest difficulties in the development of 
turboprop powerplants. 

(4) Turboprop powerplants 
require a governing apparatus to account 
for the variable of propeller blade angle. If 
the propeller is governed separately from 
the turbine, an interaction can develop 
between the engine and propeller governors 
and various “hunting,” overspeed, and 
overtemperature conditions are possible. 
For this reason, the engine-propeller com- 
bination is normally operated at a constant 
rpm throughout the major range of output 
power and the principal variables of control 
are fuel flow and propeller blade angle. In 
the major range of power output, the 
throttle commands a certain fuel flow and 
the propeller blade angle adjusts to 
increase the propeller load and remain at 
the governed speed. 

(5) Turboprop performance 
illustrates the typical advantages of the 
propeller-engine combination. Higher pro- 
pulsive efficiency and high thrust at low 
speeds provide the characteristic range, 
endurance, and takeoff performance that is 
superior to the turbojet. As is typical of all 
propeller-equipped powerplants, the power 
available is nearly constant with speed. 
Equivalent shaft horsepower of the turbo- 
prop is affected by mass flow and inlet 
temperature. Thus, the ESHP will vary 
with altitude, because the higher altitude 
produces much lower density and engine 
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mass flow. Hot days will cause a noticeable 
loss of output power because higher 
compressor inlet temperatures reduce the 
fuel flow allowable within turbine tempera- 
ture limits. 

(6) Specific fuel consumption of 
the turboprop powerplant is defined as 
follows: 

Specific fuel consumption^) = 

engine fuel flow in pounds per hour 
equivalent shaft horsepower (ESHP) 

Typical values for specific fuel consump- 
tion (C) range from 0.5 to 0.8 pounds per 
hour per ESHP. Minimum specific fuel 
consumption is obtained at relatively high 
power settings and high altitudes. High 
altitudes produce lower inlet air tempera- 
tures which reduce specific fuel consump- 
tion. Lowest values of C are obtained near 
altitudes of 25,000 to 35,000 feet. 

e. Gas Turbine Operating Limita- 
tions. The operating characteristics of the 
gas turbine engine provide various oper- 
ating limitations which must be given due 
respect. Operation of the powerplant within 
the specified limitations is absolutely 
necessary in order to obtain the design 
service life with trouble-free operation. The 
following items describe the critical areas 
encountered during the operational use of 
the gas turbine engine: 

(1) The limiting exhaust gas 
temperatures provide the most important 

restrictions to the operation of the gas 
turbine engine. The turbine components 
are subject to centrifugal loads of rotation, 
impulse and reaction loads on the blades, 
and various vibratory loads which may be 
inherent with the design. When the turbine 
components are subject to this variety of 
stress in the presence of high temperature, 
two types of structural phenomena must be 
considered. When a part is subject to a 
certain stress at some high temperature, 
creep failure will take place after a period of 
time. Of course, an increase in temperature 
or stress will increase the rate at which 
creep damage is accumulated and reduce 
the time required to cause failure. Another 
problem results when a part is subjected 
to a repeated or cyclic stress. Fatigue 
failure will occur after a number of cycles of 
a varying stress. An increase in tempera- 
ture or magnitude of cyclic stress will 
increase the rate of fatigue damage and 
reduce the number of cycles necessary to 
produce failure. It is important to note that 
both fatigue and creep damage are cumu- 
lative. 

(a) A gross overstress or 
overtemperature of the turbine section will 
produce damage that is immediately 
apparent. However, the creep and fatigue 
damage accumulated through periods of 
less extreme overstress or overtemperature 
is more subtle. If the turbine is subject to 
repeated excessive temperatures, the 
greatly increased rate of creep and fatigue 
damage will produce failure early within 
the anticipated service life. 

(b) Generally, the opera- 
tions which produce the highest exhaust 
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gas temperatures are starting, accelera- 
tion, and maximum thrust at high altitude. 
The time spent at these temperatures must 
be limited arbitrarily to prevent excessive 
accumulation of creep and fatigue. Any 
time spent at temperatures in excess of the 
operational limits for these conditions will 
increase the possibility of early failure of 
the turbine components. 

(c) While the turbine 
components are the most critically stressed 
high temperature elements, they are not 
the only items. The combustion chamber 
components may be critical at low altitude 
where high combustion chamber pressures 
exist. Also, the airframe structure and 
equipment adjacent to the engine may be 
subject to quite high temperatures and 
require provision to prevent damage by 
excess time at high temperature. 

(2) The compressor stall or 
surge has the possibilty of producing 
damaging temperatures in the turbine and 
combustion chamber or unusual transient 
loads in the compressor. While the stall- 
surge phenomenon is possible with the 
centrifugal compressor, the more common 
occurrence is with the axial flow compres- 
sor. Figure 17-10(a) depicts the pressure 
distribution that may exist for steady-state 
operation of the engine. In order to 
accelerate the engine to a greater speed, 
more fuel must be added to increase the 
turbine power above that required to 
operate the compressor. 

(a) Suppose that the fuel 
flow is increased beyond the steady-state 
requirement without change in rotative 

speed. The increased combustion chamber 
pressure due to the greater fuel flow 
requires that the compressor discharge 
pressure be higher. For the instant before 
an engine speed change occurs, an increase 
in compressor discharge pressure will be 
accompanied by a decrease in compressor 
flow velocity. The equivalent effect is 
illustrated by the flow components onto 
rotating compressor blade on figure 
17-10(b). One component of velocity is due 
to rotation and this component remains 
unchanged for a given rotative velocity of 
the single blade. The axial flow velocity for 
steady state operation combines with rota- 
tional component to define a resultant 
velocity and direction. If the axial flow 
component is reduced, the resultant 
velocity and direction provide an increase 
in angle of attack for the rotating blade 
with a subsequent increase in pressure rise. 
Of course, if the change in angle of attack 
or pressure rise is beyond some critical 
value, stall will occur. While the stall 
phenomenon of a series of rotating com- 
pressor blades differs from that of a single 
airfoil section in a free airstream, the cause 
and effect are essentially the same. 

(b) If an excessive pres- 
sure rise is required through the compres- 
sor, stall may occur with the attendant 
breakdown of stable, steady flow through 
the compressor. As stalls occurs, the 
pressure rise drops and the compressor 
does not furnish discharge at a pressure 
equal to the combustion chamber pressure. 
As a result, a flow reversal or backfire 
takes place. If the stall is transient and 
intermittent, the indication will be the 
intermittent “bang” as backfire and flow 
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Figure 17-10. Effect of compressor stall on usage. 
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reversal take place. If the stall develops 
and becomes steady, strong vibration and a 
loud (and possibly expensive) roar develops 
from the continuous flow reversal. The 
increase in compressor power required 
tends to reduce rpm, and the reduced 
airflow and increased fuel flow cause a 
rapid, immediate rise in exhaust gas 
temperature. The possibility of damage is 
immediate with the steady stall. Recovery 
must be accomplished quickly by reducing 
throttle setting, lowering the aircraft angle 
of attack, and increasing airspeed. Gen- 
erally, the compressor stall is caused by 
one or a combination of the following items: 

_1_. A malfunctioning 
fuel control or governing apparatus is a 
common cause. Proper maintenance and 
adjustment is necessary for stall-free 
operation. Malfunctioning is most usually 
apparent during engine acceleration. 

2. Poor inlet condi- 
tions are typical at high angles of attack 
and sideslip. These conditions reduce inlet 
airflow and create a nonuniform flow condi- 
tions at the compressor face. Of course, 
these conditions Eire at the immediate 
control of the pilot. 

_3. Very high alti- 
tude flight produces low compressor 
Reynolds numbers and an effect similar to 
that of airfoil sections. As a decrease to low 
Reynolds numbers reduces the section 
Climax» very high altitudes reduce the 
maximum pressure ratio of the compressor. 
The reduced stedl margins increase the 
likelihood of compressor stEdl. 

(c) Thus, the recovery 
from a compressor stall must entail 
reduction of throttle setting to reduce fuel 
flow, and reduce altitude if high altitude is 
a contributing factor. 

(3) While the flameout is a rare 
occurence with modem engines, various 
malfunctions and operating conditions allow 
the flameout to remain a possibility. A 
uniform mixture of fuel and Eiir will sustain 
combustion within a relatively wide range 
of fuel-air ratios. Combustion can be 
sustained with a fuel-air ratio as rich as 1 to 
5 or as lean as 1 to 25. Fuel-air ratios 
outside these limits will not support 
combustion due to the deficiency of air or 
deficiency of fuel. The characteristic of the 
fuel nozzle and spray pattern as well as the 
governing apparatus must insure that the 
nucleus of combustion is maintained 
throughout the range of engine operation. 

(a) If the rich limit of 
fuel-air ratio is exceeded in the combustion 
chEimber, the flame will blow out. While 
this condition is a possibility, exceeding 
the lean blowout limit is more often the 
cause of a flameout. Any condition which 
produces some fuel-air ratio leaner than the 
lean limit of combustion will produce a 
flEuneout. Any interruption of the fuel 
supply could bring on this condition. Fuel 
system failure, fuel system icing, or 
prolonged unusual attitudes could starve 
the flow of fuel to the engine. It should be 
noted that the majority of aviation fuels are 
capable of holding in solution a small 
amount of water. If the aircraft is refueled 
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with relatively warm fuel then flown to a 
high altitude, the lower temperatures can 
precipitate this water out of solution in 
liquid or ice crystal form. 

(b) High-altitude flight 
produces a relatively small airmass flow 
through the engine and the relatively low 
fuel flow rate. These conditions could 
produce a malfunction of the fuel control 
and the governing apparatus could cause 
flameout. If the fuel control allows exces- 
sively low fuel flow during controlled 
deceleration, the lean blowout limit may be 
exceeded. Also, if the governed idle 
condition allows any deceleration below the 
idle condition, the engine will usually 
continue to lose speed and flame out. 

(c) Restarting the engine 
in flight requires sufficient rpm and airflow 
to allow stabilized operation. Generally, 
the extremes of altitude are most critical 
for attempted airstart. 

(4) An increased compressor 
inlet air temperature can have a profound 
effect on the output thrust of a turbojet 
engine. As shown in figure 17-11, an 
increase in compressor inlet temperature 
produces an even greater increase in the 
compressor discharge temperature. Since 
the turbine inlet temperature is limited to 
some maximum value, any increase in 
compressor discharge temperature will 
reduce the temperature change which can 
take place in the combustion chamber. 
Hence, the fuel flow will be limited and a 
reduction in thrust is incurred. 

(5) The effect of engine over- 
speed or critical vibration speed ranges is 
important in the service life of an engine. 
One of the principal sources of turbine 
loads is the centrifugal loads due to 
rotation. Since the centrifugal loads vary 
as the square of the rotative speed, a 5 
percent overspeed would produce 10.25 
percent overstress (1.052 = 1.1025). The 
large increase in stress with rotative speed 
could produce very rapid accumulation of 
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Figure 17-11. Effect of inlet temperature on engine operation. 
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creep and fatigue damage at a high 
temperature. Repeated overspeed and, 
hence, overstress can cause failure early in 
the anticipated service life. 

(6) Since the turbine engine is 
composed of many different distributed 
masses and elastic structure, there are 
certain vibratory modes and frequencies for 
the shaft, blades, etc. While it is necessary 
to prevent any resonant conditions from 
existing within the normal operating range, 
there may be certain vibratory modes 
encountered in the low power range 
common to ground operation, low altitude 
endurance, acceleration or deceleration. If 
certain operating rpm range restrictions are 
specified due to vibratory conditions, 
operations must be conducted with a 
minimum of time in this area. The greatly 
increased stresses common to vibratory 
conditions are quite likely to cause fatigue 
failures of the offending components. The 
operating limitations of the engine are 
usually specified by various combinations 
of rpm, exhaust gas temperature, and 
allowable time. 

17-4. RECIPROCATING ENGINES 

The reciprocating engine is one of the 
most efficient powerplants used for aircraft 
power. The combination of the recipro- 
cating engine and propeller is one of the 
most efficient means of converting the 
chemical energy of fuel into flying time or 
distance. Because of the inherent high 
efficiency, the reciprocating engine is an 
important type of aircraft powerplant. 

a. Operating Characteristics. The 
function of the typical reciprocating engine 
involves four strokes of the piston to 
complete one operating cycle. This princi- 
pal operating cycle is illustrated in figure 
17-12 by the variation of pressure and 
volume within the cylinder. The first stroke 
of the operating cycle is the downstroke of 
the piston with the intake valve open. This 
stroke draws in a charge of fuel-air mixture 
along AB of the pressure-volume diagram. 
The second stroke accomplishes compres- 
sion of the fuel-air mixture along line BC. 
Combustion is initiated by a spark ignition 
apparatus and combustion takes place in 
essentially a constant volume. The com- 
bustion of the fuel-air mixture liberates 
heat and causes the rise of pressure along 
line CD. The power stroke uses the 
increased pressure through the expansion 
along line DE. Then the exhaust begins by 
the initial rejection along line EB and is 
completed by the upstroke along line BA. 

(1) The net work produced by 
the cycle of operation is idealized by the 
area BCDE on the pressure-volume dia- 
gram of figure 17-12. During the actual 
rather than ideal cycle of operation, the 
intake pressure is lower than the exhaust 
pressure and the negative work represents 
a pumping loss. The incomplete expansion 
during the power stroke represents a basic 
loss in the operating cycle because of the 
rejection of combustion products along line 
EB. The area EFB represents a basic loss in 
the operating cycle because of the rejection 
of combustion products along line EB. The 
area EFB represents a certain amount of 
energy of the exhaust gases, a part of 
which can be extracted by exhaust turbines 
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as additional shaft power to be coupled to 
the crankshaft (turbo-compound engine) or 
to be used in operating supercharger 
(turbosupercharger). In addition, the 
exhaust gas energy may be used to 
augment engine cooling flow (ejector 
exhaust and reduce cowl drag). 

(4) From the physical defini- 
tion of power and the particular unit of 
horsepower (1 hp = 33,000 ft-lbs per min), 
the brake horsepower can be expressed in 
the following form. 

(2) Since the net work pro- 
duced during the operating cycle is 
represented by the inclosed area of the 
pressure-volume diagram, the ouput of the 
engine is affected by any factor which 
influences this area. The weight of fuel-air 
mixture will determine the energy released 
by combustion and the weight of charge 
can be altered by altitude, supercharging, 
etc. Mixture strength preignition, spark 
timing, etc., can effect the energy release of 
a given airflow and alter the work produced 
during the operating cycle. 

BHP = 

or BHP = 

2 TTTN 

33,000 

TN 
5,255 

(17.3) 

where 

BHP = brake horsepower 

T = output torque, foot-pounds 

N = output shaft speed, revolutions 
per minute 

(3) The mechanical work 
accomplished during the power stroke is 
the result of the gas pressure sustained on 
the piston. The linkage of the piston to a 
crankshaft by the connecting rod applies 
torque to the output shaft. During this 
conversion of pressure energy to mechan- 
ical energy, certain losses are inevitable 
because of friction and the mechanical 
output is less than the available pressure 
energy. The power output from the engine 
will be determined by the magnitude and 
rate of the power impulses. In order to 
determine the power output of the recipro- 
cating engine, a brake or load device is 
attached to the output shaft and the 
operating characteristics are determined. 
Hence, the term “brake horsepower” is 
used to denote the output power of the 
powerplant. 

In this relationship, the output power is 
appreciated as some direct variable of 
torque (T) and revolutions per minute. Of 
course, the output torque is some function 
of the combustion gas pressure during the 
power stroke. Thus, it is helpful to consider 
the mean effective gas pressure during the 
power stroke, the “brake mean effective 
pressure” (BMEP). With use of this term, 
the BHP can be expressed in the following 
form: 

BHP = (ME.?) (D) (N) (17.4) 
792,000 
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! where 

BHP = brake horsepower 
1 

i BMEP = brake mean effective 
j pressure, pounds per 
I square inch (psi) 

D = engine displacement, cubic 
inches 

! N = engine speed, revolutions 
I per minute (rpm) 

The BMEP is not actual pressure within 
the cylinder, but an effective pressure 
representing the mean gas load acting on 
the piston during the power stroke. As 
such, BMEP is a convenient index for a 
majority of items of reciprocating engine 
output, efficiency, and operating limita- 
tions. 

(5) The actual power output of 
any reciprocating engine is a direct 
function of the combination of engine 
torque and rotative speed. Thus, output 
brake horsepower can be related by the 
combination of BMEP and rpm or torque 
pressure and rpm. No other engine instru- 
ments can provide this immediate indica- 
tion of output power. If all other factors are 
constant, the engine power output is 
directly related to the engine airflow. 
Evidence of this fact could be appreciated 
from the equation for BHP in terms of 
BMEP. 

= (BMEP) (D) (N) (17.5) 
792,000 

This equation dictates that for a given 
BMEP the BHP is determined by the 
product of engine rpm (N)and displacement 
(D). In a sense, the reciprocating engine 
could be considered primarily as an air 
pump with the pump capacity directly 
affecting the power output. Thus, any 
engine instruments which relate factors 
affecting airflow can provide some indirect 
reflection of engine power. The pressure 
and temperature of the fuel-air mixture 
decide the density of the mixture entering 
the cylinder. The carburetor air tempera- 
ture will provide the temperature of the 
inlet air at the carburetor. While this 
carburetor inlet air is not the same 
temperature as the air in the cylinder inlet 
manifold, the carburetor inlet temperature 
provides a stable indication independent of 
fuel flow and can be used as a standard of 
performance. Cylinder inlet manifold tem- 
perature is difficult to determine with the 
same degree of accuracy because of the 
normal variation of fuel-air mixture 
strength. The inlet manifold pressure 
provides an addition indication of the 
density of airflow entering the combustion 
chamber. The manifold absolute pressure 
(MAP) is affected by the carburetor inlet 
pressure, throttle position, and super- 
charger or impeller pressure ratio. Of 
course, the throttle is the principal control 
of manifold pressure and the throttling 
action controls the pressure of the fuel-air 
mixture delivered to the supercharger inlet. 
The pressure received by the supercharger 
is magnified by the supercharger in some 
proportion, depending on impeller speed. 
Then the high pressure mixture is delivered 
to the manifold. 

(6) Of course, the engine air- 
flow is a function of rpm for two reasons. A 
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higher engine speed increases the pumping 
rate and the volume flow through the 
engine. Also, with the engine-driven super- 
charger or impeller, an increase in engine 
speed increases the supercharger pressure 
ratio. With the exception of near closed 
throttle position, an increase in engine 
speed will produce an increase in manifold 
pressure. 

(7) The many variables affect- 
ing the character of the combustion process 
are an important subject of reciprocating 
engine operation. Uniform mixtures of fuel 
and air will support combustion between 
fuel-air ratios of approximately 0.04 and 
0.20. The chemically correct proportions of 
air and hydrocarbon fuel would be 15 
pounds of air for each pound of fuel or a 
fuel-air ratio of 0.067. This chemically 
correct, or stoichiometric, fuel-air ratio 
would provide the proportions of fuel and 
air to produce maximum release of heat 
during combustion of a given weight of 
mixture. If the fuel-air ratio were leaner 
than stoichiometric, the excess of air and 
deficiency of fuel would produce lower 

combustion temperatures and reduced heat 
release for a given weight of charge. If the 
fuel-air ratio were richer than stoichiome- 
tric, the excess of fuel and deficiency of air 
would produce lower combustion tempera- 
tures and reduced heat release for a given 
weight of charge. 

(8) The stoichiometric condi- 
tions would produce maximum heat release 
for ideal conditions of combustion and may 
apply quite closely for the individual 
cylinders of the low speed reciprocating 
engine. Because of the effects of flame 
propagation speed, fuel distribution, tem- 
perature variation, etc., the maximum 
power obtained with a fixed airflow occurs 
at fuel-air ratios of approximately 0.07 to 
0.08. Figure 17-13 shows the variation of 
output power with fuel-air ratio for a 
constant engine airflow, i.e., constant rpm, 
MAP, and CAT (carburetor air tempera- 
ture). Combustion can be supported by 
fuel-air ratios just greater than 0.04, but 
the energy released is insufficient to 
overcome pumping losses and engine 
mechanical friction. Essentially, the same 
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Figure 17-13. Power output in relation to fuel-air ratio. 
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result is obtained for the rich fuel-air ratios 
just below 0.20. Fuel-air ratios between 
these limits produce varying amounts of 
output power and the maximum power 
output generally occurs at fuel-air ratios of 
approximately 0.07 to 0.08. Thus, this 
range of fuel-air ratios which produces 
maximum power for a given airflow is 
termed the “best power” range. At some 
lower range of fuel-air ratios, a maximum 
of power per fuel-air ratio is obtained and 
this is the “best economy” range. The best 
economy range generally occurs between 
fuel-air ratios of 0.05 and 0.07. When 
maximum engine power is required for 
takeoff, fuel-air ratios greater than 0.08 are 
necessary to suppress detonation. Hence, 
fuel-air ratios of 0.09 to 0.11 are typical 
during this operation. 

(9) The pattern of combustion 
in the cylinder is best illustrated by figure 

17-14. The normal combustion process 
begins by spark ignition toward the end of 
the compression stroke. The electric spark 
provides the beginning of combustion and a 
flame front is propagated smoothly 
through the compressed mixture. Such 
normal combustion is shown by the plot of 
cylinder pressure versus piston travel. 
Spark ignition begins a smooth rise of 
cylinder pressure to some peak value with 
subsequent expansion through the power 
stroke. The variation of pressure with 
piston travel must be controlled to achieve 
the greatest net work during the cycle of 
operation. Obviously, spark ignition tim- 
ing is an important factor for controlling 
the initial rise of pressure in the combus- 
tion chamber. The ignition of the fuel 
mixture must begin at the proper time to 
allow flame-front propagation and the 
release of heat to build up peak pressure for 
the power stroke. 
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Figure 17-14. Patterns of cylinder combustion. 
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(10) The speed of flame-front 
propagation is a major factor affecting the 
power output of the reciprocating engine 
since this factor controls the rate of heat 
release and rate of pressure rise in the 
combustion chamber. For this reason, dual 
ignition is necessary for powerplants of 
high specific power output. Obviously, 
normal combustion can be accomplished 
more rapidly with the propagation of two 
flame fronts rather than one. The two 
sources of ignition are able to accomplish 
the combustion heat release and pressure 
rise in a shorter period of time. Fuel-air 
ratio is another factor affecting the flame 
propagation speed in the combustion 
chamber. The maximum flame propagation 
speed occurs near a fuel-air ratio of 0.08 
and, thus, maximum power output for a 
given airflow will tend to occur at this value 
rather than the stoichiometric value. 

(11) Two aberrations of the com- 
bustion process are preignition and detona- 
tion. Preignition is simply a premature 
iginition and flame-front propagation due 
to hot spots in the combustion chamber. 
Various lead and carbon deposits and 
feathered edges on metal surfaces can 
supply a glow ignition spot and begin a 
flame propagation prior to normal spark 
ignition. As shown on the graph in figure 
17-14, preignition causes a premature rise 
of pressure during the piston travel. As a 
result, preignition combustion pressures 
and temperatures will exceed normal 
combustion values and are very likely to 
cause engine damage. Because of the 
premature rise of pressure toward the end 
of the compression stroke, the net work of 
the operating cycle is reduced. Preignition 

is evidenced by a rise in cylinder head 
temperature and drop in BMEP or torque 
pressure. 

(12) Detonation offers the possi- 
bility of immediate destruction of the 
powerplant. The normal combustion pro- 
cess is initiated by the spark and beginning 
of flame-front propagation. As the flame 
front is propagated, the combustion cham- 
ber pressure and temperature begin to rise. 
Under certain conditions of high combus- 
tion pressure and temperature, the mixture 
ahead of the advancing flame front may 
suddenly explode with considerable vio- 
lence and send strong detonation waves 
through the combustion chamber. The 
result is depicted by the graph in figure 
17-14, where a sharp, explosive increase in 
pressure takes place with a subsequent 
reduction of the mean pressure during the 
power stroke. Detonation produces sharp 
explosive pressure peaks many times 
greater than normal combustion. Also, the 
exploding gases radiate considerable heat 
and cause excessive temperatures for many 
local parts of the engine. The effects of 
heavy detonation are so severe that 
structural damage is the immediate result. 
Rapid rise of cylinder head temperature; 
rapid drop in BMEP; and loud, explosive 
noises are evidence of detonation. 

(13) Detonation is not neces- 
sarily confined to a period after the 
beginning of normal flame-front propaga- 
tion. With extremely low grades of fuel, 
detonation can occur before normal igni- 
tion. In addition, the high temperatures 
and pressure caused by preignition will 
mean that detonation is usually a corollary 
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of preignition. Detonation results from a 
sudden, unstable decomposition of fuel at 
some critical combination of high tempera- 
ture and pressure. Thus, detonation is 
most likely to occur at any operating 
condition which produces high combustion 
pressures and temperatures. Generally, 
high engine airflow and fuel-air ratios for 
maximum heat release will produce the 
critical conditions. High engine airflow is 
common to high MAP and rpm and the 
engine is most sensitive to CAT and 
fuel-air ratio in this region. 

(14) The detonation properties 
of a fuel are determined by the basic 
molecular structure of the fuel and the 
various additives. The fuel detonation 
properties are generally specified by the 
antidetonation or antiknock qualities of an 
octane rating. Since the antiknock proper- 
ties of a high quality fuel may depend on 
the mixture strength, provision must be 
made in the rating of fuels. Thus, a fuel 
grade of 115/145 would relate a lean 
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mixture antiknock rating of 115 and a rich 
mixture antiknock rating of 145. One of the 
most common operational causes of detona- 
tion is fuel contamination. An extremely 
small contamination of high octane fuel 
with jet fuel can cause a serious decrease in 
the antiknock rating. Also, the contamina- 
tion of a high grade fuel with the next lower 
grade will cause a noticeable loss of 
antiknock quality. 

(15) The fuel metering require- 
ments for an engine are illustrated by 
figure 17-15 which is a plot of fuel-air ratio 
versus engine airflow. The carburetor must 
provide specific fuel-air ratios throughout 
the range of engine airflow to accommodate 
certain output power. Most modem 
engines equipped with an automatic mix- 
ture control provide a scheduling of fuel-air 
ratio for automatic rich or automatic lean 
operation. The auto-rich scheduling usually 
provides a fuel-air ratio at or near the 
maximum heat release value for the middle 
range of airflows. However, at high 
airflows a power enrichment must be 
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Figure 17-15. Engine airflow, pounds per hour. 
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provided to suppress detonation. The 
auto-rich schedule generally will provide an 
approximate fuel-air ratio of 0.08 which 
increases to 0.10 or 0.11 at the airflow for 
takeoff power. In addition, the low airflow 
and mixture dilution that occurs in the idle 
power range requires enrichment for satis- 
factory operation. 

(16) The schedule of fuel-air 
ratios with an automatic lean fuel-air ratio 
will automatically provide maximum us- 
able economy. If manual leaning proce- 
dures are applicable, a lower fuel-air ratio 
may be necessary for maximum possible 
efficiency. The maximum continuous cruise 
power is the upper limit of power that can 
be used for this operation. Higher airflows 
and power without a change in fuel-air ratio 
will intersect the knee of the detonation 
envelope. 

(17) The primary factor relating 
the efficiency operation of the reciprocating 
engine is the brake specific fuel consump- 
tion (BSFC) or simply C. 

Brake specific fuel consumption = 

engine fuel flow (17.6) 
brake horsepower 

p _ lbs per hr 

Typical minimum values for C range from 
0.4 to 0.6 pounds per hour per BHP and 

most aircraft powerplants average 0.5. The 
turbo-compound engine is generally the 
most efficient because of the power 
recovery turbines which can approach 
values of C = 0.38 to 0.42. It should be 
noted that the minimum values of specific 
fuel consumption will be obtained only 
within the range of cruise power opera- 
tion—30 to 60 percent of the maximum 
power output. Generally, the conditions of 
minimum specified fuel consumption are 
achieved with automatic lean or manual 
lean scheduling of fuel-air ratios and high 
BMEP and low rpm. The low rpm is the 
usual requirement to minimize friction 
horsepower and to improve output 
efficiency. 

(18) The effect of altitude is to 
reduce the engine airflow and power 
output, and supercharging is necessary to 
maintain high power output at high 
altitude. Since the basic engine is able to 
process air only by the basic volume 
displacement, the function of the super- 
charger is to compress the inlet air and 
provide a greater weight of air for the 
engine to process. Of course, shaft power is 
necessary to operate the engine-driven 
supercharger and a temperature rise occurs 
through the supercharger compression. 
The effect of various forms of supercharg- 
ing on altitude performance is illustrated in 
figure 17-16. 

(19) The unsupercharged—or 
naturally aspirated—engine has no means 
of providing a manifold pressure any 
greater than the induction system inlet 
pressure. As altitude is increased with full 
throttle and a governed rpm, the airflow 
through the engine is reduced and BHP 
decreases. The first forms of supercharging 
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Figure 17-16. Effect of supercharging on altitude performance. 

were of relatively low pressure ratio, and 
the added airflow and power could be 
handled at full throttle within detonation 
limita. Such a ground-boosted engine 
would achieve higher output power at all 
altitudes, but an increase in altitude would 
produce a decrease in manifold pressure, 
airflow, and power output. 

(20) More advanced forms of 
supercharging with higher pressure ratios 
can produce very large engine airflow. In 
fact, the typical case of altitude super- 

charging will produce such high airflow at 
low altitude operation that full throttle 
operation cannot be used within detonation 
limits. Figure 17-16 illustrates this case for 
a typical two-speed,engine-driven altitude 
supercharging installation. At sea level, 
the limiting manifold presure produces a 
certain amount of BHP. Full throttle 
operation could produce a higher MAP and 
BHP if detonation were not the problem. In 
this case, full throttle operation is unavail- 
able because of detonation limits. As 
altitude is increased with the supercharger 
or blower at low speed, the constant MAP 
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is maintained by opening the throttle, and 
the BHP increases above the sea level value 
because of the reduced exhaust back 
pressure. Opening the throttle allows the 
supercharger inlet to receive the same inlet 
pressure and to produce the same MAP. 
Finally, the increase of altitude will require 
“full throttle” to produce the constant 
MAP with low blower and this point is 
termed the “critical altitude” or “full 
throttle height.” If altitude is increased 
beyond the critical altitude, the engine 
MAP, airflow, and BHP decrease. 

(21) The critical altitude with a 
particular supercharger installation is 
specific to a given combination of MAP and 
rpm. Obviously, a lower MAP could be 
maintained to some higher altitude or a 
lower engine speed would produce less 
supercharging and a given MAP would 
require a greater throttle opening. Gen- 
erally, the most important critical altitudes 
will be specified for maximum rated and 
maximum cruise power conditions. 

(22) A change of the blower to a 
high speed will provide greater supercharg- 
ing, but will require more shaft power and 
incur a greater temperature rise. Thus, the 
high blower speed can produce an increase 
in altitude performance within the detona- 
tion limitations. The variation of BHP with 
altitude for the blower at high speed shows 
an increase in critical altitude and greater 
BHP than is obtainable in low blower. 
Operation below the high blower critical 
altitude requires some limiting manifold 
pressure to remain within detonation 

limits. It is apparent that the shift to high 
blower is not required just past low blower 
critical atlitude but at the point where the 
transition from low blower, full throttle to 
high blower, limit MAP will produce 
greater BHP. Of course, if the blower speed 
is increased without reducing the throttle 
opening, an overboost can occur. 

(23) Since the exhaust gases 
have considerable energy, exhaust turbines 
provide a source of supercharger power. 
The turbosupercharger allows control of 
the supercharger speed and output to very 
high altitudes with a variable discharge 
exhaust turbine. The turbosupercharger is 
capable of providing the engine airflow 
with increasing altitude by increasing 
turbine and supercharger speed. Critical 
altitude for the turbosupercharger is 
usually defined by the altitude which 
produces the limiting exhaust turbine 
speed. 

(24) The minimum specific fuel 
consumption of the supercharged engine is 
not greatly affected by altitudes less than 
the critical altitude. At the maximum 
cruise power condition, specific fuel con- 
sumption will decrease slightly with an 
increase in altitude up to the critical 
altitude. Above critical altitude, maximum 
cruise power cannot be maintained but the 
specific fuel consumption is not adversely 
affected as long as automatic lean or 
manual lean power can be used at the cruise 
power setting. 

(25) One operating characteris- 
tic of the reciprocating engine is distinctly 
different from that of the turbojet. Water 
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vapor in the air will cause a significant 
reduction in output power of the reciprocat- 
ing engine, but a negligible loss of thrust 
for the turbojet engine. This basic differ- 
ence exists because the reciprocating 
engine operates with a fixed displacement 
and all air processed is directly associated 
with the combustion process. If water 
vapor enters the induction system of the 
reciprocating engine, the amount of air 
available for combustion is reduced; and 
since most carburetors do not distinguish 
water vapor from air, an enrichment of the 
fuel-air ratio takes place. The maximum 
power output at takeoff requires fuel-air 
ratios richer than that for maximum heat 
release, so a further enrichment will take 
place with subsequent loss of power. The 
turbojet operates with such great excess of 
air that the combustion process essentially 
is unaffected and the reduction of airmass 
flow is the principal consideration. As an 
example, extreme conditions which would 
produce high specific humidity may cause a 
3-percent thrust loss for a turbojet, but a 
12-percent loss of BHP for a reciprocating 
engine. Proper accounting of the loss due to 
humidity is essential in the operation of the 
reciprocating engine. 

b. Reciprocating Operating Limita- 
tions. The reciprocating engine has 
achieved a great degree of refinement and 
development, and it is one of the most 
reliable of all types of aircraft powerplants. 
However, reliable operation of the recipro- 
cating engine is obtained only by strict 
adherence to the specific operating limita- 
tions. 

( 1 ) The most important operat- 
ing limitations of the reciprocating engine 

are those provided to insure that detona- 
tion and preignition do not take place. The 
pilot must insure that proper fuel grades 
are used that limit MAP, BMEP, rpm, 
CAT, etc., are not exceeded. Since heavy 
detonation or preignition is common to the 
high airflow at maximum power, the most 
likely chance of detonation or preignition is 
at takeoff. In order to suppress detonation 
or allow greater power for takeoff, water 
injection is often used in the reciprocating 
engine. At high power settings, the injection 
of the water-alcohol mixture can replace the 
excess fuel required to suppress detonation, 
and derichment provisions can reduce the 
fuel-air ratio toward the value for maxi- 
mum heat release. Thus, an increase in 
power will be obtained by the better fuel-air 
ratio. In some instances, a higher manifold 
pressure can be used to produce additional 
power. The injection fluid will require 
proportions of alcohol and water quite 
different from the injection fluid for jet 
engine thrust augmentation. Since derich- 
ment of the fuel-air ratio is desired, the 
antidetonant injection will contain alcohol 
in quantities to prevent residual fluid from 
fouling the plumbing. 

(2) When the fuel grades are 
altered during operation and the engine 
must be operated on a next lower fuel 
grade, proper account must be made for the 
change in the operating limitations. This 
accounting must be made for the maximum 
power for takeoff and the maximum cruise 
power, since both of these operating 
conditions are near the detonation enve- 
lope. In addition, when the higher grade of 
fuel again becomes available, the higher 
operating limits cannot be used until it is 
determined that no contamination exists 
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from the lower grade fuel remaining in the 
tanks. 

(3) Spark plug fouling can pro- 
vide certain high as well as low limits of 
operating temperatures. When excessively 
low operating temperatures are encoun- 
tered, rapid carbon fouling of the plugs will 
take place. On the other hand, excessively 
high operating temperatures will produce 
plug fouling from lead bromide deposits 
from the fuel additives. 

(4) Generally, the limited 
periods of time at various high power 
settings are set to minimize the accumula- 
tion of high rates of wear and fatigue 
damage. By minimizing the amount of 
total time spent at high power setting, 
greater overhaul life of the powerplant can 
be achieved. This should not imply that the 
takeoff rating of the engine should not be 
used. Actually, the use of the full maximum 
power at takeoff will accumulate less total 
engine wear than a reduced power setting 
at the same rpm because of less time 
required to climb to a given altitude or to 
accelerate to a given speed. 

(5) The most severe rate of 
wear and fatigue damage occurs at high 
rpm and low MAP. High rpm produces 
high centrifugal loads and reciprocating 
inertia loads. When the large reciprocating 
inertia loads are not cushioned by high 
compression pressures, critical resultant 
loads can be produced. Thus, operating 

time at maximum rpm and MAP must be 
held to a minimum and operation at 
maximum rpm and low MAP must be 
avoided. 

17-5. PEOPELLEES 

The aircraft propeller functions to con- 
vert the powerplant shaft horsepower into 
propulsive horsepower. The basic princi- 
ples of propulsion apply to the propeller in 
that thrust is produced by providing the 
airstream a momentum change. The pro- 
peller achieves high propulsive efficiency 
by processing a relatively large mass flow 
of air and imparting a relatively small 
velocity change. The momentum change 
created by propeller is shown by the 
illustration in figure 17-17. 

a. Operation. 

(1) The action of the propeller 
can be idealized by the assumption that the 
rotating propeller is simply an actuating 
disk. As shown in figure 17-17, the inflow 
approaching the propeller disk indicates 
converging streamlines with an increase in 
velocity and a drop in pressure. The 
converging streamlines leaving the pro- 
peller disk indicate a drop in pressure and 
an increase in velocity behind the propeller. 
The pressure change through the disk 
results from the distribution of thrust over 
the area of the propeller disk. In this 
idealized propeller disk, the pressure 
difference is uniformly distributed over the 
disk area, but the actual case is rather 
different from this. 
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(2) The final velocity of the 
propeller slipstream (V2) is achieved some 
distance behind the propeller. Because of 
the nature of the flow pattern produced by 
the propeller, one-half of the total velocity 
change is produced as the flow reaches the 
propeller disk. If the complete velocity 
increase amounts to “2a” (fig 17-17), the 
flow velocity has increased by the amount 
"a” (fig 17-17) at the propeller disk. The 
propulsive efficiency (Np) of the ideal 
propeller could be expressed by the 
following relationship: 

Np output power 
input power 

Np T(V+a) 
(17.7) 

where 

Np = propulsive efficiency 

T = thrust, pounds 

V = flight velocity, knots 

a = velocity increment at the 
propeller disk, knots 

Since the final velocity (V2) is the sum of 
total velocity change “2a” and the initial 
velocity (Vi) the propulsive efficiency 
rearranges to a form identical to that for 
the turbojet. 

Np 

‘trf 
(17.8) 

So, the same relationship exists as with the 
turbojet engine in that high efficiency is 
developed by producing thrust with the 
highest possible mass flow and smallest 
necessary velocity change. 

(3) The actual propeller must 
be evaluated in a more exact sense to 
appreciate the effect of nonuniform disk 
loading, propeller blade drag forces, inter- 
ference flow between blades, etc. With 
these differences from the ideal propeller, it 
is more appropriate to define propeller 
efficiency in the following manner: 

Np 

Np 

output propulsive power 
input shaft horsepower 

m (V) (17.9) 
325 BHP 

where 

Np = propeller efficiency 

T = propeller thrust 

V = flight velocity, knots 

BHP = brake horsepower applied to 
the propeller 

Many different factors govern the effi- 
ciency of a propeller. Generally, a large 
diameter propeller favors a high propeller 
efficiency from the standpoint of a large 
mass flow. However, a powerful adverse 
effect on propeller efficiency is produced by 
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high tip speeds and compressibility effects. 
Of course, small diameter propellers favor 
low tip speeds. In addition, the propeller 
and powerplant must be matched for 
compatibility of output and efficiency. 

(4) In order to appreciate some 
of the principal factors controlling the 
efficiency of a given propeller, figure 17-17 
illustrates the distribution of rotative 
velocity along the rotating propeller blade. 
These rotative velocities add to the local 
inflow velocities to produce a variation of 
resultant velocity and direction along the 
blade. The typical distribution of thrust 
along the propeller blade is shown with the 
predominating thrust being located on the 
outer portions of the blade. Note that the 
propeller producing thrust develops a tip 
vortex similar to the wing producing lift. 
Evidence of this vortex can be seen by the 
condensation phenomenon occurring at this 
location under certain atmospheric condi- 
tions. 

(5) The component velocities at 
a given propeller blade section are shown 
by the diagram in figure 17-17. The inflow 
velocity adds vectorially to the velocity due 
to rotation to produce an inclination of the 
resultant wind with respect to the plane of 
rotation. This inclination is termed <P (phi), 
the effective pitch angle, and is a function 
of some proportion of the flight velocity (V) 
and the velocity due to rotation which is 
IT nD at the tip. The proportions of these 
terms describe the propeller “advance 
ratio” (J). 

= Y  (17.10) 
° nD 

where 

J = propeller advance ratio 

V = flight velocity, feet per second 

n = propeller rotative speed, 
revolutions per second 

D = propeller diameter, feet 

The propeller blade angle, 3 (beta), varies 
throughout the length of the blade, but a 
representative value is measured at 75 
percent of the blade length from the hub. 

(6) Note that the difference 
between the effective pitch angle, $, and 
the blade angle, ß , determines an effective 
angle of attack for the propeller blade 
section. Since the angle of attack is the 
principal factor affecting the efficiency of 
an airfoil section, it is reasonable to make 
the analogy that the advance ratio, J, and 
blade angle, ß , are the principal factors 
affecting propeller efficiency. The perfor- 
mance of a propeller is typified by the chart 
of figure 17-18 which illustrates the 
variation of propeller efficiency, Np, with 
advance ratio, J, for various values of blade 
angle, ß . The value of Np for each 3 
increases with J until a peak is reached, 
then decreases. It is apparent that a fixed 
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Figure 17-18. Propeller efficiency. 

pitch propeller may be selected to provide 
suitable performance in a narrow range of 
advance ratio, but efficiency would suffer 
considerably outside this range. 

(7) In order to provide high 
propeller efficiency through a wide range of 
operation, the propeller blade angle must 
be controllable. The most convenient 
means of controlling the propeller is the 
provision of a constant speed governing 
apparatus. The constant speed governing 
feature is favorable from the standpoint of 

engine operation in that engine output and 
efficiency is positively controlled and 
governed. The governing of the engine- 
propeller combination will allow operation 
throughout a wide range of power and 
speed while maintaining efficient operation. 

(8) If the envelope of maximum 
propeller efficiency is available, the propul- 
sive horsepower available will appear as 
shown in the second chart of figure 17-19. 
The propulsive power available, Pa, is the 
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Figure 17-19. Power available. 
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product of the propeller efficiency and 
applied shaft horsepower. 

Pa = 
TV 
325 

Pa = (np) (BHP) 

(17.9) 

(17.10) 

The propellers used on most large recipro- 
cating engines derive peak propeller effi- 
ciencies on the order of np = 0.85 to 0.88. 
Of course, the peak values are designed to 
occur at some specific design condition. For 
example, the selection of a propeller for a 
long-range transport would require match- 
ing of the engine-propeller combination for 

peak efficiency at cruise condition. On the 
other hand, selection of a propeller for a 
utility type aircraft would require matching 
the engine-propeller combination to achieve 
high propulsive power at low speed and 
high power for good takeoff and climb 
performance. 

(9) Several special considera- 
tions must be made for the application of 
aircraft propellers. In the event of a 
powerplant malfunction or failure, provi- 
sion must be made to streamline the 
propeller blades and reduce drag so that 
flight may be continued on the remaining 
operating engines. This is accomplished by 
feathering the propeller blades which stops 
rotation and incurs a minimum of drag for 
the inoperative engine. The necessity for 
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Figure 17-20. Propeller drag contribution. 
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feathering is illustrated in figure 17-20 by 
the change in equivalent parasite area, A f, 
with propeller blade angle, 3 , of a typical 
installation. When the propeller blade 
angle is in the feathered position, the 
change in parasite drag is at a minimum 
and, in the case of a typical multiengine 
aircraft, the added parasite drag from a 
single feathered propeller is a relatively 
small contribution to the aircraft total 
drag. 

(10) At smaller blade angles 
near the flat pitch position, the drag added 
by the propeller is very large. At these 
small blade angles, the propeller windmill- 
ing at high rpm can create such a 
tremendous amount of drag that the 
aircraft may be uncontrollable. The pro- 
peller windmilling at high speed in the low 
range of blade angles can produce an 
increase in parasite drag which may be as 
great as the parasite drag of the basic 
airplane. An indication of this powerful 
drag is seen by the helicopter in autorota- 
tion. The windmilling rotor is capable of 
producing autorotation rates of descent 
which approach that of a parachute canopy 
with the identical disk area loading. Thus, 
the propeller windmilling at high speed and 

small blade angle can produce an effective 
drag coefficient of the disk area which 
compares with that of a parachute canopy. 
The drag and yawing moment caused by 
loss of power at high engine-propeller speed 
is considerable and the transient yawing 
displacement of the aircraft may produce 
critical loads for the vertical tail. For this 
reason, automatic feathering may be a 
necessity rather than a luxury. 

(11) The large drag which can be 
produced by the rotating propeller can be 
used to improve the stopping performance 
of the aircraft. Rotation of the propeller 
blade to small positive or negative values 
with applied power can produce large drag 
or reverse thrust. Since the thrust capabil- 
ity of the propeller is quite high at low 
speeds, very high deceleration can be 
provided by reverse thrust alone. 

b. Limitations. The operating limi- 
tations of the propeller are closely asso- 
ciated with those of the powerplant. 
Overspeed conditions are critical because of 
the large centrifugal loads and blade 
twisting moments produced by an exces- 
sive rotative speed. In addition, the 
propeller blades will have various vibratory 
modes, and certain operating limitations 
may be necessary to prevent exciting 
resonant conditions. 
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CHAPTER 18 

PRIMARY FLIGHT MANEUVERS 

Section I. INTRODUCTION 

18-1. GENERAL 

Up to now we have dealt with the aerody- 
namic principles of flight and the develop- 
ment of the total aircraft. The remaining 
chapters are devoted to the conduct of 
maneuvers/tasks within the capability of 
Army fixed wing aircraft. While this 
manual does not deal with specific aircraft, 
it does attempt to provide the aviator with 
an understanding of the elements and 
interactions of the maneuvers and tech- 
niques which will lead to the accomplish- 
ment of his mission. Understandably, the 
first measurement of a good aviator is his 
ability to assess all the variables associated 
with flying and then recognize and perform 

an acceptable solution to any situation 
without exceeding his or the aircraft’s 
limitations. An aviator who does not know 
what his aircraft can do may either set such 
a high safety margin that both aircraft 
performance and missions suffer, or such a 
low safety margin as to damage the aircraft 
or himself and/or fail to complete his 
mission. Sometimes a great deal of 
intestinal fortitude is required to do what is 
right. For instance, during a short-field 
takeoff with high trees at the far end of the 
runway, logic and knowledge will tell you 
that forcing the aircraft off too soon will 
degrade takeoff performance, while instinct 
pushes for you to get it off now. It requires 
an understanding of aircraft performance 
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and a lot of argument with yourself 
sometimes to do what is right in a 
particular situation. Assuming that the 
aviator possesses an understanding of the 
material covered in previous chapters, the 
remaining chapters will now discuss the 
actual mechanics of flight maneuvers and 
procedures. 

18-2. AIRCREW TRAINING MANUAL 
(ATM) 

Before beginning a discussion of fixed 
wing operations, it must be noted that this 
manual is intended to enhance the fixed 
wing aircrew training manual. The ATM 
establishes the task requirements for all 
phases of aviator training (e.g., initial, 
refresher, mission). The ATM prescribes 
the conditions, standards, and description 
for tasks to be completed by each Army 
aviator in his mission aircraft. This manual 
establishes no standards, but rather dis- 
cusses the philosophy and techniques of 
accepted flight maneuvers. This discussion 
attempts to provide the aviator with a 
broad understanding of the considerations 
and judgmental actions necessary to 
thoroughly understand the mechanics of 
fixed wing flight. 

18-3. PERFORMANCE PLANNING 

a. After checking the weather con- 
ditions and determining the weight of the 
aircraft, all fixed wing aviators must 
prepare a performance planning card (PPC) 
for each flight, recording data applicable to 
the mission to be performed. 

b. Pertinent data required to fill in 
the blanks on the card shall be computed 
from the performance charts contained in 
the Operator’s Manual based on existing 
conditions at the time of takeoff, en route 
and landing, and applies to both single and 
multiengine aircraft. 

c. The interpretations of the data 
entered on the card are subject to a number 
of variables with which the aviator should 
be familiar. For example, rapid changes in 
weather may produce marked variations 
between precomputed and acutal perfor- 
mance. Such factors as runway surface 
conditions, crosswinds, etc., can seriously 
affect the performance which has been 
computed and entered on the card. How- 
ever, the card is very useful as a guide to 
expected aircraft performance and shall be 
computed prior to takeoff. 

Section II. TAXIING 

18-4. GENERAL 

Taxiing is the controlled movement of an 
aircraft across the ground under its own 
power, except movement that is incident to 
takeoff and landing. The taxiing speed is 

normally that of a brisk walk; however, the 
existing taxiing area and other conditions 
may alter that speed. Throttles/power 
levers and propeller pitch angles, assisted 
sparingly and only when necessary by 
brakes, are used to attain and maintain 
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desired taxiing speed. The steerable tail- 
wheel or nosewheel, rudder, and brakes are 
used for directional control. 

18-5. USE OF THROTTLE AND 
FLIGHT CONTROLS 

a. The amount of power required to 
start the initial roll is considerably greater 
than that for normal taxiing speed. To 
check the brakes, apply pressure on the 
brakes and increase power slowly. The 
aircraft should not move. Release the 
pressure on the brakes and the aircraft 
should start to move. After the taxiing roll 
is underway, a constant power setting is 
desirable; however, if turns are made, 
throttle/power lever adjustments and 
blade pitch angle for varying wind effects 
may be required to maintain proper taxiing 
speed. In conventional gear aircraft, S- 
turning may be required to improve the 
aviator’s view of the taxiing area. How- 
ever, when in confined areas, the S-tum 
may be impossible and ground guides may 
be necessary. 

b. Wind has a definite effect on the 
aircraft while on the ground. It tends to 
retard or increase speed, as well as turn the 
aircraft. If the aviator makes improper use 
of controls, a light aircraft taxiing in a 
strong wind can be damaged (fig 18-1). 

(1) When taxiing a con- 
ventional gear aircraft into a direct 
headwind, the elevator control should be 
held back in order to raise the elevators and 
exert downward force on the tail to hold it 
on the ground. For a tricycle gear aircraft 

in the same situation, the elevator and 
aileron controls are held in a neutral 
position to give a neutral elevator and 
aileron condition. If the wind is quartering 
off the nose, the elevator and aileron 
controls are positioned so as to use the 
elevators and ailerons effectively to help 
keep the aircraft upright. To do this in a 
conventional gear aircraft, the controls are 
held back and toward the windward wing. 
For a tricycle gear aircraft, the elevator 
control is positioned to give a neutral 
elevator setting. The aileron control is held 
in the direction of the windward wing to 
give an up-aileron position. In this posi- 
tion, the aileron on the windward wing 
moves up, spoiling lift, while simul- 
taneously the aileron on the leeward wing 
lowers and creates more lift on that wing. 
This also creates more drag and helps 
counteract weathervaning tendencies. 

(2) When taxiing a con- 
ventional gear aircraft with a tailwind, the 
elevator control is moved to lower the 
elevators allowing the wind to exert a 
downward force on the tail; the ailerons 
are held in a neutral position. If the wind is 
quartering off the tail, the elevator control 
is held forward and the aileron control 
toward the leeward wing. The downward 
deflected aileron helps prevent weather- 
vaning tendencies. For a tricycle gear 
aircraft with a tailwind, the elevator 
control is moved aft to raise the elevators, 
and the ailerons are held in a neutral 
position. If the wind is quartering off the 
tail of a tricycle gear aircraft, the elevator 
control is held aft and the aileron control 
toward the leeward wing. 
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(3) Elevator position should 
never be held with force while taxiing in a 
tailwind. The propeller slipstream or 
taxiing speed may be strong enough to 
offset the tailwind; if so, the elevator has to 
be moved up to hold the tail down 
(conventional gear). When this condition 
exists, slight downward /upward position 
of the elevator normally is desirable to 
allow for wind gusts. Less throttle is 
required to taxi with a tailwind because the 
wind helps to move the aircraft. Brakes are 
used as necessary to prevent excessive 
speed. 

18-6. TAXIING PRECAUTIONS 

Most taxiing accidents can be eliminated 
by observing a few rules: 

a. The aircraft must be kept under 
constant control. 

b. When possible, S-tums (con- 
ventional gear) should be used to afford 
maximum visibility of the taxiing area. 

SæcciïMm ML 

18-7. GENERAL 

Actual flight begins with the takeoff. As 
the throttles are advanced to start the roll 
down the active runway, the takeoff 
begins. It continues until the aircraft 
becomes positively airborne. Mastery of 
the takeoff is a basic requirement of flying. 

c. Speed must be commensurate 
with the taxiing area and aviator pro- 
ficiency. 

d. Sharp turns should not be 
attempted at excessive speeds. 

e. In confined areas, wingmen or 
ground signalmen should be used, or 
aircraft should be moved by hand. 

f. At night, extra precautions must 
be taken. 

g. When in doubt about the area, a 
thorough ground reconnaissance should be 
made prior to taxiing the aircraft. 

h. Controls should be positioned 
according to wind direction and windspeed. 

i. Wingwalkers should be used 
when windspeed is excessive or when 
directional control is likely to be too 
difficult or dangerous. 

j. When applying brakes to stop 
forward movement, application of pressure 
should be smooth and continuous rather 
that rapid or abrupt. 

18-8. NORMAL TAKEOFF 

The normal takeoff (fig 18-2) is made 
directly into the wind, or as directly as the 
runway will allow. In this manner, the 
aircraft becomes airborne with a shorter 
ground roll. After completing the before- 
takeoff procedure and receiving appropri- 
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Figure 18-2. Normal takeoff. 

ate clearance, taxi onto the runway and 
aline the aircraft with the runway. Select 
runway marks or other ground reference 
points for aids to directional control during 
the takeoff. Hold the brakes and perform 
the lineup check. Release the brakes and 
advance the throttles to takeoff power. 
Maintain direction by smooth and positive 
rudder application. Because of torque, a 
sudden application of power can cause the 
aircraft to yaw sharply to the left. Check 
engine instruments early on the takeoff run 
to confirm that the engines are developing 
takeoff power, and no malfunction exists. 
Adjust fuel pressure, if applicable. (See 
following note.) At the start of the takeoff 
run, establish sufficient aileron to keep the 
wings level and hold the elevator control 
slightly aft of neutral. Positioning the 
control as described will minimize “wheel- 
barrow effect” by keeping the weight of the 
aircraft off the nose gear. Maintain 
directional control with rudders as neces- 
sary to keep the aircraft going straight 

down the runway. Avoid use of brakes for 
directional control, because braking 
lengthens the distance required for takeoff 
and can result in a blown tire as aircraft 
speed increases. As the aircraft approaches 
rotation speed (Vr), increase aft pressure 
on the elevator to establish an attitude that 
the aircraft will fly off the ground at lift-off 
speed (Vlof). Use ailerons as necessary 

during the takeoff roll to keep the wings 
level. When flight is assured, retract the 
landing gear and establish the proper initial 
climb attitude (best rate-of-climb airspeed 
(Vy)). Retract the flaps, if applicable, at 
best single-engine rate-of-climb airspeed 
(Vyse) or at minimum single-engine control 
speed (Vmc)- At single-engine maneu- 
vering altitude (not less than 500 feet above 
ground level (AGL)), adjust pitch attitude 
to obtain cruise climb airspeed. As cruise 
climb airspeed is attained, adjust power for 
the climb (maximum continuous or as 
specified in the Operator’s Manual) and set 
mixture control, if applicable. Complete 
after-takeoff procedure. The various 
factors that influence takeoff performance 
such as temperature, pressure altitude, 
aircraft weight, winds, and runway slope 
have been discussed in chapters 10 and 15 
and will be determined during the prepara- 
tion of the performance planning card. 

NOTE: When a takeoff is being 
performed at an airport where the 
elevation is fairly high above sea level 
(ASL), such as Denver, CO, and the 
aircraft being flown is equipped with a 
manual fuel enrichment system, it 
may be necessary to set the takeoff 
power and then lean the engine to 
achieve maximum engine per- 
formance. 
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18-9. CEOSSWIND TAKEOFF 

During crosswind conditions, position 
the aileron control into the wind at the start 
of the takeoff roll as if the aircraft were 
being slipped into the wind. As the aircraft 
approaches flying speed, adjust aileron 
pressure as necessary to maintain a 
wings-level attitude for lift-off and main- 
tain directional control with rudder. To 
prevent damage to the landing gear in the 
event that the aircraft were to settle back 
onto the runway, it should remain in 
“slipping” flight until well clear of the 
ground and then allowed to “crab” into the 
wind to continue a straight flightpath. 

18-10. TAKEOFF WITH OBSTACLE 
CLEARANCE CLIMB 

Complete the before-takeoff procedure. 
Aline aircraft with the runway, insuring 
that the nosewheel is straight before 
stopping the aircraft. Make use of all 
available runway. Hold the brakes firmly 
and advance the power to takeoff setting. 
Release the brakes. As the aircraft starts to 
move, smoothly place the elevator control 
slightly aft of neutral. Release of brakes 
before full power is developed may be 
required if tires start to slide, brakes do not 
hold, or if on a gravel runway where 
propeller damage could result. As airspeed 
increases during takeoff roll, adjust power 
to maintain takeoff setting. Insure that 
engine instruments are within limits. 
Adjust fuel pressure, if applicable. Main- 
tain directional control with nosewheel 
steering and rudder so the predetermined 
track is between the main gear. Maintain 
wings level with ailerons. Monitor engine 
instruments and insure that takeoff power 
is maintained. If a copilot is available, he 
should insure that engine limitations are 

not exceeded. He should assist in setting 
and maintaining the takeoff power setting 
and advise the aviator of abnormal 
indications. Rotate the nose of the aircraft 
at recommended Vr in order to establish a 
pitch attitude that will allow lift-off at 
recommended Vlof. When flight is assured, 
retract the landing gear (or call for copilot 
action) and establish proper initial climb 
attitude to obtain best angle-of-climb speed 
(Vx). After clearing the obstacle, lower the 
nose and accelerate to Vy. Retract flaps, if 
applicable, at VySe or at Vmc. Maintain 
best rate-of-climb speed until single-engine 
maneuvering altitude (not less than 500 
feet AGL) is reached; then, adjust pitch 
attitude to obtain cruise climb airspeed. As 
cruise climb airspeed is attained, adjust 
power to climb setting (maximum con- 
tinuous or as specified in the aircraft 
Operator’s Manual) and set mixture con- 
trol, if applicable. Complete after-takeoff 
procedure. 

NOTE: TLe procedum?® foi? clesurîœig 
©testacies affter talkecffi mcmnimlly calls 
fop imsSimg tin© best ninntñS tin© ©testad© 
is cleaned. Inn S©SM© twinn-eungnnn© ws- 
crafft, tMs speed imay be below 
amid/©p below skngle-ennginne stall speed 
(Vg). At tMs speed, loss off comtpol will 
pesmlt wñtln tine snnddenn foilnnp® ©£ ©mi© 
enngime. M tine pepfopnnnsunic© sectionn ©ÍF 
tine aipcpafft Opepatop’s Manmaal does 
mot slnow a Fecoimnnnnenndedl obstacle 
cleapffinnce speed OF iff tike two-ennginne 
best anngle-off-cMimnte speed is teelow 
Vnmc asnd/op uns© 1/ y se ©P tike 
single-emgnnne best anngle-off-clinnnb 
(Vxs®) ff©p tine initial dUimnto t© ©leap 
obstacles. Tine tpade-offff inn degraded 
airepafft perfformannee versnns saffety is 
s© sligM tlnat it cam be comsidered 
negligible. 
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WAKNING: Erngnim® ffaJlmFe immedi- 
ately ffolewiinig lift-off at aii?speeds 
below mimimiuim comtirol speed, simigle 
eungime (Vmc) will Fesmlt in loss of 
aircraft control. Engin® failure 
immediately following lift-off at any 
airspeed between safe twin-engine 
operative speed (VSSl2) and Vmc will 
result in loss of aircraft control iff 
immediate action is not taken to 
reduce power on the operating engine 
to retain aircraft controllability. 

18-11. MINIMUM EUN TAKEOFF 

This is a maneuver for which per- 
formance data may not be available; and 
since the takeoff is performed below Vs and 
Vmc. control of the aircraft may be lost if 
engine failure occurs at, or immediately 
following, lift-off or until Vxse speed can be 
attained or until power on the live engine is 
reduced. This procedure may be used when 
it becomes necessary to takeoff from a 
short field; a soft field covered with water, 
mud, sand, snow, etc.; or a hard, rough 
surface that may cause damage to the 
landing gear. 

a. Without Obstacle. Complete the 
before-takeoff procedure, to include the use 
of flaps as prescribed in the Operator’s 
Manual. Aline the aircraft with the desired 
takeoff track, using all the available area. 
If the surface is adequate for the use of 
brakes, hold the brakes firmly and advance 
the throttles/power levers to the takeoff 

setting; then release the brakes. If the 
brakes will not hold, release brakes and 
adjust power during the roll. Insure that 
engine instruments are within limits and 
adjust fuel pressure if applicable. Maintain 
directional control with nosewheel steering 
and rudder. Maintain wings level with 
ailerons. Start the takeoff roll with the 
elevator control full aft and as it becomes 
effective, raise the nosewheel clear of the 
surface. As the aircraft accelerates, adjust 
elevator pressure as necessary to maintain 
a nose high attitude until the aircraft 
becomes airborne. When lift-off occurs, the 
angle of attack should be reduced gradually 
to maintain the wheels just clear of the 
surface, until Vi0f speed is achieved. After 
attaining Vi0f and flight is assured, retract 
the landing gear (or call for copilot action) 
and continue to accelerate to Vy. Retract 
flaps, if applicable, at VySe or Vmc. 
Maintain Vy speed until single-engine 
maneuvering altitude is reached. Then 
accelerate to cruise climb speed. 

b. With Obstacle. This -is a 
military contingency maneuver for which 
performance data may not be available. 
Since the takeoff is performed below Vs and 
Vmc. control of the aircraft may be lost if 
an engine should fail after takeoff and 
before the aircraft can attain Vs. If the 
engine should fail while the airspeed is 
between Vs and Vmc. aircraft control can 
only be maintained by reducing power on 
the live engine. If airspeed is just above Vs, 
establishing a glide may be the only way to 
maintain control. If engine failure occurs 
above Vmc and the airspeed reaches VXse 
with insufficient altitude to descend and 
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attain a safe airspeed which would result in 
a single-engine positive rate of climb, 

maintain a controlled descent to a landing 
area. 

Section IV. FUNDAMENTALS OF FLIGHT 

18-12. GENERAL 

There are four fundamental flight 
maneuvers—straight-and-level, climbs, 
descents, and turns. Mastery of these 
fundamental maneuvers is a prime requi- 
site for aviator proficiency, since any other 
flight maneuver is a combination of two or 
more of these. 

18-13. STRAIGHT AND LEVEL 

a. Perhaps the most demanding 
maneuver is straight-and-level flight, since 
the aviator has to apply continuous 
corrections to maintain a constant heading 
and altitude. Many factors affect the flight 
attitude of an aircraft and continual small 
corrections are required. 

b. In flight, the aircraft must be 
kept steady with relationship to the horizon 
and its lateral, longitudinal, and vertical 
axes. These axes are three imaginary lines 
that are perpendicular to each other and 
pass through the center of gravity (CG) of 
the aircraft. The aircraft rolls about the 
longitudinal (nose-to-tail) axis, and yaws 
about the vertical (up-and-down) axis. The 
aviator uses reference points or instru- 
ments in the aircraft to detect movement 
about these axes. 

c. The longitudinal (or pitch) 
reference point for level flight is usually 
some portion of the nose, cowling, or even a 
bolt on the windscreen. This reference point 
may not rest directly in line with the 
horizon in level flight, but if the variation 
from the horizon is clearly established in 
the aviator’s mind, it will serve that 
purpose. A relative increase of distance 
between the eye and the reference point 
permits easier and quicker notice of 
changed relationship between the point and 
the horizon. When this reference point falls 
below the desired relationship, back 
pressure on the elevator control may be 
required to return to straight-and-level 
flight; or, if this point rises above the 
established relationship, forward elevator 
control pressure is required. With varia- 
tions of altitude caused by changes in 
atmosphere, power, and center of gravity, 
the aviator has to change the reference 
point or the relationship to fit the new level 
flight attitude. 

d. Lateral level flight is established 
by equalizing the distance between each 
wingtip and the horizon, and is controlled 
by the ailerons. 

e. Checking the lateral axis for 
straight-and-level flight serves the addi- 
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tional purpose of verifying clearance of the 
area. This is an important safety habit for 
the aviator. Furthermore, the head motion 
eases aviator tension and lessens fixation of 
attention to a limited field of vision. 

f. Straight flight is best achieved 
by establishing flight relationship with a 
section line, road, fence line, or any ground 
reference point and the nose (longitudinal 
axis) of the aircraft. The aviator uses 
ailerons and rudder to make corrections to 
maintain straight flight. As training 
becomes more advanced, direction can be 
determined by reference to the magnetic 
compass or the directional indicator. 

g. Cross-checks with the tum-and- 
bank indicator should be made to insure 
that the aircraft is in coordinated flight. 

h. Trim tabs should be adjusted for 
all conditions of flight, to relieve aviator 
control pressures. 

NOTE: A change to one of the three 
axes affects the others; therefore, 
additional control pressures are 
required for the other axes. However, 
in attempting to maintain straight- 
and-level flight, the aviator must not 
constantly alter flight controls. An 
aircraft will roll and pitch with air 
turbulence; but, if practicable, it 
should be allowed to level itpelf by 
inherent design stability. Aviator 
fatigue may result from constant 
control corrections. 

18-14. CLIMBS 

a. Climbs are used for ascent to a 
higher altitude. The type of climb that an 
Army aviator will most often use is cruise 
climb with other types of climbs limited to 
short duration only. 

(1) The cruise climb is made at 
an angle, airspeed, and power that will give 
a desirable lift-drag ratio. Climb power 
settings are depicted in the Operator’s 
Manual. For aircraft with variable pitch 
propellers, rpm should be increased to 
climb setting prior to increasing manifold 
pressure/torque. The Operator’s Manual 
should be referred to in determining the 
recommended climb airspeed and power 
setting. 

(2) Cruise climb attitude is 
entered from straight-and-level flight by 
the aviator applying back pressure to the 
elevator control. As the aircraft’s nose 
starts to rise, airspeed begins to dissipate; 
and power should be slowly and smoothly 
added to obtain climbing power and speed 
simultaneously. Continuous movement of 
the throttles/power levers will be required 
to maintain a constant power setting as the 
aircraft climbs to higher altitudes. The 
aviator enters climb pitch attitude by 
relating reference points on the aircraft to 
the horizon. 

NOTE: Flight controls feel quite 
different to the aviator at slower 
climbing airspeeds, and they react to 
aviator pressures more slowly. 
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(3) Increased power and 
decreased speed result in a left turn or yaw 
during climb. To compensate, pressure on 
the right rudder pedal is required through- 
out the climb. If rudder trim is available by 
cockpit control, it should be used to relieve 
pedal pressure. If available, elevator trim 
should also be used to relieve elevator 
control pressure during the climb. 

(4) When the desired altitude is 
reached, the power will be adjusted to 
maintain the desired airspeed in level 
flight. This is best accomplished by 
starting to lower the nose of the aircraft as 
the desired altitude is approached and by 
maintaining climb power. When altitude 
and cruising airspeed are reached, level-off 
is completed by reducing power to normal 
cruise. When reducing power, first reduce 
manifold pressure/torque, then reduce 
rpm. Then the aircraft should be retrimmed 
for straight-and-level flight at normal 
cruise. 

b. Best Angle of Climb. This climb 
yields the greatest amount of altitude for a 
given distance across the ground and is 
used when performing an obstacle clear- 
ance climb. It is performed the same as the 
cruise climb, except that the pitch attitude 
is adjusted to attain, and maintain obstacle 
clearance airspeeds (Vx), as depicted in the 
Operator’s Manual. Those airspeeds have 
been selected to give adequate margins 
above the flaps-up stall speed and Vmc- It 
also becomes Vxse if it is necessary to clear 
an obstacle while operating on one engine. 

c. Best Rate of Climb. This climb 
yields the greatest amount of altitude for a 
given time. It is used for the initial climb 
segment after takeoff and any other time it 
is desired to expedite the climb to altitude. 
It is performed the same as the cruise climb 
except that the pitch attitude is adjusted to 
attain and maintain Vy as depicted in the 
Operator’s Manual. When required to 
climb while operating on one engine, other 
than to clear an obstacle, use maximum 
Vyse- 

18-15. GLIDES AND DESCENTS 

The glide is used to descend to a lower 
altitude. The normal glide is a glide at an 
angle and airspeed permitting the greatest 
forward distance with a given loss of 
altitude. Refer to the Operator’s Manual to 
determine best glide airspeed. 

a. To enter the glide from a 
straight-and-level flight, the aviator should 
reduce power to idle or required setting in a 
smooth motion. Maintain altitude until 
airspeed dissipates to normal glide airspeed 
for the particular aircraft; then lower the 
nose to maintain that airspeed. With 
reduced power and airspeed, control 
pressures on both the elevator and rudder 
should be coordinated to maintain glide 
attitude and direction. Without power, the 
aircraft tends to turn to the right; and the 
left rudder pedal has to be used to 
counteract this tendency. As airspeed 
decreases, back pressure should be applied 
to the elevator control to keep the nose in 
level attitude. When gliding airspeed is 
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reached, the aviator should reduce back 
pressure to lower the nose of the aircraft 
and to maintain the gliding attitude. If 
available, trim is used to relieve aviator 
control pressures. 

b. As in the climb, initial glide 
training requires reference points to main- 
tain correct glide attitude until the ability 
to sense and feel the proper speed and 
attitude is developed. 

c. The level-off from a normal glide 
should begin about 50 feet prior to reaching 
the desired altitude. At this time, the 
aviator should increase power slowly and 
smoothly to that desired. While maintain- 
ing straight-and-level flight, the airspeed 
will stabilize at an indication corresponding 
to the power setting. As power increases, 
adjust rudder to maintain heading. After 
the aircraft has stabilized in straight-and- 
level flight attitude, the aviator retrims to 
relieve control pressures. 

d. Wind affects a glide (fig 18-3) by 
varying ground track and distance covered. 
In a headwind, the glidepath will be steeper 
if the airspeed remains unchanged because 

the effective headwind will reduce the 
groundspeed of the aircraft by the amount 
of that component. An aircraft gliding at 
60 knots into a headwind of 60 knots will 
have a groundspeed of zero, and will make 
a vertical descent. By the same analysis, 
the same aircraft gliding with a 60-knot 
tailwind will have a groundspeed of 
approximately 120 knots and a propor- 
tionately shallower glidepath. 

e. When performing enroute 
descents, establish the descent by reducing 
power and adjusting pitch attitude to 
maintain cruise airspeed and the desired 
rate of descent. During the descent, control 
airspeed by adjusting pitch attitude and 
power. The rate of descent will depend on 
the amount of power reduced. Adjust 
mixture as necessary, if applicable. Trim as 
required throughout the maneuver. 

f. When performing slow cruise 
descents, reduce power to a setting below 
that required for level flight at slow cruise. 
Maintain altitude while decelerating to 
slow cruise. Approaching slow cruise 
airspeed, adjust pitch attitude and power 

r HEADWIND NO WIND TAILWIND 

Figure 18-3. Effect of wind on a glide. 
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to maintain slow cruise airspeed and the 
desired rate of descent. The rate of descent 
will depend on the amount of power 
reduced. Trim as required throughout the 
maneuver. 

g. When performing maximum rate 
descents, establish the descent by reducing 
the power to idle (or minimum allowable) 
and confígure the aircraft as recommended 
in the aircraft Operator’s Manual. Adjust 
pitch attitude to maintain maximum 
operating speed (Vmo). In order to 
maintain positive G-forces for proper 
clearing of altitudes below, a 25-degree to 
45-degree bank should be established in the 
initial descent for at least a 90-degree 
heading change. During the descent, 
control airspeed by adjusting pitch atti- 
tude. Trim as necessary throughout the 
maneuver. 

18-16. TURNS 

Turns are used to change the direction of 
the flightpath. The three general classifi- 
cations are shallow, medium, and steep. 

a. Turns are made by inclining the 
aircraft’s lateral axis toward the horizon by 
moving the aileron control as shown in 

figure 18-4. A difference of lift developed on 
each wing causes the aircraft to bank. 
Actually the lift already being developed 
by the wing has been directed toward the 
desired side of turn. After the desired angle 
of bank is established, the ailerons should 
be returned to the NEUTRAL position. If 
the ailerons are not neutralized, the angle 
of bank and rate of turn will continue to 
increase. 

b. Since drag increases with lift and 
the ailerons cause a difference in lift, an 
aircraft being banked in one direction tends 
to yaw in the opposite direction. This 
yawing tendency is commonly referred to 
as “adverse yaw” and is more noticeable 
when large, brisk movements are made 
with the ailerons. A slow deliberate 
movement of the aileron control in the 
direction of the turn will reduce the yawing 
tendency, but will considerably increase 
the time required to establish bank. 

c. Rudder is used to prevent yaw 
when entering or recovering from a bank; 
however, it is not used to turn the aircraft. 
For example, if the aileron control is moved 

Figure 18-4. Lift. 
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to the right, the aviator uses right rudder 
until the bank is established. The rudder 
pressure is then released and the rudder 
allowed to streamline (A, fig 18-5). If 

bottom (inside) rudder pressure is held 
during the turn, the aircraft will skid (B, 
fig 18-5). If top (outside) rudder pressure is 
applied, the airplane will slip (C, fig 18-5). 

A. RUDDER STREAMLINED WITH TURN (NEUTRAL PRESSURE) 

0*2 

TURN/BANK 
INDICATOR 

ORIGIN^"' S - - 

A/EvC 
LlGHrPATH 

JZ-'T- 

\ \ 

TURN/BANK 
INDICATOR 

SKID 

B. RUDDER INTO THE TURN. OR EXCESS TURN FOR DEGREE OF BANK-SKIDDING RESULTS. 

NEW 
r"' FLIGHTPATH 

V - -I - \ i "V 
0/í'G//V¡ 'AL 

SLIP 

TURN/BANK 
INDICATOR 

C. OPPOSITE RUDDER, OR INSUFFICIENT TURN FOR BANK ENTERED-SLIPPING RESULTS. 

Figure 18-5. Effect of rudder in turns. 
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d. An aircraft is correctly banked 
by coordinated use of ailerons and rudder. 
The relative use of these controls is 
determined by the characteristics of the 
particular aircraft and the airspeed at 
which the maneuver is executed. After the 
aircraft has been banked for a turn, the 
angle of bank should be held constant 
without skidding or slipping. This requires 
some adjustment of aileron, rudder, and 
elevator pressures, depending upon the 
characteristics of the aircraft and its speed. 

e. Once a turn is started, the 
aviator begins to increase elevator control 
back pressure to maintain level flight. This 
increases the angle of attack and results in 
more lift, which compensates for the loss of 
vertical lift and for the additional weight 
caused by the centrifugal force of the turn. 
The amount of back pressure on the 
elevator control is in proportion to the 
steepness of the bank. 

f. General rules cannot be set for 
determining, in advance, the exact amount 
of control pressures for a specified aircraft. 
The pressure must be learned from actual 
practice. 

g. The stalling speed of an aircraft 
is increased in a turn because of the 
increase of aerodynamic load from cen- 
trifugal force. The increase of stalling speed 
is proportional to the square root of the 
load factor. Therefore, an aircraft with a 
normal stalling speed of 60 knots will 
stall at 120 knots with a load factor of 4 
Gs. 

h. Climbing turns generally are 
made with a shallow bank. With the 
shallow angle, the bank is not steep enough 
to cause the resultant of lift to drop 
appreciably. Normally, since airspeed is 
less than at normal cruise with power 
greater, torque tends to turn the aircraft to 
the left. In aircraft without trim control, 
entry in a left climbing turn does not 
always require left rudder pedal; instead, a 
slight relaxation of pressure on the right 
rudder pedal will prevent skidding. In 
entering a right climbing turn, the pilot 
must increase rudder pressure beyond that 
of a straight climb. 

i. Gliding turns generally should 
be limited to no more than a medium bank. 
However, if the situation requires a steeper 
bank, the aviator must remember that 
stalling, speed increases as the bank 
increases. 

18=17. ATTITUDE FLYING 

a. Attitude flying is based on the 
concept that attitude and power = 
performance. In other words, the attitude 
of the aircraft in relation to the horizon and 
the power applied are the only two elements 
of control. Proper use of these two elements 
of control will produce any desired 
maneuver within the capability of the 
aircraft. Therefore, all maneuvers must be 
based solidly upon attitude and power 
control references. When flying contact, 
the aviator uses both inside references 
(instruments) and outside references 
(horizon). When flying under instrument 
conditions, the aviator uses inside 
references only. In either case, the attitude 
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and power settings are identical for each 
maneuver and the operation of the controls 
remain the same. 

b. There are some basic facts that 
each aviator must learn: 

(1) For a given power setting, 
there is a pitch attitude that will maintain a 
constant altitude/vertical rate and 
constant airspeed. A decrease in pitch 
attitude will result in a loss of altitude and 
an increase in airspeed. Conversely, an 
increase in pitch attitude will result in a 
gain of altitude and a decrease in airspeed. 

(2) For a given pitch attitude, 
there is a power setting that will maintain a 
constant altitude/vertical rate and 
constant airspeed. A decrease in power will 
result in a loss of altitude and airspeed. 
Conversely, an increase in power will result 
in a gain in altitude and airspeed. 

(3) For a given angle of bank, 
there is a power setting and pitch attitude 
that will maintain a constant altitude/ 
vertical rate and constant airspeed. This 
pitch attitude and airspeed will be greater 
than that required for wings-level flight 
and will increase with an increase in the 
angle of bank, due to loss of vertical lift, 
and increase in centrifugal force. 

c. Therefore, it can readily be seen 
that attitude and power must be coordi- 
nated when performing those maneuvers 
which require a constant airspeed and 

constant altitude/vertical rate. Power is 
used to control the airspeed, and attitude is 
used to control the altitude/vertical rate. 

d. For those maneuvers that 
require a fixed power. setting (such as 
takeoff, climb, and all power-off maneu- 
vers), the power is kept constant and 
attitude is used to control the airspeed or 
vertical rate, whichever is required. One or 
the other must be a variable. 

e. Through knowledge gained from 
experience, the aviator will learn the 
approximate power setting and attitude for 
each maneuver and should use these 
initially. Then, after the aircraft has 
stabilized, make further adjustments as 
needed. There are four factors involved 
when aircraft attitude and power are 
modified, or adjusted, by the aviator—the 
time of the adjustment, the rate of 
adjustment, the amplitude or extent of the 
adjustment, and the length of time that the 
adjustment is maintained. 

f. Keeping the basic control 
elements and modifiers in mind, the aviator 
cross-checks to maintain a constant aware- 
ness of what the aircraft is doing at the 
moment. A thorough, rapid cross-check of 
references is an absolute necessity in good 
aircraft control. Next, the aviator must be 
able to correctly interpret what he sees 
during the cross-check. From this interpre- 
tation, the aviator must be able to project 
what the aircraft is going to do, based on 
the power setting and attitude that is being 
maintained. If the maneuver is being 
properly performed, the aviator simply 
continues with the process of cross-check 
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and interpretation. If the aviator deter- 
mines that a change is necessary, he makes 
the necessary changes to attitude and/or 

power, by proper application of the 
controls, to cause the aircraft to correctly 
perform the desired maneuver. 

18-18. GENERAL 

Most aircraft must actually be forced 
into a dangerous attitude, and even then, if 
permitted to do so, they will usually right 
themselves to normal flight attitude. 
Through practice of confidence maneuvers, 
the aviator gains knowledge of the aircraft 
stability and maneuverability characteris- 
tics. 

18-19. SLOW FLIGHT 

a. Slow flight serves two purposes. 
It teaches the beginning student that the 
aircraft will fly with sufficient control at 
reduced airspeeds. For the experienced 
aviator, it serves as a review and coordina- 
tion exercise for power approach 
techniques, as well as acting as a founda- 
tion for other flight activities. 

(1) Slow flight may be at any 
airspeed between normal cruise and 
stalling, but is usually flown about 5 knots 
above stalling airspeed. Pitch and power 
are used as necessary to control altitude. 

dissipate. Altitude is maintained by in- 
creasing elevator control back pressure as 
airspeed dissipates. At the point where 
attitude alone will not maintain altitude, 
required pitch and power are used to 
control altitude and airspeed. Turns can 
then be executed, but the angle of bank 
should be shallow due to reduced airspeed. 
Slow flight should be practiced in the cruise 
and landing configurations during straight- 
and-level flight, climbs, descents, and 
turns. 

b. The maintenance of lift and 
control of an aircraft in flight depends upon 
maintaining a certain minimum airspeed. 
This critical airspeed will depend upon the 
various circumstances of flight, such as 
gross weight, G loads imposed by 
maneuvering, and density altitude. 

c. The closer the airspeed is 
reduced to this critical airspeed, the less 
effective are the flight controls. The order 
in which the controls lose effectiveness is 
normally elevator, ailerons, and rudder. 

(2) Slow flight is entered by 
reducing power and letting the airspeed 
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stalling speed by the diminishing effective- 
ness of flight controls. 

e. Slow flight in the cruise con- 
figuration will need a higher pitch attitude, 
but less power than slow flight with the 
flaps down. The higher the pitch attitude 
for any configuration, the greater the 
power required. Some aircraft, due to 
weight and power available, cannot main- 
tain altitude with full power. Any attempt 
to maintain altitude or climb in this 
condition will result in a stall. The proper 
correction is to reduce pitch attitude and 
increase airspeed. 

f. Flight at minimum airspeed will 
require a positive use of rudder and ailerons 
to counteract asymmetrical loading of the 
propeller, action of the corkscrewing slip- 
stream, and torque reaction. Rolling in and 
out of turns will require more rudder than 
at normal airspeeds, due to greater 
displacement of the ailerons required. 
Banking to the left, however, will normally 
require only relaxing the right rudder 
pressure, unless trim has been used to 
relieve all rudder pressure. 

g. As airspeed slows, the faster the 
rate of turn will be for any given bank. This 
should be noted by the aviator, for proper 
rate of turn for bank angle is part of 
coordination. Coordination becomes more 
important as airspeed slows, to avoid loss 
of control and possible spin. Stall speeds 
increase with bank angle; and when 
operating at minimum airspeed, positive 
use of power will be required in turns to 
prevent a stall. 

h. As flaps are extended, lift is 
rapidly increased; and the pitch will have to 
be lowered to prevent a gain in altitude. 
The faster the airspeed when flaps are 
extended, the more the pitch change will 
have to be. Conversely, when the flaps are 
retracted, the pitch attitude will have to be 
raised to prevent a loss of altitude due to 
the loss of lift. The slower the airspeed, the 
greater the pitch change will have to be. 
Flaps should not be retracted at or below 
flaps-up stall speed. 

18-20. STALLS 

a. General. An aircraft will stall 
only when an excessive angle of attack is 
reached. The stall (fig 18-6) may occur at 
reduced airspeed or at any airspeed 
following an abrupt change of attitude 
which causes a high load factor. When the 
stall occurs, the aviator must be able to 
recognize it and take proper corrective 
action. Practice stalls are, therefore, part of 
confidence maneuvers. 

(1) An aircraft will stall at the 
same angle of attack without regard to 
pitch attitude (A, B, and C, fig 18-6). In a 
power-off stall (A, fig 18-6), reduce power 
to idle and enter a normal glide. The nose is 
raised approximately to a landing attitude, 
which is maintained until the stall occurs. 
At this time, the nose of the aircraft will 
drop below level flight attitude if aft 
pressure is released. Flying speed will be 
regained, and the aircraft will tend to 
assume a normal glide attitude. Through- 
out the stall sequence, proper rudder and 
aileron coordination is imperative to 
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prevent slipping or skidding during 
recovery. If the aircraft stalls left or right 
wing low, rudder application has been 
improper. 

control. As stall occurs and the nose of the 
aircraft starts dropping, with airspeed 
increasing, release right rudder pressure. 

RELATIVE 

WIND 

A.POWER-OFF STALL 

«ELATIVF 

WIND 

B. POWER-ON STALL 

C. HIGH-SPEED STALL 

Figure 18-6. Relative stall attitudes. 

(2) For the power-on stall (B, 
fig 18-6), power and resultant thrust 
require greater pitch attitude. Normally, a 
given pitch attitude is maintained until the 
stall occurs. As airspeed starts dissipating, 
the aviator should compensate left turn 
effect with right rudder and continue to 
increase aft pressure on the elevator 

(3) Initially, stall recovery 
should be effected in a positive manner by 
lowering the nose (decreasing angle of 
attack) and applying power to regain flying 
speed; then adjust flight controls to attain 
straight-and-level flight at cruise setting. 
A constant heading should be maintained 
throughout the recovery. 

(4) As proficiency in stall 
recognition and recovery develops, the 
aviator can complete the recovery with 
little or no loss of altitude. He should 
practice this until recovery can be made at 
the moment the initial stall buffet occurs. 
As the aircraft stalls, the aviator should 
relax back pressure and smoothly apply full 
power to increase the thrust, and thereby 
help break the stall. 

(5) The aircraft can stall in 
both gliding and climbing turns and these 
maneuvers should be practiced. Stall 
recovery is accomplished by lowering the 
nose of the aircraft to lessen the angle of 
attack. Then, the wings are leveled and the 
nose of the aircraft is pulled back to 
level flight attitude. Power may be used to 
help effect recovery. Recovery from turning 
stalls should also be practiced and recovery 
completed while maintaining the turn. 

b. Aircraft Characteristic Stall. Re- 
duce airspeed to slow cruise, adjust 
propellers to cruise climb setting or above, 
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and configure aircraft for cruise or landing. 
Clear area, set power to at least 50 percent 
(power on) or idle (power off), and increase 
pitch attitude to achieve stall. At the first 
physical indication (the stall buffet), 
recover by reducing the angle of attack to 
level flight attitude (for the airspeed) and 
perform a go-around procedure. Consider 
turbine lag involved on recovery, if 
applicable. 

c. Takeoff Configuration Stall. 
Stall should be practiced from straight 
climbs and from 15° to 30° of bank. Reduce 
airspeed to slow cruise and configure 
aircraft for takeoff (landing gear down; 
flaps at takeoff setting, if applicable; 
mixture set, if applicable; and proper 
takeoff rpm). Clear the area and begin the 
maneuver by reducing power. To avoid 
excessively steep nose-up attitude on 
takeoff and departure stall demonstration, 
the airspeed will be reduced to slightly 
below Viof. Set trim for takeoff, and use at 
least 65 percent of available power. As the 
aircraft accelerates to Vlof. the angle of 
attack should then be increased smoothly 
until first indication of a stall (the stall 
buffet). Recover by reducing the angle of 
attack and simultaneously stopping the 
turn and maintain heading while the wings 
are being leveled through coordinated use 
of the controls. Do not add power during 
recovery, simulating the takeoff condition 
where no additional power is available. 
Complete the maneuver by performing 
after-takeoff procedures. 

d. Landing Configuration Stall. Re- 
duce airspeed to slow cruise and configure 
aircraft for landing. Clear the area while 

flying a simulated traffic pattern. Complete 
before-landing procedures. 

(1) Turning stalls may be 
practiced during the turns at downwind to 
base or base to final position of the 
simulated traffic pattern. Reduce airspeed 
to the appropriate Vref plus airspeed. Bank 
the aircraft for a turn to the base leg or turn 
to final, whichever is to be used. Use 
elevator control only to maintain airspeed 
(initial stall speed + 5 knots). At the first 
indication of a stall (the stall buffet), 
recover by reducing the angle of attack, 
adding maximum allowable power, 
stopping the turn while leveling the wings. 
Establish an initial climb pitch attitude to 
accelerate to Vy. Complete the maneuver 
by performing go-around procedure. 

(2) Landing stalls ( straight 
ahead descent) may be practiced by 
establishing the appropriate final approach 
speed (normally with full flaps). Smoothly 
increase pitch attitude (angle of attack) 
while reducing power to simulate a landing 
flareout. Trim as required. At the first 
physical indication of a stall (the stall 
buffet), recover by reducing the angle of 
attack to a level flight attitude (for the 
airspeed) and simultaneously adding 
maximum allowable power. Establish an 
initial climb pitch attitude to accelerate to 
Vy. Complete the maneuver by performing 
go-around procedure. 

e. Accelerated Stall, Landing Con- 
figuration. Prior to flight, consult the 
Operator’s Manual to determine the base 
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line airspeed. Reduce airspeed to slow 
cruise and configure the aircraft in the 
landing configuration. Clear the area and 
reduce the airspeed to 1.3 times the base 
airspeed above. Using a power-off setting 
or zero-thrust setting, begin the maneuver 
by establishing a medium bank descent, 
simulating a base leg to final turn. After 
the turn is established, increase pitch 
attitude at a moderately rapid rate and 
bank attitude as necessary, as if trying to 
compensate for overshooting the turn from 
base to final. This will increase wing 
loading and increase stalling speeds. The 
first physical indication should occur at an 
airspeed of not more than 1.25 times the 
established base aiirspeedl. At the first 
physical indication of a stall (the stall 
buffet), recover by reducing the angle of 
attack and returning to level flight through 
use of coordinated controls and perform 
go-around procedure. 

f. Accelerated Stall, Level Flight. 
Reduce airspeed to slow cruise. Clear the 
area and reduce the airspeed to 1.3 times 
wings-level stall speed (WLSS). (Remem- 
ber the power setting used in determining 
the wings-level stall speed must be the 
same power setting used when performing 
accelerated stalls.) Increase pitch attitude 
(single of attack) at a moderately rapid rate 
to increase the wing-loading so as to cause 
the first physical indication of a stall to 
occur as close as possible to WLSS times 
1.3. At the first physical indication (the 
stall buffet) of a stall, recover by reducing 
the angle of attack and return to level flight 
attitude (for the airspeed) and perform 
go-around procedures. This stall relates to 
an abrupt pullup to clear an obstacle at the 

end of the departure runway or a pullout 
from a dive. 

18-2L SPUN® 

A high degree of proficiency is required 
to avoid an accidental or unintentional 
spin. Generally, aircraft are designed to 
resist spinning. Yet, at minimum airspeed, 
spinning is possible by mishandling of the 
controls. It may occur so easily and 
smoothly that the inexperienced aviator 
detects the change only after spin entry. 
Little or no warning may precede this type 
of spin. Obviously, the ability to recover 
from a spin is essential to safe flying, and it 
bolsters the aviator’s morale and con- 
fidence. 

a. Normally, the intentional spin is 
a maneuver in which the aircraft descends 
in a helical path while in a stalled condition, 
rotating about its vertical and longitudinal 
axes. The nose of the aircraft will be 
pointing at some angle between horizontal 
and vertical, depending on the aircraft. It 
may be entered from either a power-on or 
power-off stall. 

b. When the spin is entered (fig 
18-7), proper control to keep the aircraft 
spinning consists of full rudder, full back 
elevator control, and neutral aileron con- 
trol. Rudder is held toward the inside of the 
spin. If either rudder or elevator pressure is 
relaxed, the aircraft normally tends to fly 
out of the spin. 
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c. Recovery from the spin is 
achieved by stopping the rotation and 
breaking the stall. Rotation is stopped by 
applying positive opposite rudder. In most 
aircraft, the stall is broken by releasing 
back pressure, at which time the rudder is 
neutralized to avoid a skidding recovery. 
By slight back pressure on the stick, the 
aircraft is eased out of the resulting dive 
and returned to straight-and-level flight. 
Power is added as airspeed returns to 
normal cruise. If the recovery from the dive 
is too abrupt, a secondary stall may occur, 
with recovery from it resulting in a further 
increase of airspeed and loss of altitude. It 
is also possible to exceed design/ultimate 
load factor if the pullout from the dive is 
too abrupt. 
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S©(Et2©ia VI. COOEDSNATION SXEECISES 

18-22. GENERAL 

Coordination exercises vary in degree of 
difficulty, but together they develop and 
maintain proficiency in the coordinated use 
of flight controls. They should be practiced 
throughout an aviator’s career. 

18-23. BANKS WITHOUT TURNS 

a. The first of two elementary 
coordination exercises is that of a series of 
banks without letting the aircraft turn, 
sometimes referred to as the “Dutch Roll” 
or “control timing.” Although the aircraft 
does slip during the maneuver, the aviator 
develops a perceptual motor skill—the 
ability to perceive flight characteristics or 
faults and to respond instinctively with 
corrective action. 

b. To perform this maneuver, a 
constant heading is maintained while the 
aircraft is rolled back and forth from right 
to left banks without pause at the 
wings-level position. The maneuver is 
entered by applying either left or right 
aileron and opposite rudder pedal in the 
desired direction of bank. As the degree of 
bank is reached, a reversal of the procedure 
is followed. Altitude is kept constant. The 
degree of bank may be increased progres- 
sively with skill in performance of the 
maneuver, or a specified degree of bank 
may be used. The rate at which control 
pressures are applied will affect the 
coordination of the maneuver. Combining 
this maneuver with climbs and glides 

further develops pilot control touch, tim- 
ing, and alertness. 

18-24. BANKS WITH TURNS 

a. The second elementary coordina- 
tion exercise consists of a series of banks 
with turns. The bank is shallow at first, 
with the angle increased as proficiency 
develops. The aircraft is allowed to turn 
while the aviator maintains continuous 
coordinated flight. 

b. A reference line on the ground, 
normally a straight road or fence row, is 
chosen and the aircraft flown above and in 
alinement with this ground line. The 
aviator starts the first turn in either 
direction and allows it to continue until the 
heading is approximately 45° from the 
original heading, at which time a turn in 
the opposite direction is started and 
continued for 90° (45° from the original 
heading in the opposite direction). 

c. The entry of the turn, or roll-in, 
should be smooth and steady until the 
desired degree of bank is attained. The 
change from one bank to one in the 
opposite direction is continuous, without 
pause at the wings-level position. The new 
turn is continued for 90° (45° from original 
heading in opposite direction). Altitude 
should be held constant, and all turns 
should be fully coordinated. The rollout 
from each turn must be led to insure that 
the desired heading is not overshot. 
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gectîom VÏÏL PEIMAEY GROUND TRACK MANEUVERS 

18-25. GENERAL 18-26. RECTANGULAR COURSE 

Much Army aviation flying is performed 
at low altitudes and requires frequent and 
often prolonged observations outside the 
cockpit. Therefore, the aviator must 
develop perceptual motor skills to such a 
degree that he reacts automatically and 
safely to flight requirements while keeping 
most of his attention on mission require- 
ments. 

«0 

WIND 

£ o i/* 
X 

The rectangular course is an elementary 
ground track maneuver, but even an 
experienced aviator may fail to fly a good 
rectangular course if he does not closely 
follow well-planned procedures. 

a. An area approximately one-half 
square, or as close to this measure as 
terrain permits, with straight sides and 
well-defined corners is selected for the 
exercise. Usually the aircraft is flown 
around this area at the established traffic 
pattern altitude, and away from and 
parallel to the sides of this area (fig 18-8) at 
a distance equal to the turn radius of the 
aircraft in a medium bank. When flying 
crosswind, the aircraft is crabbed as 
necessary to maintain a ground track 
parallel to the area sides. Each turn is 
started when the comer is reached, and 

WIND 
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Figure 18-8. Rectangular course. Figure 18-9. Wind circle. 
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executed so as to roll out of the turn when 
the comer is completed at the prescribed 
distance from the next side to be flown. The 
arc over the ground during the turn should 
be equidistant from the comer at all times; 
together, all four turns should form a circle 
(fig 18-9). The bank varies on each turn, as 
necessary, to compensate for wind and 
maintain a constant-radius turn. 

b. When flying the rectangular 
course, attention must be divided between 
outside alinements and control of the 
aircraft. Ground track should be parallel 
with the sides and with altitude held 
constant. Roll-in and rollout of turns must 
be properly timed, and bank must be 
correctly varied to give a constant-radius 
turn regardless of wind direction. An 
aviator who thoroughly understands and is 
able to fly a good rectangular course has 
the foundation basis for flying the traffic 
pattern. 

18-27. g-TURNS ACROSS A ROAD 

Because wind affects ground track, 
proper timing of entry and exit of turns is 
a definite requirement for safe flying. 
Aviator perceptions during turns near the 
ground are different from those at higher 
altitude and can cause control errors which 
lead to the accidental spin. Therefore, 
benefits gained from the exercise of 
S-tuming across a road are a vital part of 
aviator training. 

a. For the exercise, a straight road 
(or fence line) is selected which runs 
perpendicular to the wind, or as close to 
perpendicular as possible. The aircraft 
initially is flown either into the wind or 
downwind to cross the road at right angles. 
As the road is crossed, the pilot starts a 
turn in either direction and continues it 
through 180°. The turn is timed so that the 
aircraft crosses the road perpendicularly as 
the wing reaches level attitude during 

WIND 

SHALLOW SHALLOW 

ROAD ROAD 
START 

vT 
tfP 

Figure 18-10. S-tums across a road. 
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rollout. Then the pilot immediately starts a 
turn in the opposite direction and times it 
as in the first turn. The complete turn 
should make a semicircular ground track on 
each side of the road (fig 18-10). 

b. The greatest groundspeed is 
developed flying downwind and will require 
the steepest bank in the turn. Flying 
upwind, the opposite is true; the shallowest 
bank will be required in the turn. 

c. Analysis of the maneuver 
through a complete turn will reveal that the 
bank begins slowly and is gradually 
increased throughout the initial 180° of 
turn. This is because groundspeed is con- 
stantly increasing. The rollout is quite fast; 
and, without hesitation, a new bank in the 
opposite direction is started with a fast 
roll-in to get the bank established. As this 
turn progresses, the amount of bank should 
gradually decrease since groundspeed de- 

creases throughout the second 180° of turn. 
Altitude remains constant during the entire 
maneuver. 

18=28. ELEMENTARY 8§ 

The elementary 8 describes a path over 
the ground resembling the written number. 
Without wind, the maneuver is simple; 
with wind, the maneuver offers important 
training for the aviator developing per- 
ceptual motor skills and good subconscious 
flying habits. Figure 18-11 shows how wind 
affects the track at a constant rate of turn. 
There are many types of figure 8s, 
progressing from elementary to advanced 
maneuvering skills. Only one type will be 
described here—the elementary 8. 

a. For this maneuver, select a 
crossroad or an intersection with one of the 
roads being as nearly perpendicular to the 

< WIND 

Figure 18-11. Effect of wind on a constant rate turn. 
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wind as possible. (Roads offer ready 
identification of flight position during the 
maneuver.) The figure 8 is flown so that 
two circles are tangent at the intersection 
and bisected by the road perpendicular to 
the wind (fig 18-12). 

ñ 

WIND 

Figure 18-12. Elementary 8s. 

b. The manevuer normally is 
entered by flying prescribed ground track 
maneuvers. As the intersection is crossed, 
a turn is started in either direction, with 
the bank varied so as to complete a circle as 
the intersection is again crossed. At this 
time, a second turn is started in opposite 
direction to the first to accomplish a circle 
on the opposite side of the road inter- 
section. The radius of the circle flown will 
be determined by the speed of the aircraft. 
Under no-wind conditions, a medium bank 
angle should provide the correct distance. 

c. The maneuver requires great 
division of attention between flying and 
ground track since each turn involves 360° 
and a constantly changing bank. 

Section VIII. Traffic Pattern 

18-29. GENERAL 

The traffic pattern is a method of 
expediting the flow of air traffic about an 
airfield, with safety and regularity. It 
requires division of attention by the aviator 
between watching for other aircraft, 
attention to tower signals, and aircraft 
control. 

18-30. DESCRIPTION 

The traffic pattern is a designated 
flightpath for landings and takeoffs at an 
airfield. Normally, this flightpath is of 

rectangular shape, the active runway 
forming one side, with all turns made to the 
left in forming the other three sides (fig 
18-13). Each side is referred to as a 
leg—takeoff, crosswind, downwind, base, 
and final approach. The normal pattern is 
flown 1,000 feet above the terrain. The first 
turn after takeoff may be started before 
reaching 1,000 feet, but should not be less 
than 500 feet or until the field boundary is 
crossed, whichever comes last. When other 
traffic is in the pattern, the takeoff leg may 
be extended to acquire adequate spacing 
between aircraft. The climb is continued to 
the designated altitude, and climb power is 
maintained until the aircraft accelerates to 

18-26 



FR/J1-50 

DOWNWIND 

LEG 

¿4 
/ 

ü 

o 
Z 

S 
<T> (/) 
O a u 

o 
ai 

FINAL 

APPROACH 
ACTIVE RUNWAY 

TAKEOFF 

< WIND 

Figure 18-13. Traffic pattern. 

the prescribed downwind airspeed. The 
turn from crosswind to downwind should 
be so executed so as to place the aircraft at 
the proper distance from the runway. 
Depending upon the aircraft and the traffic 
pattern altitude, proximity to the runway 
may range from 1,000 to 5,000 feet, with 
2,000 feet usually adequate. 

18-31. USE 

Entry into a traffic pattern is made by 
flying toward the field at a 45 ° angle in the 
downwind leg. This entry reveals the 
aviator’s intentions and affords excellent 
visibility for checking the area for other 
aircraft in the pattern. As the downwind 
leg is reached just short of the field, the 

aircraft is turned 45° to fly the downwind 
leg (fig 18-13). 

18-32. APPROACH 

The 180° side approach normally is used. 
It involves two turns of 90° each. On the 
downwind leg of the traffic pattern at a 
point opposite the point of intended 
landing, the aviator reduces power and 
establishes a descent. The turn to the base 
leg should be executed at an altitude that 
will insure that the turn to final is 
completed prior to crossing field boundary. 
The point of initiating the turn to final and 
the angle of bank is determined by the wind 
condition and the distance from touch- 
down. 
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18-33. LAOTMNG TECKIMQUES 

The landing is accomplished into the 
wind to effect a slower groundspeed at 
touchdown. The aircraft attitude is 
changed from normal glide to landing 
attitude (fig 18-14). The rate of descent is 
decreased until the aircraft flies parallel 
with the surface of the runway. This 
change of attitude and flightpath is called 
the roundout. 

a. The roundout must be started 
and timed to attain a landing attitude and 
touchdown almost simultaneously. Appli- 
cation of elevator control back pressure 
increases pitch attitude and dissipates 
airspeed. Elevator control back pressure is 
continued smoothly, only with enough 

force to prevent the aircraft from striking 
the ground prior to obtaining a landing 
attitude. At this time, the aircraft should 
be only inches from the runway, and almost 
instantaneously making ground contact. 
Aircraft with conventional gear should be 
stalled simultaneously with ground 
contact. 

b. Tricycle landing gear generally 
simplifies the landing; the touchdown 
should be made on the main gear. The nose- 
wheel will be off the ground when the main 
gear touches. The location of the center of 
gravity forward of the two main wheels 
combines with the forward momentum of 
the aircraft to help hold it on the ground. It 
also tends to keep the aircraft rolling in a 
straight path. 

WIND 

Figure 18-14. Normal landing. 
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c. If the roundout is too fast, the 
aircraft will “balloon,” causing a gain of 
altitude. Since airspeed is dissipating, the 
aircraft may stall at considerable height 
above the ground. If ballooning occurs, the 
aviator must compensate with a relaxing of 
back pressure to get the aircraft back to the 
runway in a landing attitude before the 
stall occurs. This may require application 
of power to prevent a stall at an unsafe 
altitude; or, because of the lack of available 
landing space, the aviator may have to 
effect a go-around for another approach. 

d. If the roundout is too slow, the 
aircraft will strike the ground while 
descending and either bounce back into the 
air, possibly damaging the landing gear, or 
crash. If the aircraft touches the runway 
before reaching the desired landing atti- 
tude, with descent unchecked, it will 
ricochet off the ground with results similar 
to ballooning. Recovery is effected with 
application of power. 

e. The aviator must maintain 
directional control of the aircraft after 
wheel contact with the runway. Ground 
steering is by means of rudder, steerable 
nosewheel/tailwheel, and brakes. If avail- 
able runway permits, the speed of the 
aircraft is allowed to dissipate with normal 
ground friction and drag. Brakes are used if 
needed to help slow the aircraft. When 
using brakes, use up-elevator control in 
order to prevent nosing over in con- 
ventional gear and exerting excessive 
weight on the nose gear in tricycle aircraft. 

18-34. NORMAL LANDING 

a. Complete descent arrival pro- 
cedure before entering the traffic pattern. 
Maneuver aircraft into position to enter the 
downwind leg at a 45-degree angle at traffic 
pattern altitude and at the proper airspeed. 
(Straight-in or base-leg entry may be used, 
if approved by the tower.) 

b. Complete the before-landing 
check on downwind leg prior to reaching 
the point 180° from point of intended 
touchdown (prior to 2 miles on straight-in 
or extended base leg). At the 180-degree 
point of intended landing, reduce power to 
adjust airspeed, if required, and initiate 
descent. If using a straight-in or base-leg 
entry, reduce power at a point that will 
result in a flightpath comparable with that 
of the 180-degree approach. Extend flaps 
as required; adjust pitch and trim to 
maintain the required airspeed and descent 
angle. Turn onto base leg when appropriate 
to maintain the desired ground track. 
Continue approach, adjusting flaps and 
trim as required to maintain the desired 
airspeed and descent angle. Turn final at or 
above 500 feet AGL. When established on 
final approach and landing flaps are 
extended, stabilize airspeed to that 
recommended in the Operator’s Manual (if 
not listed, use 1.3 power-off stall speed in 
landing configuration (Vso)) plus one-half 
wind gust spread. Complete the landing 
procedure; coordinate pitch and power to 
control airspeed and rate of descent to 
obtain a smooth transition from approach 
to landing attitude. Touch down on main 
gear as power is smoothly reduced to idle. 
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c. After touchdown, gently lower 
the nosewheel to the runway and use 
brake/propeller reversing, or BETA range, 
if applicable, as necessary to slow the 
aircraft. Maintain directional control 
during the landing roll with rudder and/or 
nosewheel steering. 

d. Complete the after-landing pro- 
cedure when clear of the runway. During 
crosswind conditions, use the “crab into 
the wind” method to correct for drift on all 
legs of the traffic pattern until short final. 
The “crab into the wind” is changed to a 
“slip into the wind” or combination “crab 
or slip into the wind” (depending on the 
aircraft) for roundout and touchdown. 
During the after-landing roll, use normal 
rudder/nosewheel steering for directional 
control and position ailerons as required to 
correct for crosswind effect. 

18-35. OBSTACLE CLEAKANCE 
APPROACH/M2NÏMUM RUN LAND- 
ING 

a. Complete descent arrival pro- 
cedure before entering the traffic pattern. 
Maneuver aircraft into position to enter the 
downwind leg at a 45-degree angle, at 
traffic pattern altitude, and at the proper 
airspeed. (Straight-in or base-leg entry 
may be used if approved by the tower.) 

b. Complete the before-landing 
procedure on downwind leg prior to 
reaching the point 180° from point of 
intended touchdown (prior to 2 miles on 

straight-in or extended base leg). At the 
180-degree point of intended landing, 
reduce power at a point that will result in a 
flightpath comparable with that of the 
180-degree approach. Extend flaps as 
required; adjust pitch and trim to maintain 
the required airspeed and descent angle. 
Turn onto base leg when appropriate to 
maintain the desired ground track. Plan for 
a slightly longer final approach to allow 
more time for approach angle/airspeed 
corrections. Prior to turning final, lower 
full flaps. Turn final at or above 500 feet 
AGL, complete landing check, and allow 
aircraft to decelerate to final approach 
speed. Stabilize airspeed to that recom- 
mended in the Operator’s Manual (if not 
listed, use 1.2 power-off stall speed in 
landing configuration (Vso)) plus one-half 
wind gust speed. To clear obstacle, if 
required, the basic technique is to maintain 
a constant line of descent (sight picture) 
and desired airspeed by using proper pitch 
and power coordination. The desired 
approach angle should be established as 
soon as possible. This angle should allow 
safe clearance of all obstructions in the 
approach path. The decision to go around 
or land must be made early. Transition 
smoothly from approach to landing atti- 
tude. Touchdown should be made on the 
main gear, with the nose of the aircraft 
slightly high, and with as much power as 
necessary. 

c. Immediately after touchdown, 
allow the nosewheel to make ground 
contact and apply full reverse power or, if 
reverse power is not available, reduce 
power to idle and apply maximum braking. 
Maintain directional control during the 
landing roll with rudder and/or nosewheel 
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steering. As the aircraft slows to a 
near-stop, use minimum reverse, if appli- 
cable. Apply brakes and remove reverse 
power as aircraft comes to a complete stop. 
Use BETA range when removing reverse 
power, if applicable. 

d. Complete the after-landing pro- 
cedure when clear of the runway. During 
crosswind conditions, use the “crab into 
the wind” method to correct for drift on all 
legs of the traffic pattern until short fined. 
The “crab into the wind” is changed to 
“slip into the wind” or combination “crab 
and slip into the wind” (depending on the 
edrcraft) for roundout emd touchdown. 
During the after-landing roll, use normed 
rudder/nosewheel steering for directioned 
control; and position ailerons as required to 
correct for crosswind effect. 

18-3S. GO-AKOUND TECHNIQUES 

A “go-eiround” is a procedure for 
remaining airborne following a decision to 
discontinue an intended landing. Go- 
arounds are used when the control tower 
landing clearance is withheld, when for any 
reason the approach does not develop as 
planned, and as an extreme measure in 
recovering from a poor landing. 

a. Go-arounds in a controlled 
traffic pattern may be initiated upon 
instructions from the tower, and are limited 
to maintaining or regaining pattern alti- 
tude and spacing in accordance with local 
traffic rules. Alertness for other traffic is of 
prime importance. 

b. The majority of go-arounds are 
initiated on the timely decision of the 
aviator, at any time prior to completion of 
the landing roll. Both the decision and the 
implementing action must be timely—a 
late start may result in failure to clear a 
barrier or an accidental stall in the climb. 

c. Go-arounds frequently occur in 
limited or confined areas requiring an 
accurate awareness of aircraft and aviator 
performance limitations. The problem is 
basically one of building up speed and 
altitude within the limitations imposed by 
available power; preoccupation with either 
factor will result in a loss of the other. 
Maximum performance requires a thorough 
familiarity with the aircraft’s performance 
under a variety of atmospheric conditions, 
flap configurations, and airspeed. 

d. Go-arounds may also be used to 
salvage a bounced, dropped-in, or crabbed 
landing attempt. Such situations may 
involve directional control and stall 
recovery problems, which may consume 
considerable space before the climbout can 
be started. Serious structural damage is 
possible in any hard ground contact; it may 
be wiser to land rather than risk further 
flight in a weakened or uncontrollable 
aircraft. There is no easy rule of thumb; 
each situation must be decided upon its 
merits. 

e. When it becomes doubtful that a 
safe landing can be accomplished, apply 
maximum allowable power, establish a 
climb attitude, stop the descent, and 
retract the landing gear. Position flaps to 
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takeoff setting, if applicable, and adjust 
pitch attitude to avoid an altitude loss. 
Accelerate to VySe, retract flaps, adjust 
pitch to continue climb at Vy until 

single-engine maneuvering altitude (500 
feet AGL); then, adjust for cruise climb. 
Trim the aircraft. Complete the go-around 
procedure. 
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INTERMEDIATE FLIGHT MANEUVERS 

Sectäom L INTIEEMEBIAT1S GEOUNB TEACK MANEUVEES 

19-1. GENEEAL 

Aircraft sensory perceptions and trained 
reactions are continuing requirements on 
an Army aviator’s skill. In this respect, 
ground track maneuvers must be practiced 
throughout an aviator’s career. 

19-2. AKOUNB PYLONS 

This maneuver primarily is designed to 
develop planning and sensory-type flying. 
Two pylons (identification points) are 
selected on a line perpendicular to the wind. 
The two pylons need not be identical, but 
both should be easily discernible. Trees, 
spires, fence comers, water tanks, etc., 

may be used for pylons. A symmetrical 
ground track is flown around the pylons 
while maintaining a constant altitude 
above the terrain. The ground track is in 
the shape of a figure 8; the two pylons are 
centered in the loops of the 8 (fig 19-1). 

WIND 

START TURN START TURN 

Figure 19-1. 8s around pylons. 
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a. The maneuver is begun by flying 
downwind between the two pylons or by 
flying parallel to the pylons on the 
downwind side. After about 270° of turn, 
the aircraft is rolled out into straight-and- 
level flight and flown between the two 
pylons, downwind, at about 45° to a line 
connecting the two pylons. As the aircraft 
approaches a point where a pylon becomes 
perpendicular to the flightpath, a turn is 
started around the second pylon. This turn 
is continued for approximately 270°, at 
which time the aircraft is rolled out straight 
and level and flown between the pylons at 
about 45°, downwind, to a point where the 

first pylon approaches the perpendicular to 
the flightpath. A turn is then started 
around the first pylon again. The amount 
of bank used in the turns varies, as 
necessary, to maintain a constant radius 
circle about a pylon. 

b. Figure 19-1 also shows roll-in 
and rollout points. A fixed reference point 
on the aircraft will not help the aviator 
during this maneuver since, generally, a 
constant reference to the pylon while flying 
the desired ground track is impossible 
except in a no-wind condition. 

¡SecMoim IL INTERMEDIATE AIR WORK 

18-3. GENERAL 

The maneuvers explained in this section 
serve a definite purpose in the career of the 
Army aviator in developing coordination 
between mind and body and providing 
knowledge which is helpful in everyday 
flying and flight emergencies. 

19-4. PRECISION TURNS: 720° 

All turns should be made with precision. 
Turns of 90° or 180°, using shallow or 
medium banks, require good coordination 
for precision accomplishment. However, to 
continue a turn through 360° or 720° 
requires a higher degree of perfected 
coordination and more exact understanding 
of control functions. The requirement is 
still more pronounced if a steep bank is 
used. 

a. A turn of 360° or 720° using a 
steep bank (generally 60°) is referred to as 
a power turn or a steep turn. Steep turns 
involve the use of all flight controls, 
generally including throttles or power 
levers, to maintain necessary airspeed. 
Entiy into a steep turn is like other turn 
entries, but it is continued until a steep 
bank has been established. As the bank 
progresses past that of medium, power is 
slightly increased to prevent any further 
reduction of airspeed. The turn is continued 
through 720° and rolled out on the original 
heading. Controls are coordinated from 
entry to completion of rollout to avoid 
slips or skids, with altitude constant. 

b. Uncoordinated control pressures 
will show up quite readily in this maneuver. 
A definite increase of back pressure, in 
addition to increased power, is required to 
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maintain altitude. Regaining lost altitude 
is a most common requirement. Excessive 
back pressure during the steep turn does 
not provide the desired gain in altitude and 
can result in accelerated stalls. The correct 
technique for altitude control requires that 
the bank be shallower while holding back 
pressure to raise the nose. A climb can be 
stopped, or nosedown pitch achieved, by 
increasing the bank while maintaining back 
pressure. The basic technique of adjusting 
pitch by changing bank, as developed 
during steep turn practice, is necessary to 
accomplish advanced oblique turning 
maneuvers such as chandelles and lazy 
eights. Precision rollout requires expert 
control touch. Back pressure must be 
released as the bank decreases, with 
coordinated aileron and rudder pressures. 
Power is reduced after normal cruising 
airspeed has been regained. 

19-5. SPIRALS 

A spiral is a gliding turn of 360° or more, 
usually at a steep bank. The two main 
types of spirals are the constant bank-and- 
speed spiral and the spiral about a point. 
Each type develops and helps maintain 
flying proficiency. 

a. A constant bank-and-speed 
spiral helps develop control touch and 
coordination for power-off conditions. It is 
entered from a normal glide. After a steep 
bank is established, the spiral may be 
maintained for any desired number of 
turns. Rollout may be on a predetermined 
heading or altitude. Coordinated controls 
are used at all times during entry, spiral, 
and rollout, with airspeed constant. During 
the spiral, bank is constant. 

b. In the spiral about a point, the 
aviator selects a reference on the ground 
and flies the aircraft to an advantageous 
position from which a circular ground track 
of about a 1,000-foot radius can be entered. 
A normal glide is started, and the aircraft 
is banked as necessary to maintain desired 
ground track. Elementary 8 fundamentals 
are applied to this type spiral to accomplish 
the constant radius circle about the points. 
The flight controls Eire coordinated at all 
times and rollout may be on a prede- 
termined heading or altitude. Because of 
ground orientation requirements, the spired 
about a point requires a greater division of 
attention than the constant bEuik-and- 
speed spiral. 

19-6. SLIPS 

A slip is a combination of forwEird and 
sideward movement, the lateral Eixis being 
inclined and the sideward motion of the 
longitudinal axis being toward the lower 
side. Slips can be used for crosswind 
landings and to dissipate altitude without 
increasing forwEird speed. They are con- 
trolled by the aviator to meike the aircraft 
move sideways or to continue the initiEd 
flightpath over the ground, and may be 
used during a turn. 

a. To establish a slip from a normsd 
glide, the wing toward the desired direction 
of slip is lowered by use of ailerons. 
Opposite rudder is applied simultEmeously 
to control the desired ground track, which 
may or may not require a change of 
heading. Normal gliding speed should be 
maintained during the slip. Due to the 
stress that is placed on the aircraft, 
prolonged flight in this out-of-trim condi- 
tion should be avoided. 
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b. Slips are extremely useful if the 
aircraft has no flaps or if the flaps fail to 
function properly. Slips can be used to 
shorten the gliding distance and to increase 
the angle and rate of descent. Accuracy of 

landing also may be improved by use of a 
slip. The slip, however, is not normally 
used to increase approach angles in aircraft 
equipped with flaps. 

SccftfioH MIL CIMDSSWMB TECHNIQUE 

19-7. GENESKAL 

It is impractical to build an airfield with 
sufficient runways to meet all wind 
conditions. When using small airfields with 
a limited number of runways or a strip 
with only one runway, proper crosswind 
technique must be employed. 

19-8. GEOSSWIND TAKEOFF 

a. Proper application of controls 
during crosswind takeoff is necessary to 
maintain aircraft control. Should the 
aircraft inadvertently become airborne 
from a wind gust, the aviator must 
maintain a straight ground track by 
lowering the wing into the wind. In effect, 
the aircraft is slipped into the wind only 
enough to offset wind drift. This results in 
a straight ground track parallel to the 
longitudinal axis and prevents a side stress 
on the gear if the aircraft returns to the 
runway. After the aircraft becomes 
positively airborne, the slip is removed and 
a crab is established to correct for drift and 
to allow a faster rate of climb. 

b. Use of ailerons is the same as 
when taxiing crosswind, with elevators 
used initially as in normal takeoff. Rudder 
is applied to maintain a straight ground 
roll. As the roll increases in speed, aileron 
pressure is decreased to prevent the upwind 
wing from dipping excessively at liftoff; the 
wing should, however, be allowed to lower 
sufficiently to compensate for the wind. 
The aircraft should be held on the ground 
slightly longer than in a normal takeoff. 
This will assure its remaining airborne 
when it leaves the ground . 

19-9. CEOSSWMD LANDING 

Successful landings under crosswind 
conditions are largely dependent upon the 
aviator’s ability to fly by sensory percep- 
tions. The aviator must be able to recognize 
drift and make corrections. Crosswind 
capabilities differ with different aircraft, 
but corrective methods are identical. The 
two methods used are the wing-low and 
crab. 
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WIND 

Figure 19-2. Crosswind landing-slip. 

a. The wing-low method is a slip. It 
is accomplished by lowering the upwind 
wing into the wind just enough to 
compensate for drift (fig 19-2). The slip 
normally is established during the final 
approach. It is then maintained as neces- 
sary throughout the approach and round- 
out. The aircraft will initially touch down 
on the upwind main wheel; and as speed 
decreases, it will settle onto the other main 
wheel. 

b. The crab method (fig 19-3) is 
more difficult, since better timing is needed 
during the roundout. The aviator main- 
tains required crab for the wind condition 

throughout the final approach. Just prior 
to touchdown, he removes the crab and 
lines the aircraft up with the runway. If 
the crab is not completely removed prior to 
touchdown, side loads will be imposed on 
the landing gear that may result in gear 
damage or loss of control. If the crab is 
removed too soon, the aircraft will drift off 
course. 

c. A combination of the methods in 
“a” and “b” above may be employed—the 
crab for the approach, changed to a slip for 
roundout and touchdown. This combina- 
tion method is usually preferable. 

o* oo 

Figure 19-3. Crosswind landing-crab. 
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Sectkm IV. ACCUEACY LANDINGS 

19-10. GENERAL 

Perhaps the most demanding require- 
ment of Army aviators is that of landing on 
a predetermined spot with precision, and 
doing it repeatedly. Proficiency in accuracy 
landings is mandatory as a training 
maneuver, and its value cannot be over- 
emphasized for emergency landing pro- 
ficiency. 

19-11. SIDE AND OVERHEAD 
APPROACHES: 180° 

a. The most commonly used 
approach in Army aviation is the 180° side 
approach (fig 19-4). Power is reduced on 
the downwind leg opposite the desired 
point of touchdown, and a glide is 
established for the remainder of the 
pattern. After power is reduced on the 

downwind leg, the length of the power-off 
approach of the downwind leg, the base leg, 
and the final approach should be approxi- 
mately equal. However, if the downwind 
leg is too far from the field, the base leg 
must be closer in than normal. This 
approach, as all the others, requires 
accurate judgment of gliding distance for 
the existing wind and weather conditions. 

b. The 180° overhead approach is 
initially more difficult to judge since it 
requires more turns. Power is reduced while 
flying downwind, directly over the point of 
touchdown (fig 19-5). The aircraft is then 
turned 45° off the downwind track in either 
direction and this heading maintained until 
ready to turn onto a base leg. This turn is 
135° and must be started soon enough to 
roll out on base leg with sufficient altitude 
to continue a normal approach without 

KEY POSITION ON 
BASE 90° APPROACH 
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Figure 19-4. 180° side approach. 
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power. If the base leg is too close or too far 
from the field, the aviator must take 
supplementary action to accomplish the 
landing on the predetermined spot. This 
may require either an early or delayed turn 
onto final approach. 

19-12. OVEKHEAB APPROACH: 360° 

The 360° overhead approach is not often 
used for a normal landing. However, this 
approach is used by the aviator to maintain 
proficiency in glide judgment. The pattern 
for this approach is shown in figure 19-6. 
Flying in the same direction in which the 
landing is to be accomplished, power is 
reduced over the desired point of touch- 
down. A glide is then established for the 
remainder of the approach. The first turn is 
135° in either direction and executed as 
power is reduced and the glide estab- 
lished. The remainder of the pattern is 
the same as the 180° overhead approach, 
the second turn being 135° to place the 
aircraft on base leg. The base leg may then 

REDUCE POWER 
TOUCHDOWN 

POINT 

Figure 19-5. 180° overhead approach. Figure 19-6. 360° overhead approach. 
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vary as necessary to compensate for error 
in judgment and to allow arrival at the 
point of touchdown. 

19-13. SPIRAL APPROACH 

The spiral approach normally is used 
only in the event of a forced landing. Its 
advantages are limited to particular situa- 
tions; e.g., over swampy or wooded terrain 
with only one available landing area. The 
chance of probable error in judgment is 
lessened, since all maneuvering is done in 
the immediate vicinity of the landing area 
and touchdown point. The spiral, which 
usually is performed about the point of 
touchdown, can be broken off into a pattern 
for a normal approach from any position at 
the selected altitude. A steep spiral will 
result in a fast loss of altitude, while a 
shallow-banked or medium-banked spiral 
will lessen the rate of descent and give the 
aviator more time for continued planning 
and execution of the appropriate 
emergency procedures. 

19-14. CIRCLING APPROACH: 360° 

Select an initial point approximately 3 
miles from end of active runway. Fly an 
altitude of 1,500 feet above field elevation. 
Report reaching this initial point. At a 
point approximately over the end of the 
runway, bank the aircraft briskly to a 
45-degree to 60-degree angle and start a 
180-degree level turn in direction specified 
by the tower. After passing 30° of bank, 
start reducing power. As the airspeed slows 
in the turn, more elevator control pressure 
will be required to maintain a level turn. 
Upon completion of the first 180° of turn, 
check the airspeed as appropriate, and 
lower the landing gear and flaps. If the turn 
has been executed properly and adverse 
winds are not a factor, the aircraft will be 
abeam the end of the runway. Continue the 
approach with the 180-degree descending 
turn and perform the before-landing pro- 
cedures. As the aircraft is turning onto 
final, perform the final landing procedures. 
Since the airspeed will be considerably 
higher than on a normal approach, power 
may be reduced sooner to allow for 
roundout and touchdown. 
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CHAPTER 20 

ADVANCED FLIGHT MANEUVERS 

Section I. ADVANCED GROUND TRACK MANEUVERS 

20-1. GENERAL 

Successful completion of many Army 
aviation missions is directly dependent 
upon the aviator’s ability to fly by sensory 
perceptions. Practice of air-ground visual 
perspectives helps develop this capability. 

20-2. STEEP 8s AROUND PYLONS 

The major principles of flying 8s around 
pylons (fig 19-1) are the same, whether 

they are shallow or steep; the only 
difference is the amount of bank required. 
Steep 8s generally use a circle one-half the 
size of the normal 8. To lessen the amount 
of straight-and-level flight between pylons, 
distance between pylons can be reduced. 
Since the circle about the pylon is smaller, 
slight errors are more noticeable. Conse- 
quently, more attention must be given to 
the ground track. This requires a higher 
degree of sensory-type flying. Proper 
performance of this maneuver is dependent 
upon a reasonable degree of proficiency in 
the normal 8 around pylons. 
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20-3. CHANDELLES 

The chandelle is an advanced maneuver 
in which the aircraft is flown at varying 
airspeeds, power, bank, and pitch atti- 
tudes. The maneuver normally involves 
airspeeds ranging from above normal cruise 
to just above stalling. The banks will vary 
with the available power of the individual 
aircraft. The more power available, the less 
the bank requirement; and consequently, 
the greater the altitude gained. The 
chandelle involves a 180-degree change of 
direction. It consists of a portion of a loop 

in an oblique plane, followed by a climbing 
rollout. 

a. A chandelle should not be 
started at an airspeed above maneuvering 
speed. If normal cruising speed is approxi- 
mately equal to but less than maneuvering 
speed, it can be started from straight-and- 
level flight. If normal cruising speed is less 
than maneuvering speed, the entry may be 
made from a flight descent to obtain 
approximate maneuvering speed. In air- 
craft that cruise faster than maneuvering 
speed, it will be necessary to decrease the 

r 
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Figure 20-1. Chandelle. 
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airspeed to maneuvering speed prior to 
entry (fig 20-1). The degree of bank will 
determine height of pattem, altitude gain, 
and power requirements. Aircraft with 
small power reserves must use correspond- 
ingly steeper banks than those with greater 
reserve power. Banks too shallow for 
available power cause stalls due to exces- 
sive climb; banks too steep allow termina- 
tion of the maneuver with excess speed. 
When proper bank has been established, 
it is held constant and back pressure is 
applied to start a climb. As the aircraft 
starts the climb, it will turn and the bank 
will appear to steepen. Power is added as 
airspeed decreases in the climb. After 
turning 90° from the original heading, the 
acquired pitch attitude is held constant; 
and the bank is removed slowly so that, 
after turning another 90°, the wings are 
level and the aircraft is in a nose-high 
attitude, with airspeed just above stalling. 

b. At the halfway mark, when the 
rollout is started, the power should be at 

maximum allowable power. After turning 
180° and leveling the wings, the nose is 
lowered slowly for airspeed to build up to 
normal cruise without losing altitude. As 
airspeed increases, power is slowly reduced 
to prevent engine over speeding. When 
normal cruising airspeed is reached, power 
must be further reduced to normal cruise. 
Coordination must be precise throughout 
the maneuver. Although the chandelle is 
often called an altitude-gaining maneuver, 
the overall net gain should not be a primary 
criterion for its performance. Loss of 
altitude during the initial dive, plus lack of 
required power in some aircraft, limits 
appreciable increase in altitude during the 
maneuver. 

20-4. LAZY EIGHT 

The lazy eight is an advanced coordina- 
tion exercise. Unlike the chandelle, it is 
wholly a training exercise. For its execu- 
tion, the aircraft is flown through a wide 

r 

Figure 20-2. Lazy eight. 
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range of airspeeds and bank and pitch 
attitudes, with constantly varying control 
pressures. The lazy eight is unrelated to 
other 8s previously described because it 
does not describe a figure 8 over the 
ground, and ground track is irrelevant. The 
lazy eight (fig 20-2) is described by the 
projection of the longitudinal axis on the 
horizon and is apparent only to aircraft 
occupants. 

a. The lazy eight consists of two 
180-degree turns in opposite directions, 
entering one from the other, with a 
symmetrical climb and dive during each 
turn. The only straight-and-level attitude 
during the maneuver is at the moment of 
passing from one turn to another. 

b. To help achieve symmetrical 
loops in the two turns, a reference point is 
selected on the horizon 90° from the 
direction of flight. During the maneuver, 
the lateral axis will appear to descend 
through the reference point as the turn is 
started, and the longitudinal reference will 
appear to descend through the ground 
reference point diagonally, at the 90-degree 
point of turn. 

c. The maneuver is entered while 
flying crosswind at the established entry 
speed. A climb is started and a turn is 
begun toward the reference point. At this 
time, the inside wingtip (or lateral axis) will 
appear to pass down through the reference 
point. Bank is constantly increased 
through the first 90° of turn. After 45° of 
turn, the pitch attitude should start 
decreasing until the longitudinal reference 
on the aircraft will then appear to pass 
through the ground reference point. 

d. At this time, a slow rollout is 
begun. The nose continues downward, 
entering a dive. As airspeed again builds 
and bank decreases, the nose will stop 
descending and start upward. As it passes 
through level flight, the wings should be 
level with the aircraft flying 180° to the 
original heading. 

e. Without pausing at level flight, 
a climbing turn is started in the same 
manner as in “c” above, but using an 
opposite bank; and the same pattern is 
flown again. At the completion, the aircraft 
will be on the same heading as when the 
maneuver started. 

f. Throughout the maneuver, the 
aircraft should be flown with precision. 
Continual small corrections usually will be 
required and should be made using control 
combinations to maintain coordination. 
Because of the requirement of constantly 
varying control pressures, practice of this 
maneuver develops control touch. 

20'S. PEISCIISEON SPINS 

Precision spins are essentially elemen- 
tary spins, the entry and spin being exe- 
cuted in an identical manner. However, 
precision spins require better use of 
controls and spin orientation. The precision 
spin normally requires recovery on a 
specific heading after a preselected number 
of turns, with minimum slipping and 
skidding during recovery. 
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20-6. ACCIDENTAL STALLS AND 
SPINS 

When an aviator fails (through pre- 
occupation) to recognize an approaching 
stall in time to avert it, the resulting 
unintentional stall may lead to a spin. If 
the spin occurs near the ground, altitude 
may be insufficient for recovery, with the 
accidental stall ending in disaster. 

a. Accidental stalls and spins may 
result from improperly executed steep 
turns or from an increase in load factor and 
stalling speed due to an increase in bank. 
When close to stalling speed, slight 
application of rudder may cause an aircraft 
to spin. If top (outside) rudder is applied, 
the aircraft will spin opposite the direction 
of the turn (over-the-top); if bottom 
(inside) rudder is applied, it will spin in the 
direction of the turn (under-the-bottom). 

b. Probably the most disastrous of 
all inadvertent spins occurs when turning 
onto the approach leg of the traffic pattern. 
Being close to the ground, the aviator may 
be somewhat dubious of using a steep bank 
to accomplish the necessary rate of turn to 
aline with the runway. He may try to 
tighten the turn with bottom rudder 
without increasing bank. This will cause a 
skidding turn that leads to a violent under- 
the-bottom spin. Conversely, if outside 
rudder were used to decrease the rate of 
turn, a slip would result. If a stall occurred 
during this slip, an over-the-top spin could 
result. To accomplish a safe turn, airspeed 
must be kept well above stalling and the 
controls must be well coordinated at all 
times. 

c. Accidental stalls and spins are 
not limited to turning situations; they may 
occur in any flight attitude. 
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TWIN-ENGINE AIRCRAFT 

21-1. GENERAL 

Several types and models of twin-engine 
aircraft are now used in performing the 
training and the operations missions of 
Army aviation. This chapter primarily 
concerns the most prominent of those flight 
characteristics of twin-engine aircraft that 
require additional aviator knowledge and 
skill. 

21-2. ASYMMETRIC THRUST 

Asymmetric thrust is the principle flight 
characteristic of multi-engine aircraft that 
must be counteracted. To accomplish the 
desired stability during power changes, 
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most single-engine aircraft have the engine 
positioned to allow the thrust line to pass 
through or near the center of gravity (CG). 
In conventional twin-engine aircraft, only 
the resultant thrust of both engines will 
provide this stability. When both engines 
are not operating at equal power, unequal 
(asymmetric) thrust results and causes yaw 
(movement about the vertical axis). The 
rudder is used to prevent this movement. If 
yaw occurs, the aircraft may also roll or 
bank, and both rudder and aileron are 
required to regain level flight. 

21-3. MINIMUM SINGLE-ENGINE 
CONTROL SPEED' (Vmc) 

When the critical engine (generally the 
left one of Army aircraft) is inoperative and 
the other at takeoff power, maximum 
asymmetric thrust is created. When 
adequate airspeed is maintained, yaw can 
be prevented by rudder application. Below 
this airspeed, directional control can only 
be maintained by reducing power. This 
critical airspeed is identified for each 
aircraft as Vmc- It is the minimum speed at 
which one engine can be rendered inopera- 
tive and straight flight continued with the 
remaining engine operating at takeoff or 
maximum available power. When the most 

21-1 



FRß H-S0 

critical engine is rendered inoperative and 
the aircraft is in the most unfavorable 
flight configuration, Vmc assures the 
ability to stop a turn and maintain the new 
heading. Vmc applies only to the control of 
asymmetric thrust and does not assure that 
altitude can be maintained or climb 
accomplished. For demonstration and 
practice of Vmc use the following pro- 
cedure: 

Clear the air work area. Configure 
aircraft in accordance with (IAW) condi- 
tions given in the Operator’s Manual. (Zero 
thrust will be set to simulate feathered 
conditions on aircraft with propeller auto- 
feathering systems or require a feathered 
propeller.) Reduce airspeed to single-engine 
best rate-of-climb speed (VySe)- Set takeoff 
power (or maximum allowable) on the 
operative engine. Reduce airspeed at a rate 
of 1-knot indicated airspeed (KIAS) per 
second by gradually increasing pitch 
attitude, while banking a maximum of 5 
degrees into the operative engine. Maintain 
heading as the airspeed dissipates by using 
proper rudder, aileron, and elevator coordi- 
nation. At Vmc full rudder deflection and 5 
degrees bank angle into the operative 
engine will be required to maintain head- 
ing. Note the airspeed and then increase 
the pitch attitude slightly to demonstrate 
the loss of directioned control that occurs 
with a decrease in airspeed. Regain heading 
control immediately by reducing power on 
the operative engine and decreasing the 
pitch attitude. Recover to normal flight by 
reducing the pitch attitude to increase the 
airspeed to VySe; then, configure the 
aircraft for normal flight with all engines 
operating. 
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21=4. (CLIMBS 

a. In addition to normal climbs, the 
Operator’s Manual establishes the best 
angle-of-climb speed and the best rate-of- 
climb speed. Climbing is by means of 
reserve power (the power available that is 
not required to maintain level flight). 
Under the most favorable circumstances, 
with one engine shut down, a twin-engine 
aircraft will not have an abundance of 
reserve power. Any change from the best 
rate of climb and angle of climb will rapidly 
decrease climb performance. This means 
airspeed above, as well as below, the best 
single-engine climb speed. 

b. To provide adequate power for 
single-engine climbs, drag should be 
reduced to a minimum by retracting the 
landing gear, positioning the flaps at 
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cruise, and feathering the propeller of the 
inoperative engine. The exact sequence of 
events is determined by the flight situation 
and the type of aircraft. Single-engine 
climb speed is the most efficient single- 
engine operating speed. If altitude cannot 
be gained at this speed, climbing is not 
possible without obtaining more power or 
reducing drag or weight. 

21-5. LEVEL FLIGHT 

a. The Operator’s Manual provides 
power settings and ceilings for both normal 
and single-engine cruise flight. The ability 
to maintain level flight with one engine 
inoperative is possible only below the 
single-engine absolute ceiling. This ceiling 
is based upon standard atmosphere, sea 
level conditions with the operating engine 
at maximum continuous power, maximum 
gross weight, gear and flaps up, and the 
inoperative propeller feathered. Factors 
that reduce the ceiling are high density 
altitude or failure of the propeller to 
feather. Airspeed is also a factor; for 
example, the best single-engine rate-of- 
climb speed provides maximum efficiency. 

b. An average power chart provides 
for cruise operation with 45 to 75 percent 
power. One engine alone may be required to 
operate above the recommended cruise 
range to supply the necessary power for 
continued flight. The loss of one engine 
creates an emergency, and flight should not 
be continued beyond the nearest suitable 
airfield. When operating with a single 
engine, trim controls usually are adequate 
to relieve control pressures. Some Opera- 
tor's Manuals recommend a bank of no 
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more than 5° toward the operating engine 
during straight flight. Bank reduces the 
amount of rudder required to counter 
asymmetric thrust, but results in a slip and 
reduced vertical component of lift. Thus, 
degree of bank should be confined to 
recommended amounts. 

21-6. DESCENTS 

Usually, descent in aircraft powered by 
reciprocating engines is performed at a 
specified power setting and airspeed that 
will retain minimum engine operating 
temperature and avoid plug fouling or 
engine loading. Descents made at idle 
power for prolonged periods should be 
avoided. One inch of manifold pressure for 
each 100 revolutions per minute (rpm) is 
the general rule for descent power. For 
specific information, consult the engine pow- 
er charts in the Operator’s Manual. Due to 
the low power requirements involved, 
enroute descents with one engine inopera- 
tive present no problems. However, 
descent for landing is more involved and 
requires some precaution to avoid undue 
hazard. 

21-7. APPEOACH AND LANDING 
a. Approach and Landing Speeds. 

Approach speeds vary with aircraft config- 
uration and the type of approach. The 
Operator’s Manual and checklist supply 
this information. When both engines are 
operating normally, no special technique or 
skill is required. However, performing the 
approach and landing with one engine 
inoperative demands more skill and judg- 
ment. When possible, normal patterns and 
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speeds should be used for single-engine 
approaches. Speeds above Vmc should be 
maintained during approach and landing or 
during go-around to preclude loss of 
directional control if high power settings 
are used. 

b. Rudder Trim. If rudder trim has 
been used to counteract asymmetric thrust, 
retrim to neutral during the approach 
following power reduction. 

c. Procedure for Engine Failure 
During Cruise Flight. Maintain control of 
the aircraft while maintaining heading or 
turn, as required. Add power as required to 
keep the airspeed from decaying exces- 
sively and to maintain altitude. Identify 
the failed engine by control pressures. (If 
holding rudder pressure to keep the aircraft 
from yawing, the rudder pedal requiring 
the least pressure indicates the failed engine 
and the rudder pedal being pressed indi- 
cates the good engine.) Identification of the 
failed engine should be verified by the engine 
instrument group and confirmed by retard- 
ing the throttle/power lever of the sus- 
pected failed engine without asymmetrical 
thrust change. After the failed engine is 
positively identified, complete the remain- 
ing immediate action emergency pro- 
cedures. Use the checklist to verify and 
complete the entire procedure. Use power 
as required to cruise at the desired airspeed 
and altitude, if gross weight permits. If 
unable to maintain altitude when at Vyse. 
establish a controlled descent to an altitude 
where level flight can be maintained 
(single-engine service ceiling). Perform 
engine cleanup procedures if applicable. 
Initiate an emergency call and plan for a 

landing at the nearest suitable landing 
area. Perform fuel crossfeed/management 
procedures as required. 

d. Procedure for Single-Engine 
Landing. Complete the descent arrival pro- 
cedure before entering the traffic pattern or 
starting an instrument approach. Fly a 
normal traffic pattern and perform the 
before-landing procedure at the same 
points as with both engines operating. Plan 
for a normal approach (touchdown at first 
one-third of runway), allowing for suffi- 
cient straight-away on final so minor 
alinement, speed, and altitude corrections 
can be accomplished without excessive low 
altitude maneuvering. Extend the flaps to 
no more than the approach/takeoff posi- 
tions until there is no possibility of a 
go-around or missed approach. Normally 
full flaps should be used for landing, but 
should not be extended until the landing is 
assured. When the landing flaps are 
extended, perform landing procedures and 
stabilize the airspeed to that recommended 
in the Operator’s Manual. (If not listed, use 
1.3 times power-off stall speed in landing 
configuration (Vso), plus one-half wind 
gust spread.) Avoid abrupt changes in 
power and be prepared for a trim change as 
power is reduced. Make a normal touch- 
down, reducing power during the flareout. 
The feathered propeller will result in less 
drag than a windmilling propeller. It may 
cause the aircraft to “float” during landing 
and rollout further than normal after 
touchdown. After touchdown, use brakes/ 
propeller reversing or BETA range, if 
applicable, as necessary to slow the 
aircraft. Propeller reversing must be 
limited to a rate consistent with directional 
control. 
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e. Procedure for Single-Engine Go- 
Around. When it becomes doubtful that a 
safe landing can be accomplished, apply 
maximum controllable power and simul- 
taneously increase the pitch attitude to 
stop the descent. Retract the landing gear 
and establish a positive climb pitch 
attitude. Trim the aircraft. Position the 
flaps to takeoff setting, if applicable, and 
adjust the pitch attitude to avoid altitude 
loss. Accelerate to VySe and complete the 
go-around procedure. 

NOTE: The decision to go arouinid on a 
single engine must be made as early as 
possible. Many aircraft have a mini- 
mum altitude at which a single-engine 
go-around can be successfully com- 
pleted once the landing flaps have 
been fully extended. 

f. Procedure for Engine Failure 
During Takeoff. When an engine is 
identified as failing by control pressures 
and engine instrument indications, and the 
aircraft has not accelerated to recom- 
mended lift-off speed (Vi0f), retard the 
throttles/power levers immediately to idle 

and stop the aircraft with brakes and 
reverse thrust (if applicable). If the aircraft 
is airborne when an engine fails and 
sufficient runway remains to land and stop 
the aircraft on the runway, check gear 
down, retard throttle/power levers, land, 
and use brakes and/or reverse thrust, if 
applicable, to bring the aircraft to a stop.If 
the engine fails without sufficient runway 
remaining to land and stop the aircraft, 
maintain VySe. If the airspeed is below 
Vyse, maintain whatever airspeed is 
attained (between Vj0f and Vyse) until 
sufficient altitude is obtained to “trade-off 
altitude for airspeed” to assist in accelera- 
tion to Vyse- Complete the immediate 
action procedure as listed in the Operator’s 
Manual for engine failure after takeoff 
(flight continued) and verify with the 
checklist. Climb to single-engine maneu- 
vering altitude at VySe. Use power as 
necessary to circle and land or continue 
enroute climb. Use the checklist to verify 
and complete the entire procedure. If 
altitude cannot be maintained, do not fly 
below Vmc or single-engine stall speed. 
Reduce power as required to maintain 
control while maneuvering for a landing in 
the best available area clear of obstruc- 
tions. 
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g. Procedure for Engine Failure 
During Approach. Continue the approach 
to landing, maintaining aircraft control and 
safe single-engine approach speed. The 
distance from the runway at which the 
engine fails will determine the extent of the 
corrective procedures to be applied. If time 
permits, perform engine failure during 
flight procedures. If the distance remaining 
(short final) is minimal, perform engine 
failure during final approach procedure. 
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TACTICAL FLIGHT TRAINING 

Sedrôm I. SHOET-FEELB AND EOAB STEEP TECHNEQUE 

22-1. POWER APPROACH 

a. The power approach is used to 
accomplish touchdown accuracy and the 
shortest safe ground roll. The shortest safe 
ground roll is accomplished by maintaining 
the slowest speed during the approach that 
is required to provide a safe margin above 
stalling. This airspeed will vary with 
different aircraft, loads, and weather 
conditions (e.g., temperature, relative 
humidity, and density altitude). To assure 
minimum safe airspeed consistent with 
prevailing conditions, an appropriate pitch 
attitude should be established. This atti- 
tude is the highest pitch attitude which 
would sustain controlled flight with power 
removed, and commonly is referred to as 

“power approach” attitude. Use of attitude 
rather than airspeed allows the aviator to 
devote his attention outside the cockpit, 
yet provides for immediate recognition and 
correction of error on the glidepath. The 
angle of descent is controlled by the pitch 
attitude and the airspeed is controlled by 
the throttles/power levers. 

b. There are many important 
factors to be considered by an aviator 
before landing in short, strange fields. Two 
of these are— 

( 1 ) Touchdown point. The 
touchdown point is the place on the ground 
selected by the aviator on which to land the 
aircraft. It should provide maximum 
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usable distance for the ground roll after 
landing. If barriers exist at the approach 
end of the landing area, the point of 
touchdown must be far enough away from 
the barriers to provide a safe approach 
angle over them. 

(2) Go-around point. The go- 
around point is a point selected by the 
aviator from which either a safe landing roll 
or a safe go-around can be executed. Its 
location will vary from a position on final 
approach prior to the touchdown point to a 
place farther down the landing area beyond 
the touchdown point, depending upon the 
wind, barriers, and length of usable strip. 

c. The power approach may be 
started from any position. Usually a 
normal glide is used until the aircraft is on 
the required glidepath, then the power 
approach is started. If the approach is 
made to an open touchdown point, the 
aviator must visualize the proper glidepath 
and maintain it. If there is a barrier at the 
approach end of the landing area, the 
aviator can use the sight picture method to 
help visualize and maintain the glidepath 
(A and B, fig 22-1). When operating in a 
high threat environment, the aircraft 
should be flown at a low altitude; therefore, 
the aviator must plan the approach before 
the landing site comes into view. The 
situation requires that the aviator slow the 
aircraft and employ slow flight techniques 
before arriving over the touchdown point. 

d. The roundout is started at the 
same point as in a normal power-off 
approach, but is executed more gradually 
since less change in pitch attitude and 
airspeed is required. Due to the slow speed 
at this point, a low, abrupt roundout 
should be avoided. It is started in sufficient 
time to simultaneously stop the descent, 
attain the landing attitude, and make 
ground contact at the touchdown point. To 
prevent the aircraft from floating, power 
reduction is started simultaneously with 
roundout; but it should be slow enough to 
prevent early stalling. Normal crosswind 
techniques are used as required. After 
touching down, brakes are applied as 
necessary. If severe banking action is 
necessary, brake pressure should be 
applied immediately after touchdown. 

22-2. MAXIMUM PERFORMANCE 
TAKEOFF 

a. The maximum performance 
takeoff is designed for takeoffs from small, 
rough landing areas with minimum ground 
roll. Maximum permissible power is used. 
The throttles/power levers are advanced 
while holding the aircraft in the takeoff 
position with brakes until maximum per- 
missible power is reached. Ground roll 
begins by releasing the brakes; directional 
control is accomplished by use of the 
tailwheel or nosewheel and rudder. Further 
use of brakes is avoided except for 
emergencies. 

b. The takeoff is made in a tail-low 
attitude. After leaving the ground, pitch 
attitude may be increased to achieve the 
maximum angle of climb for clearing a 
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Figure 22-1. Barrier sight picture. 
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barrier. Once the barrier is cleared, a Vy 
climb is assumed. If there is no barrier, Vy 
climb is assumed after the aircraft becomes 
airborne. Crosswind control is the same as 
in a normal takeoff. After becoming 
airborne, the slip is removed and a crab is 
established to maintain runway alinement. 

22-3. FLIGHT EECOMNAIISSANCIE 

Since much of the flying required of 
Army aviation is from unprepared strips, 
some of which may have other uses, the 
aviator must be sure that the strip is in 
usable condition before attempting a 
landing. This is determined by means of a 
thorough reconnaissance, which is divided 
into two phases—high and low. To prevent 
disclosing the location of the strip, these 
reconnaissances must be made at minimum 
altitude commensurate with safe, accurate 
observations and with as few passes as 
possible. 

a. High Reconnaissance. During 
the high reconnaissance, the strip is 
surveyed as accurately as possible, check- 
ing its length, slope, direction, obstacles 
(on the ends or sides), and available forced 
landing areas (for both landing and 
takeoff). After considering these facts the 
directions of landing and takeoff are 
tentatively selected, and tentative points of 
touchdown and go-around are chosen. The 
direction and area of flight for the low 
reconnaissance is also selected. If the strip 
is on a road, particular attention must be 
given to ditches, culverts, bridge and 
culvert abutments, power and telephone 
lines (either parallel to or crossing the 
strip), and road signs which a wing or strut 

might hit. Traffic on the road must also be 
considered. No particular flight pattern or 
altitude is prescribed for the high recon- 
naissance. 

b. Low Reconnaissance.' The low 
reconnaissance normally is made in the 
same direction as landing and takeoff. 
However, in all cases, the low reconnais- 
sance will be made in the safest direction 
that allows suitable observation of the strip 
surface. The altitude (B, fig 22-2) and 
flightpath (A, fig 22-2) for the low 
reconnaissance is such that the aviator is 
able to see all of the strip. Altitude should 
provide a safe margin above the highest 
obstacle in the flightpath. Where to fly the 
low reconnaissance is governed by such 
factors as wind, forced landing areas, and 
obstacles. It is generally best to select a 
flightpath that will allow observation with 
a minimum of obstructions to vision at the 
lowest possible altitude. During the low 
reconnaissance, the surface of the strip is 
inspected for suitability of use (watching 
for holes, rocks, stumps, or anything else 
that may prove hazardous to a landing). If 
it is an area strip with more than one 
possible landing lane, only that portion of 
the area selected for the landing should be 
scanned; the remainder of the area can be 
better evaluated after landing. Discoveries 
during the low reconnaissance may neces- 
sitate changes to the original plan 
of landing. Newly discovered features 
must be analyzed, alternate possibilities 
weighed, and a sound decision made 
promptly in order to eliminate unnecessary 
flying about the selected landing site. 
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Figure 22-2. Low reconnaissance. 

22-4. GEOUNB MECONNAISSANCE 

A ground reconnaissance is performed to 
determine the operational capabilities of 
the strip, with primEiry emphasis on safety 
details. TEixiing on the strip is avoided, 
except under the direction of ground 
personnel or after completing a thorough 
ground inspection. During the ground 
reconnaissEince, such details as length and 
width of usable strip, condition of the 

surface of the entire strip, location and 
type of barriers, Emd overall size for 
operational requirements must be con- 
sidered to determine the feasibility of using 
the strip. If immediate takeoff is con- 
templated, wind direction is checked and 
takeoff direction confirmed. The best 
position for takeoff is selected and the 
takeoff lane doublechecked for safety. 
Ground reconnaissance of road strips also 
includes checking ditches, culverts, laterfd 
clearance, emd turnaround areas. 
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22-5. GJESNEDKAL 

a. Operations in a high threat 
environment cannot be restricted to day- 
light periods only. Safe operations at night 
can be accomplished with adequate train- 
ing and detailed premission planning. 
However, night flying is physically more 
demanding and requires that greater 
emphasis be placed upon the physiological 
needs of the aviator to include rest, food, 
and physical exercises. 

b. During the training phase, pre- 
cautions should be undertaken to assure 
the pyschological readiness of the aviator 
to cope with night flight. A positive 
training program should instill aviator 
confidence in his own ability to conduct 
night flight; motivate his interest so as to 
increase his flying skill; and eliminate 
distractions from the learning process. A 
positive approach to training for night 
operations will steadily increase the 
aviator’s learning rate. 

c. In the forward areas, Army 
aircraft must be capable of landing and 
taking off with minimum lighting on the 
aircraft and on the ground. Therefore, 
training should be conducted using mini- 
mum lighting with training progressing 
from normal lighting to minimum lighting 
as the aviator increases his proficiency. 
When conducting this training, maximum 
use should be made of night vision devices. 

d. Because potential enemies have 
sophisticated air defense weapons capable 
of detecting and engaging aircraft well 
beyond the forward edge of the battle area 
(FEBA), fixed wing aircraft will be 
required to fly nearer the ground. An 
effective tactic to deny the enemy the 
ability to visually, optically, or electroni- 
cally detect or locate the aircraft involves 
the employment of the aircraft in such a 
manner to use the terrain, vegetation, and 
manmade objects. This tactic is known as 
“terrain flying” and involves a constant 
awareness of the capabilities and relative 
position of the enemy weapons and 
detection means in relation to available 
masking, terrain features, and flight route. 
Of the flight techniques associated with 
terrain flight, only contour and low level 
are suitable for use by fixed wing aircraft in 
the high threat environment. Training 
should be conducted in these techniques, 
both with the unaided eye and with vision 
aids (AN/PVS-5 goggles). 

22-®. MüGIHIT? 

a. To attain total night adaptation, 
the human eye requires about a 30- to 
45-minute period of adaptation to dark- 
ness. This adaptation may be accelerated 
by remaining in a red-lighted area or by 
wearing red-lensed goggles for a period of 
time prior to conducting a night flight. 
Once achieved, night vision should be 
carefully preserved; even a brief flash of 
bright light destroys the adaptation. If an 
aviator is exposed to a bright light, he 
should close one eye to preserve its dark 
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adaptation. Cockpit lighting should be 
kept to a minimum; therefore, the aviator 
must have a thorough “blindfold” knowl- 
edge of the cockpit. 

b. Because of the structure of the 
eye, central vision used during the daylight 
hours becomes less sensitive during the 
hours of darkness, resulting in a relative 
blind spot of 5° to 10° wide. For this 
reason, if an object is viewed directly at 
night, it may not be detected; and if 
detected, it will fade more rapidly. To 
compensate, the aviator must view objects 
by looking 10° above, below, or to the side 
in order to perceive the image. This 
technique is called off-center viewing. 

c. Under certain conditions, the 
visual sense (which is normally the 
aviator’s most dependable sensation) can 
be adversely affected by vertigo, with 
possible loss of orientation. 

d. Lack of oxygen is harmful to 
night perception. It is recommended that 
supplementary oxygen be used on night 
flights above 4,000 feet mean sea level 
(MSL). 

e. General physical condition 
affects night vision. Fatigue, excessive 
smoking or drinking, and poor eating 
habits reduce night vision capabilities. 

f. Windshields and windows 
should be clean, clear, and free of 
scratches. 

FWJ H-50 

22-7. AIEFIIISLD LIGHTING 

a. In general, airfield lighting 
includes runway lighting, approach light- 
ing, taxiway lighting, obstruction and 
hazard lighting, beacons, lighted wind 
direction indicators, and special signal 
lights. The colors and configurations have 
been generally standardized on an inter- 
national scale, with no essential difference 
between fixed and temporary installations. 
The basic color code is as follows: 

( 1 ) Blue—taxiway lighting. 

(2 ) Clear (white) — the sides of a 
usable landing area. 

(3) Green—the ends of a usable 
landing area (threshold lights) and, when 
used with a beacon, a lighted, attended 
local airfield. 

(4) Red—hazard, obstruction, 
and nonlandable area. 

(5) Yellow—caution, and when 
used with a beacon, seaplane base. 

b. Runway lighting is divided into 
two classes: (1) high intensity for instru- 
ment flight rules (IFR) operation and 
(2) medium intensity for visual flight rules 
(VFR) operation. Taxiway lights may be 
supplemented by reflectors. 

c. Approach lighting may be used 
on the primary approach of those airfields 
intended for instrument flying and all- 
weather operation. Approach lighting is 
used only at installations providing pre- 
cision instrument approach facilities. 
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22=8. MIGHT FLYING CONSIDERA- 
TIONS 

a. The aviator should be thor- 
oughly familiar with the aircraft, its 
lighting system, and emergency equip- 
ment. A red-filter flashlight should be 
carried within easy reach in case of lighting 
failure. 

b. All position lights and the 
battery-generator system must be checked 
for correct operation. If improperly 
positioned or too bright, cockpit lights may 
interfere with outside vision by reflecting 
against the glass of the cabin enclosure. 
The position lights and anticollision lights 
should be turned on prior to starting the 
engine and remain on during engine 
operation. 

c. Night taxiing should be slow and 
executed with extreme care. Landing lights 
should be used for clearing and orientation 
only as necessary. Landing lights may blind 
other aviators as they sure approaching to 
land. Taxi lights should be used instead of 
landing lights to reduce the amount of light 
being emitted. 

d. Distance judgment at night is 
deceptive. For takeoff, the aircraft should 
be lined up carefully with the runway lights 
and normal takeoff techniques used. For 
takeoff from a field without runway lights, 
a light should be positioned at the upwind 
end of the field to provide the aviator a 
reference point for alinement and distance. 
Normal takeoff procedures should be used 
avoiding premature lift-off or prolonged 
ground roll. Flight instruments should be 
cross-checked during initial climb to avoid 

disorientation until a safe altitude is 
reached and visual references become 
discernible. 

(1) Due to the deception 
involved in estimating distance, altitude, 
and speed at night, the approach and 
landing require more caution than during 
daytime operations. The night traffic 
pattern is the same traffic pattern as used 
for the type aircraft in day operations. 

(2) If obstruction lights are 
available, the aviator may use them in 
conjunction with the threshold lights to 
establish a sight picture during landing 
approach. 

(3) In the absence of obstruc- 
tion lights, runway lights provide limited 
aid in judging the approach angle. If the 
terrain is level and the lights are spaced at 
a known interval, the problem is simple. 
Rolling terrain or nonstandard light 
spacing makes the angular reference unreli- 
able. In such cases, the aviator can 
sometimes take advantage of other 
reference points in the vicinity of the 
approach area. 

e. Landing lights may be used to 
aid in seeing unlighted obstructions, 
although their use may restrict vision 
during conditions of poor visibility caused 
by haze, smoke, etc., and their range may 
be insufficient for the aviator to perceive an 
obstruction in time to avoid it. The glide 
angle indicator light is the most accurate 
and reliable means of approach-angle 
indication; however, aviators are cautioned 
not to stare at this light as this can cause 
an illusion and loss of perspective. 
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f. Night landings can be accom- 
plished using normal approach and landing 
techniques; however, even the most 
experienced aviator may error in depth 
perception. The standard procedure 
involves use of power during the landing 
flare to maintain minimum flying speed 
until touchdown. The initial approach may 
be with power, but care must be exercised 
to avoid an unsafe airspeed. The use of 
power is essential during dark field 
landings when ground surface is not 
visible. It is an effective safeguard against 
errors in judgment and perception even on 
lighted fields. The best night technique is 
to maintain speed above stalling with 
power until the wheels touch, thereby 
avoiding sole reliance on vision. 

g. The fading or disappearance of 
an area of lights is usually a symptom of 
deteriorating weather. A halo-like glow at 
the wingtip position lights is an indication 
of decreasing visibility. 

h. The rotating anticollision light 
can induce flicker vertigo when reflected by 
the propeller disk or by hazy or smoky 
atmosphere; dizziness and nausea may 
result. 

i. Disorientation happens to the 
best aviators. An orderly plan for reori- 
entation, based on all the available aids, 
should be formulated in advance. Thorough 
knowledge of the area, availability and use 
of up-to-date navigation charts, use of 
radio navigation aids, and requesting 
assistance from ground radio stations and 
other aircraft may be used to reestablish 
orientation. 

j. Fuel and engine gages must be 
checked regularly. Cockpit illumination 
should be kept low. A vigilant watch for 
other aircraft must be maintained. 

k. High approaches seldom result 
in anything more serious than a go- 
around. Low approaches often fail to reach 
the runway. 

1. Practice of landings and takeoffs 
under minimum lighting conditions 
increases proficiency in night flying 
operations. 
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22=0. THIIREAT AND SUEVIVABILITY 

a. The encounter of a sophisticated 
enemy air defense system constituting a 
high threat environment can be anticipated 
on future battlefields. This system will 
include weapons ranging from individual 
heat-seeking antiaircraft weapons to radar 
controlled surface-to-air missiles. The com- 
ponent weapons of this system will be 
deployed in depth throughout the enemy 
area. The emplacement of the various 
weapons of the system will be arranged so 
that the fields of fire overlap. This 
overlapping of fields of fire will result in 
almost continuous coverage of the enemy 
area from the surface to an altitude of 
several thousand feet. Additionally, the 
emplacement of the various weapons will 
insure overlapping coverage of the battle- 
field from behind the friendly FEBA to the 
enemy rear areas by target acquisition 
equipment and visual observation. 

b. When operating in a high threat 
environment as described above, surviv- 
ability becomes a decisive factor in 
planning all aviation missions. Surviv- 
ability in this type environment depends on 
avoiding detection and preventing tracking 
by electronic, visual, or optical means. 
These two requirements of survivability 
can best be met by fixed wing aircraft 
employing the tactics of terrain flight. Low 
level flight and contour flight are the only 
techniques of terrain flight suitable for use 
by fixed wing aircraft in a high threat 
environment. 

c. In addition to the threat posed 
by enemy activity on the FEBA, fixed 
wing aviators will encounter hazards 
caused by friendly ground forces—the 
primary users of the forward airspace. 
These hazards include direct and indirect 
fire, low level air defense systems, drones, 
other aircraft, nuclear fire, and communica- 
tion wire. 

22-10. LOW LEVEL ELUGHT 

Low level flight is conducted at a 
selected altitude at which detection or 
observation of an aircraft or the points 
from which and to which it is flying are 
avoided or minimized. The route is pre- 
selected and conforms generally to a 
straight line and a constant airspeed and 
indicated altitude. This method is best 
adapted to flights conducted over extended 
distances or periods of time. 

22-11. CONTOUE ELEOHT 

Contour flight is flight at low altitude 
conforming generally, and in close prox- 
imity, to the contours of the earth. This 
type flight takes advantage of available 
cover and concealment in order to avoid 
observation or detection of the aircraft 
and/or its points of departure and landing. 
It is characterized by a constant airspeed 
and a varying altitude as vegetation and 
obstacles dictate. In contour flight, the 
aviator must be constantly alert for 
obstructions. Precarious flight positions, 
such as abrupt pullups and excessively 
steep banks, should be avoided; and care 
must be taken not to lower a wing into 
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ground obstructions, even in shallow 
banks. Although valleys offer good con- 
cealment from enemy observation, if the 
area is unfamiliar the aviator must assume 
that wires are strung between the hills. An 
identical assumption must be applied to 
any inviting gap between ground obstruc- 
tions. Thorough flight planning should 
take into consideration possible obstruc- 
tions along the route. 

22-12. CONTOUE APPROACH 

Advantages gained from contour flight 
may be lost if a normal approach pattern is 
used in the landing. The contour approach 
is employed to offset this disadvantage. 
For this type of approach, a preplanned 
avenue of approach should be used taking 
advantage of available cover and conceal- 
ment by the terrain along the approach 
path. The approach should be flown at 
normal contour airspeed until arriving in 
the near vicinity of the landing area, at 
which time the airspeed should be reduced 
to allow a landing without overflying the 
landing area. When the touchdown point is 
in sight, power should be further reduced 
and the approach made using the power 
required to maintain obstacle clearance. 
This technique takes advantage of low 
exposure time to enemy observation. 

22-13. OV-1 MOHAWK AIRPLANE 
OPERATIONS IN A HIGH THREAT 
ENVIRONMENT 

a. Penetration Missions. When 
operating aircraft in a high threat environ- 

ment, the flight from the base airfield to a 
point just prior to the target area should be 
flown at low level altitudes. As necessary, 
the aviator should increase his altitude to 
that required to accomplish the mission. 
After the mission has been accomplished, 
he should return to contour altitude and 
return to his home base by a different route 
from the one used en route to mission site. 

b. Nonpenetration Missions. The 
aircraft will stand off outside the enemy air 
threat envelope to accomplish side-looking 
airborne radar (SLAR) imagery missions. 
To obtain oblique photography of 30° or 
60°, it will be necessary to work in the 
vicinity of the FEBA. However, penetra- 
tion may not be necessary. 

22-14. USE OR AERIAL MANEUVERS 

If attacked by enemy aircraft or ground 
fire, the only effective evasive action for the 
Army aircraft is for the aviator to make 
rapid changes in altitude and/or direction 
(e.g., climbs and steep diving turns) as 
altitude and airspeed permit. Caution must 
be exercised to avoid obstructions and a 
high speed stall during the pullout. A turn 
toward the attacking aircraft or missile will 
reduce the closure time and increase the 
rate of change of the attack angle of the 
attacking aircraft or missile and be an 
advantage for the slower Army aircraft. 
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Department of the Army pamphlets of the 310-series should be consulted frequently 
for the latest changes or revisions of the references given in this appendix and for new 
publications relating to the material covered in this publication. 

ARMY REGULATIONS ( AR) 

95-series (Military Publication Indexes) 

310-series (Military Publications) 

DEPARTMENT OF THE ARMY PAMPHLETS (DA PAM) 

310-series (Military Publication Indexes) 

FIELD MANUALS (FM) 

1-5 Instrument Flying and Navigation for Army Aviators 

1-30 Meteorology for Army Aviators 

1-105 Aviator’s Handbook 

90-l(HTF) Employment of Army Aviation Units in a High Threat Environment 

TECHNICAL MANUALS (TM) 

55-1510-series (Appropriate Aircraft Operator’s Manuals) 
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TRAINING CIRCULARS (TC) 

1-26 Training on the MK-J5 Martin-Baker Ejection Seat*’" 

*1-144 Aircrew Training Manual, Surveillance Airplane 

*1-145 Aircrew Training Manual, Utility Airplane 

♦During FY 80 the second draft of each Aircrew Training Manual is being used 
Armywide for aviator training. The final Department of the Army publication of each 
Aircrew Training Manual should be available in FY 80-4 and will be used for aviator 
training in F Y 81 and subsequent years. Draft editions are available through 
Commander, USAAVNC, ATTN: ATZQ-T-AT-E, Fort Rucker, AL 36362 
(AUTOVON 558-5990/3283). 

**To be published. 

MISCELLANEOUS (MISC) 

AC 61-21, Flight Training Handbook, Federal Aviation Administration, Washington, 
DC, 1965. 

Aerodynamics for Naval Aviators, NAVAIR 00-80T-8, Aviation Training Division, 
Office of the Chief of Naval Operations, revised January 1965. 

ATC Manual 51-3, Aerodynamics for Pilots, Air Training Command, 1 July 1970. 

Concept Paper on Terrain Flying, Quadripartite Working Group (QWG/AVN). 

Fundamentals of Fixed and Rotary Wing Aerodynamics, Part I, produced under 
DA-04-225-AV1-1734. 

Introduction to Applied Aerodynamics, Dept of Mechanics, USMA, West Point, NY. 
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APPENDIX B 

V SPEED REFERENCE 

The following V speed abbreviations are listed for convenience and reference. 

Va - maximum design maneuvering speed. 

Vb - turbulent penetration speed. 

Vc - design cruising speed. 

Vf - design flap speed. 

Vfe - maximum flap extended speed. 

Vfe ' maximum landing gear flight speed. 

Vio - maximum landing gear extension/retraction speed. 

Vlof - lift-off speed (normally rotation speed +3 knots). 

Vmc • minimum control speed with critical inoperative engine. 

Vmo - maximum operating limit speed. 

Vne ■ never exceed speed. 

Vr - rotation speed. 

Vref - The indicated airspeed the airplane should be at 50 feet above the runway 
in landing configuration. It is the “landing approach speed” shown in 
most aircraft operator’s manuals. If the operator’s manual does not give 
Vref> 50-foot speed or landing approach speed, then 1.3 power-off stall 
speed in landing configuration (Vso) is used as the Vref speed. Vref plus 
speeds are used during visual and instrument approach procedures and 
provide a simple method of computing the various speeds required for 
traffic patterns and instrument approaches. The following is an example 
of Vref use. 
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Vref Landing approach speed (desired speed at 50 feet 
above runway). 

Vref+10 Final approach speed. 

Vref +20 Base leg speed or instrument approach speed. 

Vref +30 Speed after landing gear has been lowered. 

Vref +40 Pattern speed or instrument approach speed until 
lowering landing gear. 

Vs 

Vso 

Vsse 

Vx 

Vxse 

vy 

Vyse 

- power-off stalling speed. 

- stalling speed in the landing configuration. 

- The safe twin-engine operative speed selected to provide a reasonable 
margin against the occurrence of an unintentional stall when making 
intentional engine cuts. In flight, simulated engine failures below this 
speed are prohibited. If Vsse is not listed in the aircraft operator’s 
manual, simulated engine failures at or below Vs will not be performed. 

- best angle-of-climb speed. 

- best single-engine angle-of-climb speed. 

- best rate-of-climb speed. 

- best single-engine rate-of-climb speed. 
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GLOSSARY 

absolute angle of attack 

An angle of attack measured between a reference line in an airfoil and the position the 
reference line would have if the airfoil were producing zero lift; i.e., the sum of the 
geometric angle of attack and the zero-lift angle of attack. Also called an “aerodynamic 
angle of attack.” See “angle of attack.” 

accelerated staU 

A stall with an airplane under acceleration, as in a pullout. Such a stall usually 
produces more violent motions of the airplane than does a stall occurring in 
unaccelerated flight. 

acceleration 

In mechanics, a change in the velocity of a body, or the rate of such a change, with 
respect to speed or direction, or both, as accelerations occur during catapult takeoffs 
and crash landings, or gusts impose a series of sharp accelerations on an airplane; the 
state or condition of a body undergoing such change. 

accelerometer 

An instrument that measures one or more components of the accelerations of a vehicle, 

adjustable stabilizer 

A stabilizer, especially a horizontal stabilizer, whose angle of incidence may be varied, 
usually both on the ground and in flight. 

adverse pressure gradient 

In a fluid flow system or field, a pressure gradient of increasing static pressure in the 
direction of the flow. 
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adverse yaw 

Yaw in the opposite sense to that of the roll of an aircraft; e.g., a yaw to the left with 
the aircraft rolling to the right. 

aerobatics 

1. (Construed as singular.) The performance of dives, loops, steep banks, rolls, etc., 
in an aircraft, especially in an airplane or glider. 

2. (Construed as plural.) The maneuvers so performed, 

aerodynamic axis 

The axis is an airfoil, or other body, containing the aerodynamic centers of the body, 
such as the line joining the aerodynamic centers along a wingspan. 

aerodynamic balanced surface 

A control surface so designed or fitted out with auxiliary devices that the magnitude of 
the aerodynamic moment about the hinge axis is reduced. See “horn balance." 

aerodynamic center 

A point in a cross section of an airfoil or other aerodynamic body or combination of 
bodies, about which the pitching moment coefficient remains practically constant with 
nearly all changes in angle of attack. 

aerodynamic coefficient 

Any nondimensional coefficient relating to aerodynamic forces or moments, such as a 
coefficient of drag, a coefficient of lift, etc. 

aerodynamic drag 

Drag caused by aerodynamic forces, 

aerodynamic efficiency 

The efficiency with which a body overcomes or makes use of aerodynamic forces or 
actions; specifically, the efficiency with which an airfoil or other lifting body produces 
lift in proportion to drag, determined numerically from the lift-drag (L/D) ratio. 
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aerodynamic heating 

The rise in the skin temperature of a missile due to the friction of the air at high speed. 
Aerodynamic heating reinforced by heat from the missile components can also cause 
excessive internal temperatures and affect operation of the components. 

aerodynamic lift 

Lift resulting from aerodynamic forces, 

aerodynamic overbalance 

A condition existing when aerodynamic forces cause an aircraft or aircraft component 
to rotate or turn excessively about a point or line; specifically, the condition of an 
aircraft control surface existing when its deflection results in a hinge moment tending 
to increase the deflection. 

aerodynamics 

1. The science that treats of the motion of air and other gaseous fluids, and of the 
forces acting on bodies when the bodies move through such fluids, or when such fluids 
move against or around the bodies, as, research in aerodynamics. 

2. a. The actions and forces resulting from the movement or flow of gaseous fluids 
against or around bodies, as, the aerodynamics of a wing in supersonic flight, b. The 
properties of a body or bodies with respect to these actions or forces, as, the 
aerodynamics of a turret, or of a configuration. 

3. The application of the principles of gaseous fluid flows and of their actions against 
and around bodies to the design and construction of bodies intended to move through 
such fluids, as, a design used in aerodynamics. 

aerodynamic stability 

The stability of a body with respect to aerodynamic forces, 

aerodynamic twist 

The twist of an airfoil having different absolute angles of attack at different spanwise 
stations. 
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aeroelasticity 

1. The quality or state of an elastic structure acted upon by aerodynamic forces. 

2. The study of the effect of aerodynamic forces on elastic bodies. 

aeronautics 

The science and art of designing, constructing, and operating aircraft; more narrowly, 
the science and art of operating aircraft. 

aileron 

1. A movable control surface or device, one of a pair or set located in or attached to 
the wings on both sides of an airplane, the primary usefulness of which is controlling 
the airplane laterally or in roll by creating unequal or opposing lifting forces on 
opposite sides of the airplane. An aileron commonly consists of a flap-like surface at the 
rear of a wing, although other devices are sometimes used. 

2. The movement or deflection of an aileron, as, to apply slight aileron, 

aileron buzz 

A rapid vibration of an aileron, considered a type of flutter, as occurs especially at 
transonic speeds; the noise resulting from this vibration. 

aileron droop 

The simultaneous downward, or positive, deflection or hang of the ailerons on both 
sides of an airplane so as to create additional camber. 

aileron reversal 

A reversal of the control effect usually produced by the deflection of an aileron in a 
given direction; e.g., the lowering, rather than the rising, of a wing when the attached 
aileron is deflected downward, caused by the aileron action twisting the wing and 
changing its angle of attack so that it overcomes the lifting effect of the downward 
aileron deflection. This condition arises at certain flight speeds with wings 
insufficiently stiff in torsion. 
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aircraft 

Any craft made for navigation of the air, such as an airplane, drone, helicopter, balloon, 
or dirigible. 

airflow 

A flow or stream of air. An airflow may take place in a wind tunnel, in the induction 
system of an engine, etc., or a relative airflow can occur, as past the wing or other parts 
of a moving airplane; a rate of flow, measured by mass or volume per unit of time. 

airfoil 

1. A structure, piece, or body, originally likened to a foil or leaf in being wide and 
thin, designed to obtain a useful reaction upon itself in its motion through the air. An 
airfoil may be no more than a flat plate, but usually it has a cross section carefully 
contoured in accordance with its intended application or function. Airfoils are applied 
to aircraft, missiles, or other aerial vehicles or projectiles for sustentation (as a wing); 
for stability (as a fin); for control (as an elevator); and for thrust or propulsion (as a 
propeller blade). Certain airfoils combine some of these functions. 

2. Hence, any such structure.or body as a member of an aircraft, missile, or the like; 
i.e., a wing, rudder, fin, rotor blade, etc. 

airfoil characteristic 

1. Technically, any aerodynamic quality peculiar to a particular airfoil, especially to 
an airfoil section or profile, usually a specified angle of attack. Airfoil characteristics 
are expressed variously as the coefficients of lift, drag, or pitching moment, the 
zero-lift angle, the lift-drag ratio, etc. 

2. A feature of any particular airfoil or airfoil section, such as the actual or relative 
amount of span, taper, thickness, etc. 

airfoil section 

1. A section of an airfoil, especially a cross section taken at right angles to the span 
axis or some other specified axis of the airfoil. 

2. In most usages, the form or shape of an airfoil section; an airfoil profile or the area 
defined by the profile. 
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airframe 

The structural components of an airplane including the framework and skin of such 
parts as the fuselage, wings, empennage, landing gear (minus tires), and engine 
mounts. 

airplane 

A mechanically driven, heavier-than-air, flying machine that derives its lift from a 
fixed wing. 

airspeed 

The speed of an aircraft in relation to the air through which it is passing, 

airspeed indicator 

An instrument which displays the speed of an aircraft relative to the surrounding air. 

airstream 

A stream of air, as in a wind tunnel or past a moving airplane; an airflow, 

all-movable tail 

A horizontal or vertical tail surface that pivots as a whole, as distinct from the usual 
combination of fixed and movable surfaces. Also called a “slab tail.” 

altimeter 

An instrument that measures the elevation of an aircraft above a given datum plane, 

altimeter setting 

The pressure datum in millibars or inches of mercury set on the altimeter subscale, 

altitude 

The vertical distance of a level, a point, or an object considered as a point, measured 
from mean sea level. 
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ambient 

Surrounding; specifically, of or pertaining to the air or air conditions about a flying 
aircraft or other body but undisturbed or unaffected by it, as in ambient air, ambient 
temperature. 

angle of attack 

The angle at which a body, such as an airfoil or fuselage, or a system of bodies, such as 
a helicopter rotor, meets a flow, ordinarily measured between a reference line in the 
body and a line in the direction of the flow or in the direction of movement of the body. 

angle of bank 

The angle of roll of an aircraft, especially in making a turn, 

angle of climb 

The angle between a horizontal plane and the flightpath of a climbing aircraft, 

angle of incidence 

The acute angle between a chord of an airfoil (usually the geometric chord) and the 
longitudinal axis of an aircraft, measured in a plane parallel to the plane of symmetry 
for horizontal airfoils and measured in a horizontal plane for vertical airfoils. This angle 
is measured with respect to fixed or adjustable airfoils; i.e., wings, fins, and 
stabilizers. With twisted airfoils, the root chord is commonly chosen to measure the 
angle of incidence. 

angle of sideslip 

The angle, as seen from above, between the longitudinal body axis of an aircraft or 
similar body and the direction of the undisturbed airflow past the body. This angle is 
positive when the forward part of the longitudinal axis is directed to port. 

angle of sweep 

The acute angle between a reference line in a swept or tapered airfoil and some other 
chosen reference line or plane. For fixed airfoils, the angle is measured from a plane 
perpendicular to the longitudinal axis of the aircraft to the reference line of the airfoil. 
The angle is positive if the outboard end of the airfoil reference line is aft of the inboard 
end. 
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angular acceleration 

The time rate of change of angular velocity, 

anhedral 

A negative dihedral; an anhedral angle, 

approach 

An act or instance of bringing an aircraft in to a landing, or of an aircraft coming in to a 
landing, including flying a landing pattern and descending, as, to begin an approach, 
or, to make a landing in the first approach. 

area rule 

A prescribed method of design for obtaining minimum zero-lift drag for a given 
aerodynamic configuration, such as a wing-body configuration, at a given speed. For a 
transonic body, the area rule is applied by subtracting from, or adding to, its 
cross-sectional area distribution normal to the airstream at various stations so as to 
make its cross-sectional area distribution approach that of an ideal body of minimum 
drag; for a supersonic body, the sectional areas are frontal projections of areas 
intercepted by planes inclined at Mach angle. 

artificial feel 

A control feel simulated by mechanisms incorporated in the control system of an 
aircraft where the forces acting on the control surfaces are not transmitted to the 
cockpit controls, as in the case of an irreversible control system. 

attached shock wave, or attached shock 

An oblique or conical shock wave that is in contact with the leading edge or the nose of 
a body in a supersonic flow field. 

attitude 

The position of a body as determined by the inclination of the axes to some frame of 
reference. If not otherwise specified, this frame of reference is fixed to the Earth. 

* 

aviator 

A person trained to operate the controls of an aircraft in flight. 
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axis 

1. a. A line passing through a body, about which the body rotates, or may be 
assumed to rotate, b. Any arbitrary line of reference, such as a line about which the 
parts of a body or system are symmetrically distributed, c. A line along which a force 
is directed, as, an axis of thrust. 

2. Specifically, any one of a set or system of mutually perpendicular reference axes, 
usually intersecting at the center of gravity of an aircraft, rocket projectile, or the like, 
about which the motions, moments, and forces of roll, pitch, and yaw are measured. 

balancing tab 

A tab so linked that when the control surface to which it is attached is deflected, the 
tab is deflected in an opposite direction, creating a force which aids in moving the 
larger surface. Sometimes called a “geared tab.” 

ballistic wave 

Audible disturbance or wave caused by the compression of air ahead of a projectile in 
flight. 

bank 

1. The position or attitude of an airplane, glider, helicopter, or the like when its 
lateral axis is inclined to the horizontal, as to put an airplane into a bank. This is the 
position normally assumed by an aircraft when turning. A right bank is a bank in 
which the lateral axis inclines downward to starboard. 

2. The inclination of the lateral axis of an airplane, etc., to the horizontal, as, the 
degree of bank. 

Bernoulli’s law 

In aeronautics, a law or theoren?*stating that in a flow of incompressible fluid, the sum 
of the static pressure and dynamic pressure along a streamline is constant if gravity 
and frictional effects are disregarded. 

biconvex airfoil 

An airfoil profile whose sides are convex (circular—arc lines); applied to such profiles 
that are symmetric about the chord. 
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body of revolution 

A symmetrical body, such as a bullet, having the form described by an element rotated 
by an axis. 

boost 

Additional power, pressure, or force supplied by a booster, as, hydraulic boost, 

boundary-layer control 

The control of the flow in the boundary layer about a body or of the region of flow near 
the surface of the body to reduce or eliminate undesirable aerodynamic effects and 
hence to improve performance. 

bound vortex 

In aerodynamic theory, a hypothetical vortex assumed to lie in an airfoil and traveling 
with it and corresponding to the lifting forces acting on the airfoil. 

bow wave 

A shock wave in front of a body, such as an airfoil, or attached to the forward part of 
the body. See ballistic wave. 

brake horsepower 

The horsepower delivered at the rotating drive shaft of an engine. In calculations, this 
horsepower is usually corrected to comply with standard test conditions. 

buffeting 

The beating effect of the disturbed airstream on an airplane’s structure during flight. 

G 
calibrated airspeed 

Indicated airspeed corrected for instrument installation error, 

calibrated altitude 

Indicated altitude corrected for instrument and installation errors. 
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camber 

The curvature of the mean line of an airfoil or airfoil section from leading edge to 
trailing edge; the amount of this curvature, expressed as the ratio of the maximum 
departure of the curve from the chord to the chord length. 

cantilever 

A beam or member supported at or near one end only, without external bracing. 

cathedral 

Same as anhedral. 

ceiling (aircraft) 

The maximum altitude the aircraft is capable of obtaining under standard conditions, 

center of gravity 

The point within an aircraft through which, for balance purposes, the total force of 
gravity is considered to act. 

center of pressure 

The point at which the chord of an airfoil section (prolonged if necessary) intersects the 
line of action of the resultant aerodynamic forces, and about which the pressures 
balance. 

center-of-pressure travel 

The movement of the center of pressure of an airfoil along the chord with changing 
angle of attack; the amount of this movement, expressed in percentages of the chord 
length from the leading edge. 

chord 
>> 

In aeronautics, a straight line intersecting or touching an airfoil profile at two points; 
specifically, that part of such a line between two points of intersection. This line is 
usually a datum line joining the leading and trailing edges of an airfoil, joining the 
ends of the mean line of an airfoil profile, or running along the lower surface or line of an 
airfoil profile, from which the ordinates and angles of the airfoil are measured. As such 
a datum line, it is sometimes called the “geometric chord,” to distinguish it from a 
chord established on the basis of any other considerations. 
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chord length 

The length of the chord of an airfoil section between the extremities of the section, 

chord wise 

Moving, located, or directed along the chord, as in chordwise axis, chordwise 
distribution. 

circulation 

In aerodynamics, a hypothetical circulation of fluid about a body, such as an airfoil, 
used in mathematical explanations of the theory of lift; technically, the line integral 
along a closed curve of the velocity resolved along that curve. 

compressibility 

The property of a substance, as air, by virtue of which its density increases with 
increase in pressure. _ 

compressible flow 

In aerodynamics, flow at speeds sufficiently high that density changes in the fluid can 
no longer be neglected. 

compression wave 

1. A shock wave, when the emphasis is upon the compression of the fluid passing 
through it. 

2. A wave in a fluid flow across which the compression is slight or infinitesimal, 

controls 

The devices used by a pilot in operating an aircraft. 

control cable 

A cable for transmitting controlling movement, especially a cable for moving the 
control surfaces of an airplane or other aircraft, either directly or through intermediate 
mechanisms, or a cable connecting two or more control surfaces. 
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control force 

1. An aerodynamic force acting on a control surface. 

2. A deflecting force exerted on a control surface by the aviator or by power devices in 
the aircraft control system. 

control horn 

A short lever or post rigidly fixed to a control surface, to which a control cable, wire, 
line, or rod is attached. 

controllability 

The capability of an aircraft, rocket, or other vehicle to respond to control, especially in 
direction or attitude. 

control surface 

A movable airfoil designed to be rotated or otherwise moved in order to change the 
speed or direction of the aircraft. 

coordination 

The movement or use of two or more controls in their proper relationship to obtain the 
desired results. 

critical Mach number 

The free-stream Mach number at which a local Mach number of 1.0 is attained at any 
point on the body under consideration. 

crosswind 

A wind blowing across the line of flight of an aircraft, rocket, etc., such that its chief 
effect is to drive the aircraft or other flying body sideways; a wind blowing across, as 
across a runway. 

cruise control 

The procedure for the operation of an aircraft and its powerplants to obtain the 
maximum efficiency on extended flights. 
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delta wing 

A wing shaped in planform substantially like the Greek capital letter delta, or like an 
isosceles triangle, the base forming the trailing edge. 

detached shock wave, or detached shock 

A shock wave not in contact with the body which originates it. 

differential ailerons 

Ailerons geared so that, when they are deflected, the up aileron moves through a 
greater angle than the down aileron, used to reduce adverse yaw or to lessen the control 
force necessary for deflection. 

dihedral 

The spanwise inclination of a wing or other surface, such as a stabilizer, or of a part of a 
wing or other surface, to the horizontal, or to a line or plane equivalent to the 
horizontal; specifically, a positive, or upward, inclination. 

dihedral effect 

1. An effect due to dihedral. 

2. The rolling moment of an aircraft due to sideslip, resulting from whatever causes, 
but resulting principally from the actual dihedral of the wing or wings. The dihedral 
effect is said to be positive if it is such that it tends to raise the forward wing in the 
sideslip. 

dive 

A steep descent with or without power at a greater airspeed than normal to level flight, 

dive brake 

An air brake designed especially to slow down an airplane in a dive. A dive brake 
normally consists of a flap, plate, or the like located in the wing or fuselage. 

double-slotted flap 

A flap consisting of two sections jointed together, providing two slots for the passage 
of air. 
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double-wedge airfoil 

An airfoil profile usually having the shape of a slim rhombus with maximum thickness 
at midchord point; however, maximum thickness can also occur at other locations. 

downwash 

The downward flow of gases under pressure resulting from the application of power to 
the lifting or propelling or both of airborne vehicles, vertiplanes, helicopters, rockets, 
guided missiles, etc. 

downwash angle 

The angle, measured in a plane parallel to the plane of symmetry of an aircraft, 
between the direction of downwash and the direction of the undisturbed airstream. 
This angle is positive when the deflected stream is downward. See “upwash angle” for 
comparison. 

drag 

The aerodynamic force in a direction opposite to that of flight and due to the resistance 
to movement brought to bear on an aerospace vehicle by the atmosphere through which 
it passes. 

drag coefficient 

A coefficient representing the drag on a given airfoil or other body, or a coefficient 
representing a particular kind of drag. 

drift 

A shift in projectile direction due to gyroscopic action which results from atmospheric 
induced torques on the spinning projectile. 

dynamic pressure 

In aerodynamics, the pressure of a fluid resulting from its motion, equal to one-half the 
fluid density times the fluid velocity squared (1/2 PV2). In incompressible flow, 
dynamic pressure is the difference between total pressure and static pressure. 
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dynamic stability 

The property of a body, such as an aircraft or rocket, that causes it, when disturbed 
from an original state of steady flight or motion, to damp the oscillations set up by 
restoring moments and gradually to return to its original state. 

element 

In relation to formation flying, a 2- or 3-plane formation of aircraft, 

elevator 

A control surface, usually hinged to a horizontal stabilizer, deflected to impress a 
pitching moment; i.e., to make the aircraft or other flying body of which it is a part to 
rotate about its lateral axis. An elevator may be one of a pair, each one of the pair being 
situated to either side of the center line (hence the frequent use of the plural, 
“elevators”), or it may be a continuous surface running from end to end of the 
stabilizer. 

eleven 

(elevator + aileron) A control surface that functions both as an elevator and as an 
-iHeron. Also called an “ailavator” or “ailevator.” 

empennage 

The assembly of stabilizing and control surfaces at the tail of an aircraft; on a kite 
liai loon, the assembly of stabilizing lobes or surfaces at the tail. 

endurance 

Specifically: The time an aircraft can continue flying or a vehicle or ship can continue 
operating under given conditions without refueling. 

engine cowling 

A cowling placed around an aircraft engine for directing and regulating a flow of 
cooling air, for streamlining, or for protection. 

engine nacelle 

A nacelle for housing an engine and its accessories. 
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engine pod 

A streamlined structure or nacelle on an airplane, usually slung beneath the wing or 
attached to the wingtip, housing one or more jet engines. 

equivalent airspeed 

Calibrated airspeed corrected for compressibility error, 

face curtain 

A sheet of heavy fabric, installed above an ejection seat, pulled down to trigger the 
ejection seat and to protect the face, oxygen mask, etc., against wind blast. 

feedback 

In aeronautics, the transmittal of forces initiated by aerodynamic action on control 
surfaces or rotor blades to the cockpit controls; the forces so transmitted. 

fence 

A stationary plate or vane projecting from the upper surface of a wing (sometimes 
continued around the leading edge), substantially parallel to the airstream, used to 
prevent spanwise flow. Sometimes called a “stall fence.” 

fin 

A fixed airfoil which aids directional stability. 

final approach 

That portion or leg of an approach pattern after the last turn, in which the aircraft is in 
line with the runway in the landing direction and descending. 

fineness ratio 

The ratio of the length of a body to its maximum diameter, or, sometimes, to some 
equivalent dimension; said especially of a body such as an airship hull or rocket. 

fixed slot 

A slot that remains open at all times. 
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fixed surface 

A stabilizer, fin, or wing either fixed in position during flight or adjustable, but 
distinguished from a movable surface or rotary wing. 

flap 

Specifically, a hinged, pivoted, or sliding airfoil or plate, or a combination of such 
objects regarded as a single surface, normally located at the rear of a wing, extended or 
deflected for increasing camber, especially at takeoff or during landing. 

flap spin 

A spin in which the airplane remains in a more level attitude than that of a normal spin, 
with centrifugal force holding the airplane away from the axis of the spin. 

flight 

In relation to formation flying, a 4-, 5-, or 6-plane formation of aircraft, 

flightpath 

The line or way connecting the continuous positions occupied or to be occupied, by an 
aircraft, missile, or spacecraft as it moves through the aerospace with reference to the 
vertical or horizontal planes. 

flow separation 

The breakaway of flow from a surface, the condition of a flow separated from the 
surface of a body and no longer following its contours. 

flutter 

A vibration or oscillation of definite period set up in an aileron, wing, or the like by 
aerodynamic forces and maintained by the aerodynamic forces and by the elastic and 
inertial forces of the object itself. 

Fowler flap 

A type of extensible trailing-edge flap that increases both the camber and wing area. 
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frontal area 

The projection of a body, as a complete aircraft or a nacelle, on a plane perpendicular to 
the fore-and-aft axis of the body. 

fuel flowmeter 

A flowmeter that measures and indicates the rate of fuel flow to an aircraft’s engines, 
as in pounds per hour. Also called a “fuel-flow indicator.” 

full-cantilever 

Supported at one end only, as in full-cantilever wing, a wing attached to the fuselage at 
one end and not supported otherwise. 

fuselage 

The body to which the wings, landing gear, and tail are attached, 

geometric twist 

The twist of an airfoil having different geometric angles of attack at different spanwise 
stations. 

glide 

Sustained forward flight in which speed is maintained only by the loss of altitude, 

glide angle 

The acute angle between the horizontal and downward path along which an airplane 
descends. 

glide ratio 

The ratio of the horizontal distance traveled to the vertical distance descended in a 
glide. Also called “gliding ratio.” 

go-around 

A procedure for remaining airborne following a decision to discontinue an intended 
landing. 
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gross weight 

The total weight of an aircraft, rocket, etc., as loaded, specifically, the total weight 
with full crew, full tanks, payload, etc. 

ground effect 

1. The effect of the ground or surface in turning the downwash, or induced flow from 
the wings or rotor of an aircraft hovering or flying near it, thus reducing induced drag 
and increasing lift. 

2. The zone close to the ground in which the ground effect (sense 1) is operative, as in 
“The helicopter was operating in ground effect.” 

headwind 

A wind blowing from directly ahead, or blowing from a forward direction such that its 
principal effect is to reduce groundspeed. 

high-lift device 

Any device, such as a flap, slat, or boundary-layer-control device, used to increase the 
CL of a wing. 

horizontal tail 

The entire horizontal part of an aircraft’s empennage extending on both sides of the 
plane of symmetry and in most forms comprising both fixed and movable surfaces. 

horn 

A projection or a projecting part, as from an aircraft control surface, 

horn balance 

A part of a control surface of longer chord than the rest of the surface, lying forward of 
the hinge line and usually at the outboard end of the surface, used for aerodynamic 
balance. 

horsepower 

A unit of power equal to the power necessary to raise 33,000 pounds one foot in one 
minute. Thus, an engine of 1,000 horsepower develops 1,000 X 33,000 foot-pounds of 
work per minute. 
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hypersonic flow 

Flow at very high supersonic speeds, as arbitrarily defined, flow at a Mach number of 5 
or greater. 

incidence, angle of 

The angle between the normal to the surface of impact at the point of impact, and the 
line of impact arrival. 

induced angle, also induced angle of attack 

The difference between the actual angle of attack of an airfoil and the angle of attack of 
an airfoil with infinite aspect ratio and the same lift coefficient; i.e., the angle between 
the direction of movement of the airfoil and the resultant wind past it. 

induced drag 

In subsonic flow over a finite airfoil or other body, that part of the drag caused by lift; 
i.e., induced by the downwash. 

induced lift 

Lift caused by the low pressure of the rapidly flowing air over the top of an airfoil. 

- induced flow 

Flow drawn or sucked in, as the flow induced by the vortex system of a rotor, or the 
flow of air or mixture sucked into an engine by the action of the pistons. 

infinite-span wing 

In aerodynamic theory, a wing of endless span, thus having no tip vortices nor induced 
drag, assumed for purposes of simplification. 

kinesthesia 

The sense which detects and estimates motion without reference to vision or hearing, 

laminar flow 

A smooth flow in which no cross flow of fluid particles occurs, hence a flow conceived as 
made up of layers. 

Glossary-21 



FM 1-50 

laminar-flow airfoil 

An airfoil specially designed to maintain an extensive laminar-flow boundary layer 
from a body. 

laminar separation 

The separation of a laminar-flow boundary layer from a body, 

landing 

The act of terminating flight and bringing the airplane to rest, 

landing gear 

The structure which supports the weight of the airplane while at rest, 

lateral axis 

An axis going from side to side of an aircraft, rocket missile, etc., usually the 
side-to-side body axis passing through the center of gravity. Sometimes called a 
“transverse axis. ’ ’ 

lateral control 

Control over the rolling movement of an aircraft, rocket, etc., or over lateral attitude. 
With a fixed-wing airplane, this control is usually accomplished by the use of ailerons. 

lateral oscillation 

A rolling, yawing, or sideslipping oscillation, or any combination of these oscillations, 
as “The Dutch roll is a complex lateral oscillation.” 

lateral stability 

The tendency of a body, such as an aircraft, to resist rolling, or sometimes also, to 
resist lateral displacement; the tendency of an aircraft to remain wings-level, either in 
flight or at rest. 

leading edge 

The forward edge of an airfoil, blade, etc. ; i.e., the edge which normally meets the air or 
fluid first. 
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leading-edge flap 

A flap installed at the leading edge of a wing. It may be a split flap, extensible flap, or 
other kind of flap. 

lift 

That component of the total aerodynamic force acting on a body perpendicular to the 
direction of the undisturbed airflow relative to the body. This lift, sometimes called 
“aerodynamic lift,” acts on any body or system of bodies such as an airfoil, a fuselage, 
an airplane, an airship, a rotor, etc., at a suitable angle of attack in the airflow. 

lift coefficient 

A coefficient representing the lift of a given airfoil or other body, 

lift component 

A force acting on an airfoil, perpendicular to the direction of its motion through the air. 

lift-drag ratio 

The ratio of lift to drag, obtained by dividing the lift by the drag, or the lift coefficient 
by the drag coefficient. 

limit load 

The calculated maximum load that an aircraft member or part will experience in 
service. 

linear acceleration 

Acceleration along a line or axis, 

load 

The forces acting on a structure. These may be static (as with gravity) or dynamic (as 
with centrifugal force), or a combination of static and dynamic. 

load factor 

The sum of the loads on a structure, including the static and dynamic loads, expressed 
in units of G, or one gravity. 
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local velocity 

The velocity at some localized point in a field of flow, 

longeron 

The principal longitudinal structural member in a fuselage, 

longitudinal acceleration 

Acceleration substantially along the longitudinal axis of an aircraft, rocket, etc. 

longitudinal axis 

A straight line through the center of gravity of an aircraft fore and aft in the plane of 
symmetry. 

longitudinal control 

Control over the pitching movement of an aircraft, rocket, etc. 

longitudinal oscillation 

The oscillation of an aircraft or other flying body in its plane of symmetry, consisting 
of pitching, climbing, and diving motions. 

longitudinal stability 

The stability of an aircraft with respect to pitching motions, or, sometimes also, with 
respect to vertical displacement and fore-and-aft motion. 

Mach angle 

The cone-shaped shock wave theoretically emanating from an infinitesimally small 
particle moving at supersonic speed through a fluid medium. It is the locus of the Mach 
lines. 

Mach number 

The ratio of the velocity of a body to that of sound in the surrounding medium. Thus, a 
Mach number of 1.0 indicates a speed equal to the speed of sound; 0.5, a speed one-half 
the speed of sound; 5.0, a speed five times the speed of sound, etc. 
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Mach wave 

1. A shock wave theoretically occurring along a common line of intersection of all the 
pressure disturbances emanating from an infinitesimally small particle moving at 
supersonic speed through a fluid medium, such a wave considered to exert no changes 
in the condition of the fluid passing through it. The concept of the Mach wave is used in 
defining and studying the realm of certain disturbances in a supersonic field of flow. 

2. A very weak shock wave appearing, e.g., at the nose of a very sharp body, where 
the fluid undergoes no substantial change in direction. 

Magnus effect 

A force acting substantially normal to the direction of relative motion of flow on a 
cylinder or sphere rotating in a flow. 

maneuver 

Any planned motion of an aircraft in the air or on the ground. 

maneuverability 

The property of an aircraft that permits it to be maneuvered easily, and to withstand 
the stresses imposed by maneuvers; the capability of a rocket missile or the like readily 
to alter its flightpath. 

mass balance 

1. Weight that brings about a desired bidance under static or dynamic conditions. 

2. A weight or counterpoise used to effect a desired condition of equilibrium, 
especially about the hinge axis of an aircraft control surface. 

mean aerodynamic chord 

The chord of an imaginary rectangular airfoil that would have pitching moments 
throughout the flight range the same as those of an actual airfoil or combination of 
airfoils under consideration, calculated to make equations of aerodynamic forces 
applicable. 
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mean camber 

The mean of the upper camber and lower camber of an airfoil; i.e., the curvature, or the 
amount of curvature, of the mean line of an airfoil profile from the chord. 

mean line 

Specifically, a line midway between the upper and lower contours of an airfoil profile, 

minimum flying speed 

The lowest steady speed at which an airplane can maintain altitude under the given 
conditions and without ground effect. 

minimum gliding angle 

The shallowest or flattest gliding angle an aircraft can steadily maintain with no engine 
thrust. 

monocoque 

1. A type of construction, as of an airplane fuselage, in which most or all the stresses 
are carried by the covering or skin. 

2. Something embodying this type of construction, such as a fuselage or airfoil, 

movable surface 

An aileron, rudder, elevator, flap, or other primary control surface, 

multiengine, or multiengined 

Of aircraft; having two or more, or having more than two, engines, as in multiengine 
jet aircraft, specifically, without a qualifying word, having two or more, or more than 
two, internal-combustion piston engines, as in multiengined flying boat. 

nacelle 

A streamlined structure, housing or compartment on an aircraft, as housing for an 
engine; a power car or gondola on an airship. 

nautical mile 

A measure of distance equal to 1 minute on the earth’s surface. 

Glossary-26 



FM 1-50 

negative dihedral 

A downward inclination of a wing or other surface; anhedral. 

negative G 

The opposite of positive G. In a gravitational field, or during an acceleration, when the 
human body is so positioned that the force of inertia acts on it in a foot-to-head 
direction, i.e., the headward inertial force produced by a footward acceleration. 

neutral stability 

The stability of a body such that after it is disturbed it tends neither to return to its 
original state nor to move further from it; i.e., its motions or oscillations neither 
increase nor decrease in magnitude. 

normal spin 

A noninverted spin with the nose pointed steeply downward, 

nosewheel 

A turnable or steerable wheel mounted forward in tricycle-geared airplanes, 

oblique shock wave, or oblique shock 

A shock wave inclined at an oblique angle to the direction of flow in a supersonic flow 
field. 

orientation 

The act of fixing position or attitude by visual and other reference, 

overcontrol 

An act or instance of overcontrolling, 

overshoot 

To fly beyond a designated area or mark, 

perfect fluid 

In simplifying assumptions, a fluid chiefly characterized by nonviscosity and, usually 
by incompressibility. Also called an “ideal fluid." 
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plugoid oscillation 

A long-period longitudinal oscillation consisting of shallow climbing and diving 
motions about a median flightpath and involving little or no change in angle of attack. 

Pitch (propeller) 

The angle of propeller blades measured from the plane of rotation, 

pitching moment 

A moment about a lateral axis of an aircraft, rocket, airfoil, etc. This moment is 
positive when it tends to increase the angle of attack, or to nose the body upward. 

pitot static tube 

A parallel or coaxial combination of a pitot and static tube used for sensing the 
difference between impact (dynamic) pressure and static pressure. The difference 
between the impact pressure and the static pressure is a function of the velocity of flow 
past the tube and may be used to indicate airspeed of an aircraft in flight. 

plain flap 

The elemental flap—nonextensible, nonslotted, and nonsplit—hinged to a wing and 
formjng part of the trailing edge. Also called a “simple flap.” 

plenum chamber 

Specifically, a chamber in certain ducting systems, as in a gas-turbine engine, that 
receives ram air for the compressor. 

J 

position error 

An error in the reading of an airspeed indicator owing to the difference between the 
pressure (especially the static pressure) at the pressure-measuring location and the 
free-stream pressure. 

positive dihedral 

An upward inclination of a wing or other surface (from root to tip). Usually called 
“dihedral.” 
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positive G 

In a gravitational field or during an acceleration when the human body is so positioned 
that the force of inertia acts on it in a head-to-foot direction; i.e., the footward inertial 
force produced by a headward acceleration. 

positive lift 

Lift acting in an upward direction, 

pressure drag 

The drag on a body moving in a fluid medium due to the aerodynamic pressure 
distribution on the body, the net effect of which is to retard the body in its movement. 

pressure gradient 

A change in the pressure of a gas or fluid per unit of distance, 

propeller 

A device for producing thrust in a fluid, such as water or air. 

pull out 

An act or instance of recovering from a dive, 

pusher 

An airplane in which the engine and propeller are mounted facing aft. 

pylon 

A prominent mark or point on the ground used as a fix in precision maneuvers, 

rate of climb 

The rate at which an aircraft gains altitude; i.e., the vertical component of its airspeed 
in climbing. 

rate of descent 

The rate at which an aircraft descends; i.e., the vertical component of its airspeed in 
descending; the rate at which a parachute and its burden descend. 
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relative wind 

Air in motion with respect to a body in it; the velocity or direction of air in motion with 
respect to a body, usually of the air outside the region affected by the body; i.e., the 
free stream. 

reverse thrust 

Thrust applied to a moving object in a direction opposite to the direction of the object’s 
motion. 

roll 

Movement around the longitudinal axis of an aircraft, 

roundout 

A change of aircraft attitude and flightpath from that used on final approach to that 
used for landing. 

rudder 

An upright control surface that is deflected to impress a yawing moment; i.e., to make 
the aircraft, or other body of which it is a part, rotate about its vertical axis; a movable 
jet vane, as on a rocket. 

rudder pedals 

Controls within the airplane by means of which the rudder is actuated, 

runway 

A strip, either paved or improved, on which takeoffs and landings are effected, 

semimonocoque 

A type of construction, as of a fuselage or nacelle, in which longitudinal members, as 
well as formers, reinforce the skin and help carry the stresses. 

separated flow 

Flow over or about a body that has broken away from the surface of the body and no 
longer follows its contours. 
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shock wave 

In aerodynamics, a surface or sheet of discontinuity (i.e., of abrupt changes in 
conditions) set up a supersonic field of flow, through which the fluid undergoes a finite 
decrease in velocity accompanied by a marked increase in pressure, density, 
temperature, and entropy, as occurs, e.g., in a supersonic flow about a body. 
Sometimes called a “shock.” 

sideslip 

A movement of an aircraft such that the relative wind has a velocity component along 
the lateral axis. 

sinking speed 

the rate at which an aircraft loses altitude; especially, the rate at which a 
heavier-than-air aircraft descends in a glide in still air under given conditions of 
equilibrium. 

skid 

Rate of turn is greater than normal for degree of bank established, 

skin friction 

The friction of a fluid against the skin of an aircraft or other body; friction drag, 

slab tail 

Same as “all-movable tail.” 

slat 

Any of certain long, narrow vanes or auxiliary airfoils, used, e.g., in a Venetian-blind 
flap; specifically, the vane used in an automatic slot. 

slip 

Rate of turn is less than normal for the degree of bank established, 

slipstream 

The current of air driven astern by the propeller. 
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slot 

A long and narrow opening, as between a wing and a deflected fowler flap; specifically, 
a long and narrow spanwise passage in a wing, usually near the leading edge, for 
improving flow conditions at high singles of attack. 

slotted aileron 

An aileron having a specially contoured leading edge which, in conjunction with the 
wing, forms a slot for the smooth passage of air over the aileron upper surfaces when 
the aileron trailing edge is deflected downward. 

slotted flap 

A flap that exposes a slot between itself and the wing when deflected, or a flap 
consisting of a number of slim surfaces, or slats, fastened together with slots between 
them. 

sonic barrier 

A popular term for the large increase in drag that acts upon an aircraft approaching the 
speed of sound. Also called the “sound barrier.” 

sonic boom 

An explosion-like sound heard when a shock wave, generated by an aircraft flying at 
supersonic speed, reaches the ear. The principal shock waves are approximately conical 
in shape and originate at the front and rear of the aircraft or object. The shock wave 
cone angle depends upon aircraft speed and the speed of sound in the surrounding 
medium. To the observer, who senses the shock wave with his ear, the arrival of each 
pressure wave is manifested as a booming sound. 

sonic speed 

Pertaining to sound or the speed of sound, 

span 

1. a. The dimension of an airfoil from end to end, from tip to tip, or from root to tip; 
the measure of this dimension, b. The dimension of an airplane, measured between 
lateral extremities. 

2. More particularly, the dimension of an airfoil from tip to tip, measured in a 
straight line. Where ailerons or elevators extend beyond the tips of the airfoil proper, 
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their extension is included in the span. Sweeping an airfoil or giving it dihedral 
decreases the span. 

speed of sound 

The speed at which sound travels in a given medium under specified conditions, 

spin 

A maneuver or performance of an airplane, controlled or uncontrolled, in which the 
airplane descends in a helical (corkscrew) path while flying at an angle of attack greater 
than the angle of maximum lift. The nose of an airplane in a spin is usually, though not 
necessarily, pointed sharply downward. 

spiral 

A manuever or performance, especially of an airplane, in which the craft ascends or 
descends in a helical path, distinguished from a spin in that the angle of attack is 
within the normal range of flight angles; the flightpath of an aircraft so ascending or 
descending. 

split flap 

A plate or surface hinged to the bottom of a wing, usually near the trailing edge, 
deflected downward for increased camber and drag. 

spoiler 

A plate, series of plates, comb, tube, bar, or other device that projects into the 
airstream about a body to break up or spoil the smoothness of the flow, especially such 
a device that projects from the upper surface of an airfoil, giving an increased drag and 
a decreased lift. 

spring tab 

A tab attached to a control surface and actuated through a control linkage 
spring-loaded in such a manner that the tab supplies a certain amount of the force 
necessary to move its control surface. Its action and use are similar to those of the 
servo tab, but the springs incorporated in the control system work so as to make the 
tab supply only a part, rather than all, of the force required to move its surface. 
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stability 

Specifically: 1. The property of a body, as an aircraft or rocket, to maintain its 
attitude or to resist displacement and, if displaced, to develop forces and moments 
tending to restore the original condition. 

2. Meteoric. The condition that exists in a body of air when there is resistance to the 
vertical displacement of air within it. 

3. Of a fuel, the capability of a fuel to retain its characteristics in adverse 
environment, e.g., extreme temperature. 

stabilizer 

A fixed or adjustable airfoil or vane that provides stability for an aircraft; i.e., a fin, 
specifically, the horizontal stabilizer on an airplane. 

stall 

1. a. A condition in which a wing or other dynamically lifting body flies at an angle 
of attack greater than that for maximum lift, resulting in a loss of lift and an increase of 
drag. b. A loss of lift and an increase of drag brought on by a shock wave; i.e., a 
shock-stall, c. A condition of the flow about the blade or blades of a compressor, 
analogous to the stall described in sense la, above. 

2. The flight condition or behavior of an aircraft flying at an angle greater than the 
angle of maximum lift; any of various airplane performances involving a stall. 

stalling angle of attack 

1. The minimum angle of attack of an airfoil or airfoil section or other dynamically 
lifting body at which a stall occurs; i.e., a critical single of attack. 

2. The angle of maximum lift. 

stalling speed 

The airspeed at which, under a given set of conditions, an aircraft will stall, 

static pressure 

The atmospheric pressure of the air through which an aircraft is flying. 
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steady state 

The condition of a substance or system whose local physical and chemical properties do 
not vary with time. 

streamline 

The path of a particle or small portion of a fluid, usually a noneddying fluid, commonly 
taken with respect to a body in it; more technically, such a path whose tangent at any 
point is in the direction of the velocity vector at that point. 

subsonic flow 

Flow at a velocity less than the speed of sound in the medium under the prevailing 
conditions. 

supersonic flow 

Flow at a speed greater than the speed of sound in the medium under the prevailing 
conditions. 

sweepback 

The backward slant from root to tip (or inboard end to outboard end) of an airfoil, or of 
the leading edge or other reference line of an airfoil. “Sweepback” usually refers to a 
design in which both the leading and trailing edges of the airfoil have a backward slant. 

tab 

A small auxiliary airfoil set into the trailing edge of an aircraft control surface (or 
something set in, or attached to, another surface, such as a rotor blade) and used for 
trim or to move, or assist in moving, the larger surface. 

tailwheel 

A tumable or steerable wheel mounted at the aft end of the airframe, 

taxi 

To operate an airplane under its own power on the ground, except that movement 
incident to actual takeoff and landing. 
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terminal velocity 

The hypothetical maximum speed which could be obtained in a prolonged vertical dive, 

thrust 

The resultant force in the direction of motion due to the components of the pressure 
forces in excess of ambient atmospheric pressure acting on all inner surfaces of the 
vehicle propulsion system parallel to the direction of motion. 

thrust axis 

A line or axis through an aircraft, rocket, etc., along which the thrust acts; an axis 
through the longitudinal center of a jet or rocket engine, along which the thrust of the 
engine acts; a center of thrust. 

thrust horsepower 

1. The actual amount of horsepower that an engine-propeller combination transforms 
into thrust. It is brake horsepower multiplied by propeller efficiency. 

2. The thrust of a jet or rocket engine expressed in terms of horsepower. In this sense, 
thrust horsepower is proportional to the product of thrust and the velocity of the free 
stream. 

tip vortex 

A vortex springing from the tip of a wing, owing to the flow of air around the tip from 
the high-pressure region below the surface to the low-pressure region above it. 

torque 

Any turning or twisting force applied to the rolling force imposed on an airplane by the 
engine in turning the propeller. 

total head 

The constant unit energy possessed by a fluid. At a given point in the fluid, the total 
head consists of the static pressure head and the velocity head. 

total pressure 

The pressure a moving fluid would have if it were brought to rest without losses. 
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trailing edge 

The rearmost edge of an airfoil, 

trailing edge flap 

A flap, especially a plain flap, installed at the rear of a wing, 

trailing vortex 

A vortex that is shed from a wing or other lifting body and trailing behind it, especially 
such a vortex trailing from a wingtip (or from the end of a bound vortex). 

transonic speed 

The speed of a body relative to the surrounding fluid at which the flow is in some places 
subsonic and in other places supersonic. 

trim 

The condition of an airplane or other heavier-than-air aircraft in which it maintains a 
fixed attitude with respect to the wind axes, the moments about the aircraft’s axes 
being in equilibrium. The word “trim” is often used with special reference to the 
balance of control forces. 

trim speed 

A speed at which an aircraft maintains a given trim, 

trim tab 

A tab that is deflected to a position where it remains to keep the aircraft in the desired 
trim. 

tropopause 

The upper boundary of the troposphere, 

troposphere 

The lowest layer of the earth’s atmosphere, characterized especially by a relatively 
steady temperature lapse rate, varying humidity, and turbulence. 
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true airspeed 

Equivalent airspeed corrected for error due to air density (altitude and temperature), 

turbulence 

An agitated condition of the air or other fluids; a disordered, irregular, mixing motion 
of a fluid or fluid flow, as about a body in motion through the air, as in an air 
compressor, in combustion gases, etc.; technically, a condition of fluid flow 
characterized by fluctuations of velocity random in magnitude and direction. 

turbulent boundary layer 

A boundary layer characterized by random fluctuations of velocity and by pronounced 
lateral mixing of the fluid. 

turbulent flow 

A flow characterized by turbulence; i.e., an irregular, eddying fluctuating flow; 
technically, a flow in which the velocity at a given point varies erratically in magnitude 
and direction with time. 

ultimate load 

A load that causes, or is calculated to cause, destructive failure of a structural member 
or part. 

uniform flow 

An idealized flow in which the streamlines are parallel and the velocity is constant 
throughout. 

unsteady flow 

A flow whose velocity components vary with time at any point in the fluid. Unsteady 
flow is of fixed pattern if the velocity at any point changes in magnitude but not 
direction, and of variable pattern if the velocity at any point changes in direction. 

upwash 

A flow deflected upward by a wing, rotor, rotor blade, etc. 
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upwash angle 

A negative downwash angle; i.e., the acute angle, measured in a plane parallel to the 
plane of symmetry of an aircraft, between the direction of upwash and the direction of 
the undisturbed airstream. 

useful load 

The difference, in pounds, between the empty weight and maximum authorized gross 
weight of an aircraft. 

vector 

A measurement which has both magnitude and direction. 

V speeds 

Va - maximum design maneuvering speed. 

Vb - turbulent penetration speed. 

Vc - design cruising speed. 

Vf - design flap speed. 

Vfe - maximum flap extended speed. 

Vie - maximum landing gear flight speed. 

Vio - maximum landing gear extension/retraction speed. 
». 

Vlof - lift-off speed (normally rotation speed +3 knots). 

Vmc ■ minimum control speed with critical inoperative engine. 

Vmo - maximum operating limit speed. 

Vne • never exceed speed. 

Vr - rotation speed. 

Vs - power-off stalling speed. 
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Vgo - stalling speed in the landing configuration. 

Vsse - The safe twin-engine operative speed selected to provide a reasonable margin 
against the occurrence of an unintentional stall when making intentional engine 
cuts. In flight, simulated engine failures below this speed are prohibited. If Vsse 
is not listed in the aircraft operator’s manual, simulated engine failures at or 
below Vs will not be performed. 

Vx - best angle-of-climb speed. 

Vy - best rate-of-climb speed. 

Vxse • best single-engine angle-of-climb speed. 

Vyse - best single-engine rate-of-climb speed. 

Vref - The indicated airspeed the airplane should be at 50 feet above the runway in 
landing configuration. It is the “landing approach speed” shown in most aircraft 
operator’s manuals. If the operator’s manual does not give Vref. 50-foot speed or 
landing approach speed, then 1.3 power-off stall speed in landing configuration 
(VSo) is used as the Vref speed. Vref plus speeds are used during visual and 
instrument approach procedures and provide a simple method of computing the 
various speeds required for traffic patterns and instrument approaches. 

velocity 

1. Speed. 

2. A vector quantity that includes both magnitude (speed) and direction relative to a 
given frame of reference. 

R 

3. Time rate of motion in a given direction, 

venturi 

A converging-diverging passage for fluid, which increases the fluid velocity and lowers 
its static pressure; a venturi tube. 

vertical «yis 

An axis passing through an aircraft from top to bottom and usually passing through 
the center of gravity. Also called a “normal axis.” 

Glossary-40 



FM 1-50 

vertical stabilizer 

A fin mounted approximately parallel to the plane of symmetry of an airplane, airship, 
or other aircraft, to which the rudder, when present, is attached. Also called a “vertical 
fin.” 

vertical tail 

A vertical, or substantially vertical, component of an aircraft’s stabilizing and 
controlling surfaces, in most forms comprising both a fixed surface (vertical stabilizer) 
and a movable surface (rudder). 

warp ï 

To twist, or to give twist to (an airfoil, especially a wing). On certain early airplanes, 
the wings were warped at will to perform the function now performed by ailerons. 

wash 

Air which has been disturbed by the passage of an airfoil, 

wash-in 

Wing twist design with a greater angle of incidence at the wingtip than the wing root. 

washout 

A permanent warp or twist given a wing such that some specified or understood angle 
of attack (usually the geometric angle of attack) is smaller at the tip than at the root. 

wave drag 
L 

Drag owing to the variation of entropy and velocity through a shock wave, with 
consequent variation of momentum in the mass flow of air. Also called “shock drag.” 

weathervane 

The tendency of an airplane on the ground to face into the wind, 

wing 

An airfoil that provides, or that is designed to provide, sustentation for an airplane, 
either (a) extending on either side of the airplane, separated from its mate by the 
fuselage or hull (thus a monoplane so constructed is said to have “wings”), but 
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sometimes with both wings considered as a single unit, or (b) extending 
uninterruptedly on both sides of the airplane (e.g., as on a parasol monoplane). 

wing area 

The area within the outline of the projection of a wing on the plane of its chords (the 
wing in this case considered as a unit, extending on both sides of the airplane), 
including that £0*68 lying within the fuselage, hull, or nacelles. 

wing drag 

That part of the total drag on an aircraft arising from the reaction of the air with its 
wing or wings, including profile drag and the drag due to lift. Where appropriate, the 
parasite drag of components attached to the wing is also included. 

wing root 

The end of the wing which joins the fuselage or opposite wing. 

wingtip 

The end of the wing farthest from the fuselage or cabin, 

wingtip vortex 

A tip vortex of a wing. 
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yaw 

The rotation of an aircraft about its vertical axis so as to cause the longitudinal axis of 
the aircraft to deviate from the flight line. 

zap flap 

Any of a number of flaps designed by Edward F. Zap or Zaparka (now deceased); 
specifically, a type of flap whose hinge axis moves rearward as the flap is deflected, the 
trailing edge moving in a plane perpendicular to the wing chord. 

zero angle of attack 

The position of an airfoil fuselage, or other body when no angle of attack exists between 
two specified or understood reference lines. 

zero-lift angle of attack 

The geometric angle of attack at which no lift is created. Often called the “angle of zero 
lift” or the “zero-lift angle.” 

zoom 

A brief, steep climb in or of an airplane, the airplane’s momentum being expended in 
the climb. 
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Altimeter 2-5 

Altitude: 
critical 17-24 
density 2-5 
effect on climb  10-5 
effect on performance 9-5 
effect on power 9-5,17-22 
effect on range 9-5 
effect on stall  5-8 
pressure 2-5 

Aluminum 7.7 

Angle, blade 17-29 

Index-2 
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Angle, effective pitch 17-29 

Angle of attack . . . . 
and stall  
effect of weight. . 
vs. angle of climb 
vs. induced drag, 
vs. rate-of-climb. 
vs. velocity  

....4-1,17-29 
5-2, 5-3, 18-17 
 7-6 
 10-4 
 7-12 
 10-7 
 4-8 

Angle-of-bank 12-4, 18-14,18-15 

Angle-of-climb  
effect of altitude  
effect of angle-of-attack 
effect of thrust  
effect of weight  
effect of wind   
equation   
maximum  
performance  

7-5, 10-2,10-3, 18-6, 21-2 
 10-3 
 10-4 
 10-3 
 10-3 
 10-4 
 10-3 
 10-4 
 10-3 

Angle-of-descent 11-6 

Angle-of-glide 11-2 

Angle-of-incidence 6-5 

Angle, sideslip 14-11 

Anhedral stability 14-17 

Anti-detonation 17-21,17-25 

Anti-knock 17-21 

Approach  
circling  
contour   
obstacle clearance 
overhead   
power  

....18-27 
 19-8 
....22-11 
....18-30 
19-6, 19-7 
 22-1 

Index-3 
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side 19-6 
single-engine 21-3 
spiral 19-8 

Aspect ratio 7-13 

Asymmetrical power 16-7 

Asymmetrical thrust 21-1 

Attitude flying 18-14 

Attitude, pitch 18-15 

Atmosphere: 
composition  2-1 
ICAO 2-4 
standard 2-4 

Axial-centrifugal compressor 17-4 

Axial flow compressor 17-3, 17-10 

Axis of motion 12-1, 18-8 

Axis of thrust 14-11 

B 

Balance 16-9 
aerodynamic 16-9 
internal 16-9 
tabs 16-10 

Balanced flight 12-1 

Balancing, mass 16-11 

Balloon 18-29 

Bank, angle of 12-4, 18-14, 18-15 

Banks  18-22 

Index-4 
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Bernoulli’s Principle 3-2 

Beta 14-11, 17-29 

BETA range 18-30 

Bicycle landing gear 15-5 

Blade, angle 17-29 

Boundary layer 7-7 
control devices 6-1, 6-8 
blowing control 6-4 
separation 5-3, 6-3, 6-8 
suction control 6-3 

Bound vortex 7-10 

Brake horsepower 17-16 

Brake mean effective pressure 17-16 

Braking 13-6 

Buffet 5-4, 15-9 

Buffet, stall 18-19 

Buzz 14-5 

C 

Calibrated airspeed 3-6 

Camber 4-2 

Camber change 6-2 

Cambered airfoil 5-5 

Cantilever wing 15-6 

Carbon fouling 17-26 

Index-5 
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Carburetor air temperature   17-17 

Ceiling, service   10-5 

Center, aerodynamic 4-3,14-7 

Center of gravity   18-8 

Center of pressure 4-4 

Centrifugal compressor 17-3 

Centrifugal force 3-10, 12-2 

Centripetal force 12-2 

Chamber: 
combustion 17-5 
plenum 17-3 

Chandelles 20-2 

Chemical energy 10-1 

Chord 4-1 

Circling approach 19-8 

Circulation, wing 7-9 

Classification, design    15-4 

Clean aircraft 7-2 

Climb: 
angle of  
cruise  
effect of altitude . . 
effect of weight. . . 
effect of wind . . . . 
energy  
horsepower  
lift force  
maximum angle of 

7-5, 10-2, 10-3,18-10,21-2 
 18-9 
 10-5 
 10-5 
 10-7 
 10-1 
 10-5 
 10-3 
 10-9 

Index-6 
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maximum rate of 10-8 
performance 10-1,10-3 
rate of 10-2, 10-5,18-6,18-10, 21-2 
single-engine 21-2 
stall speed 10-7, 12-5 
steady-state - 10-1 

Climbing turns 18-14 

Coefficient of drag (CD) 7-3 

Coefficient of lift (CL) 4-7 

Compressibility 15-9 

Compression stress 15-5 

Compressor: 
axial-centrifugal 17-4 
axial flow 17-3, 17-10 
centrifugal  17-3 
engine 17-3 
stall 17-10 
surge   17-10 

Confidence maneuvers 18-16 

Configuration effect, stall 5-8 

Configuration of aircraft vs. performance 9-3 

Conservation of energy 3-2 

Construction, airframe 15-5 
monocoque 15-5 
semimonocoque 15-5 
truss 15-5 
wing 15-6 

Contact flying 18-14 

Contour approach 22-11 

Contour flight 22-10 

Index-7 
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Control: 
boundary layer 6-3, 6-8 
directional 16-5 
effectiveness 16-3 
forces 16-8 
landing  16-5 
lateral 5-5 
longitudinal 16-4 
maneuvering 16-4 
minimum speed 16-7 
surface operation 16-1 
systems flight 16-1 
timing 18-22 

Conventional control system   16-11 

Conventions, motion sign 14-4 

Coordinated turns . . . 

Coordination exercises 

Crab  

Critical altitude  

Cross-check  

Crosswind: 
landing  
takeoff  

Cruise climb  

Cyclic stress  

.12-1 

18-22 

.18-6 

17- 24 

18- 15 

 16-7, 16-8, 19-4 
16-7,16-8, 18-6, 19-4 

18-9 

15-4, 17-8 

D 

Dampening: 
aerodynamic 16-8 
deadbeat 14-3 

Index-8 
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Decelerometers 13-7 

Delta 2-2 

Density 2-3 
air . 2-4 
altitude 2-5 

Descent 18-10 
angle 11-6 
single-engine 21-3 

Design: 
limit load 15-7 
stress 15-4 

Detonation 17-20 

Devices, high lift 6-5 

Diffuser 17-2 

Dihedral stability 14-17 

Directional control 16-5 

Directional divergence 14-20 

Directional stability 14-11 

Distance: 
decelerating 13-6 
landing 13-6 
takeoff 13-3 

Dive 5-9, 11-1 

Divergence: 
directional 14-20 
spiral 14-20 
wing 15-9 

Downwash 7-10 

Index-9 
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Drag 
coefficient  
force   
induced  
induced, causes of 
interference  
parasite  
parasite, causes of 
total  
types of  
vs. weight  

3-9, 4-6, 7-1, 8-1, 9-1 
 7-3 
 13-2 
 3-9, 7-2 
 7-9 
 7-7 
 3-10,7-2 
 7-6 
 7-2, 7-3, 7-5 
 7-2 
 9-1 

Dutch Roll 14-20, 18-22 

Dynamic pressure 3-3 

Dynamic stability 14-3 

E 

Effect, ground 13-2 

Effective pitch angle 17-29 

Effectiveness, control 16-3 

Efficiency: 
and performance 7-5 
factor 7-13 
maximum 8-2 
swept wing 7-13 

Elastic limit 15-3 

Elementary 8s 18-25 

Elevators 12-1, 16-2 

Endurance 8-3 
effect of drag 9-5 
effect of velocity 9-6 
effect of weight 9-3 
limit, metal 15-4 

Index-10 
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Energy: chemical, kinetic, and potential 10-1 

Energy conservation 3-2 

Engine: 
failure during approach . . 
failure during cruise flight 
failure during takeoff .... 
gas turbine  
nacelles  
reciprocating  
turbo-compound  
turbojet  
turboprop  

 21-6 
 21-4 
18-7,21-5 
 17-2 
....14-12 
....17-14 
....17-22 
 17-7 
 17-8 

Envelope, flight 15-7 

Environment, high threat 1-2, 22-2, 22-10 

Equations: 
acceleration force 13-3 
aerodynamic force 7-3 
angle of climb 10-3 
brake horsepower 17-16 
drag 7-3 
equivalent shaft horsepower 17-8 
glide angle 11-3 
gliding flight equilibrium 11-2 
hydroplaning 13-7 
induced drag 7-12 
landing distance and velocity 13-8 
landing roll speed 13-8 
lift  4-7 
parasite drag 7-8 
propeller efficiency 17-28 
rate of climb 10-5 
rate of turn 12-7 
stall speed 5-7,10-7 
takeoff distance 13-3, 13-5 
turning flight equilibrium 12-2 
vertical balance 12-6 

Equivalent parasite area 7-8 

Equivalent shaft horsepower 17-8 

Index-11 



Evasive maneuvers 22-10 

Excess power 10-9 

Exercises, coordination 18-22 

Exhaust gas temperature 17-8 

F 

Factor, load  5-10 

Family, polar curves 10-9 

Fatigue 15-3 
meted 15-3 

Feathering, propeller 17-31 

FEBA 22-6 

Figure 8  18-25, 20-1, 20-3 

Fin, verticed 14-13 

Flameout 17-12 

Flaps: 
fowler 6-7 
leading edge 6-8 
retraction  18-5 
slotted 6-7 
trailing edge 6-5 

Flight: 
balanced 12-1 
contour 22-10 
control systems 16-1 
envelope  15-7 
fundamentals of 18-8 
low-level 22-10 
reconnaissance 22-4,22-10 
slow 18-16 
straight-and-level  18-8 
training, tactical 22-1 

Index-12 
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Flow, fuel 8-3 

Fluid flow pressure 3-3 

Flutter, wing 15-9 

Flying, night 22-8 

Flying, terrain 22-6 

Footprint  

Forces  
acceleration  
aerodynamic  
centrifugal  
centripetal  
control  
decelerating    
drag  
flightpath velocity .... 
lift  
perpendicular  
thrust  
weight  

Form drag  

Formulas (See equations. ) 

Fouling, spark plug  

Fowler flaps  

Friction: 
rolling  
skin  

 13-8 

 3-9 
 13-3 
 4-3, 7-2 
 3-10,12-2 
 12-2 
 16-8 
 13-6 
3-9, 7-1, 7-6, 13-2 
 4-1 
. . . .3-9, 4-5,10-3 
 13-2 
 3-9 
 3-9 

 7-6 

17-26 

6-7 

13-2 
.7-8 

Fuel-air ratio 17-12, 17-18 

Fuel flow 8-3 

Fuel metering 17-21 

Full power control system 16-12 

Index-13 



Full power polar 10-7 

Full throttle height 17-24 

Fundamental flight maneuvers 18-8 

Fundamentals of flight 18-8 

Fuselage: 
construction 15-5 
effects of wind on 14-12 

G 

“G” load 15-7 

Gamma 11-2 

Gas: 
law, general 2-3 
temperature, exhaust 17-9 
turbine engine 17-2, 17-8 

Gear, landing 15-5 

Generators, vortex 6-4 

Geometric twist 5-5 

Gliding 11-1, 18-10 
angle, maximum  11-2 
best speed 11-5 
effect of weight 11-4 
effect of wind 11-6,18-11 
equation  11-2 
performance  11-1,11-4 
power off 11-1 
power on 11-1 
ratio 11-2, 11-3 
turns 18-14 

Go-around 18-31 

Go-around point 22-2 

Index-14 
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Ground effect 13-2,16-5 

Ground reconnaissance 22-5 

Ground track maneuvers 18-23, 19-1 

H 

High lift device 6-1 
boundary layer 6-1, 6-3 
camber change 6-2 
effect on stall 5-8 
methods   6-2 
types 6-5 

High reconnaissance  22-4 

High threat environment 1-2, 22-2, 22;10 

Hinge moments 16-8 

Horizontal: 
stabilizer 5-4,16-2 
turns 12-1 
velocity 11-5 

Horn 16-9 

Horsepower 8-3 
brake 17-16 
in climb 10-5 

Hydrodynamic   13-7 

Hydroplaning   13-7 

I 

Ignition   17-19, 17-20 

Immelmann 12-6 

Impeller  17-3, 17-18 

Index-15 
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Incidence, angle of 6-5 

Indicated airspeed 3-6 

Indicator, airspeed 3-4 

Induced drag 3-9, 7-2, 7-5 
causes of 7-9 
equation 7-13, 7-14 
vs. weight 9-1 

Inertia 3-1 

Injection, anti-detonant  17-25 

Intermediate flight maneuvers 19-1 

Internal balance 16-9 

J 

Jet thrust 17-7 

K 

Kinetic energy 10-1 

L 

Landing: 
control 16-5 
crosswind 16-7,19-4 
distance and velocity equations 13-6 
lights 22-8 
minimum run 18-30 
night 22-9 
normal 18-29 
roll speed 13-8 
short-field 13-6 
single-engine 21-4 
techniques 18-28 
velocity 13-8 

Index-16 
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Landing distance: 
effects of kinetic energy 13-6 
effects of runway condition 13-7 
effects of velocity 13-6 
effects of weight 13-9 
effects of wind 13-9 

Landing gear: 
bicycle 15-5 
classification 15-5 
float 15-5 
tricycle 15-5, 16-5, 18-28 

Lateral control 5-5, 16-7 

Lateral stability 14-16 

Laws of Motion, Newton’s 3-1 

Layer control: 
blowing boundary 6-4 
suction boundary 6-3, 6-4 

Lazy eight 20-3 

Lead bromide fouling 17-25 

Leading edge devices 6-8 

Leveloff 18-11 

Level flight, single-engine 21-2 

Level turn 12-1 

Lift 3-9, 4-1, 8-1 
coefficient of 4-7 
- drag ratio 7-3 
- drag valves   7-4, 7-5 
equation 4-7 
force 4-5 

Lighting, airfield 22-7 

Index-17 
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Lights, landing 22-8 

Limit: 
aerodynamic 15-1, 15-8 
elastic  15-3 
load 12-5 
metal endurance 15-4 
proportional 15-3 
structural 15-1, 15-7 

Limitations, operating 15-7 

Load factor 5-9 

Load, “G” 15-7 

Load limit 12-5, 15-7 

Loading, wing 5-8 

Longitudinal control 16-4 

Longitudinal stability 14-4 

Loop 12-6 

Low-level flight 22-10 

Low reconnaissance 22-4 

MAC (mean aerodynamic chord) 16-4 

Maneuvering: 
airspeed 12-4 
altitude 18-6 
control 16-4 
speed 12-5,15-8 

Maneuvers: 
advanced flight 20-1 
confidence 18-16 
evasive 22-10 

Index-18 
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ground track, advanced 20-1 
ground track, intermediate 19-1 
ground track, primary 18-23 
intermediate flight 19-1 
primary flight 18-1 
aerial, evasive 22-11 

Manifold pressure 17-17 

Mass balancing 16-11 

Mass flow rate 3-2 

Maximum: 
angle of climb 10-9 
efficiency 8-2 
glide angle 11-2 
glide performance 11-4 
performance takeoff 22-3 
rate-of-climb 10-8 

Mean aerodynamic chord (MAC) 16-4 

Mean camber line 4-1 

Mechanical stall warning 5-6 

Metal: 
endurance limit 15-4 
fatigue 7 15-3 
static strength 15-1 

Metering, fuel 17-21 

Minimum: 
control speed (Vmc) 16-7 
drag point 7-5 
glide angle 11-3 
power 10-10 
radius of turn 12-5 
single-engine control speed 21-1 
takeoff run 18-7 

Missions: 
nonpenetration 22-11 
penetration 22-11 

Index-19 
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Mohawk airplane operations 22-11 

Moment: 
hinge 16-8 
pitching 14-5 
rolling 14-4 
yawing 14-11, 14-12 

Monocoque 15-5 

Motion: 
axes 12-1 
nonoscillatory 14-3 
oscillatory 14-3,14-5 
phugoid 14-5 
sign conventions  14-4 

N 

Nacelles, engine 14-12 

Negative: 
dynamic stability Í4-3 
“G” load 15-7 
static stability 14-3 

Neutral: 
dynamic stability 14-3 
point  14-6 
static stability 14-3 

Newton’s Laws of Motion 3-1, 13-2 

Night flying 22-8 

Night landing 22-9 

Night operations 22-6 

Night taxiing 22-1 

Night vision 22-6 

Index-20 
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Nonoscillatory motion 14-3 

Nonpentration missions 22-11 

Normal landing 18-29 

Normal takeoff 18-4 

Number, Reynolds  

O 

Obstacle clearance approach 18-30 

Obstacle clearance takeoff 10-4, 18-6 

Octane rating  17-20 

Operating limitations 15-7 

Operations, Mohawk airplane 22-11 

Oscillation, pilot induced (PIO) 14-5 

Oscillatory motion 14-3 
buzz 14-5 
pitching 14-5 

Overhead approach - 19-6 

Overstress 15-3 

P 

Parasite drag  3-10, 7-2, 7-6 
causes 7-6 
equation 7-8 
vs. velocity curve 7-9 
vs. weight  9-1 

Penetration missions 22-11 

Index-21 
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Performance, aircraft 8-1, 18-14 
and efficiency 7-5 
climb 10-1, 10-3,10-5 
effect of altitude 9-5 
effect of configuration 9-3 
effect of weight 9-1, 9-3 
effect of wind  9-6 
gliding 11-4 
in turns 12-1 

Performance planning 18-2 

Phi 12-2, 17-29 

Phugoid motion 14-5 

Pilot induced oscillation (PIO) 14-5 

Pitch 12-1, 18-8 

Pitch attitude 18-14 

Pitch, effective angle 17-29 

Pitching moment 14-5 

Pitching motion, oscillatory 14-5 

Plain flaps 6-7 

Plenum chamber 17-3 

Point: 
go-around 22-2 
neutral 14-6 
touchdown  22-1 
trim 14-6 

Positive: 
dynamic stability 14-3 
“G” load ... ; 15-7 
static stability 14-3 

Index-22 
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Power  
approach   
asymmetrical  
boosted control system . 
dive  
effect of altitude  
excess   
full  
full, polar  
glide  
minimum  
output, effect of altitude 
partial •  
performance  
polar curves, family of. . 
propulsion  

8-2, 8-3,17-1, 18-15 
 21-1 
 16-7 
 16-11 
 11-2 
 9-5 
 10-9 
 10-7 
 10-7 
 11-2 
 10-10 
 17-22 
 10-9 
 10-7 
 10-9 
 10-1 

Power- off polar 11-4 

Powerplant classification   15-5 

Precision spins 20-4 

Precision turns  19-2 

Preignition 17-19 

Pylons 19-1,20-1 

Pressure 2-1 
altitude 2-5 
brake mean effective 17-6 
center of 4-3 
dynamic 3-3 
fluid flow 3-3 
manifold 17-17 
static 3-3 
tire inflation 13-7 
total 3-3 

Primary flight maneuvers 18-1 

Principle, Bernoulli’s 3-2 

Index-23 



Propeller   . .8-3, 17-26 
efficiency 17-28 
feathering 17-31 
range performance 9-6 
windmilling 17-32 

Proportional limit  15-3 

Propulsion, theory of 17-1 

Proverse roll 14-19 

Q 

Quantities: 
scalar 3-7 
vector 3-7 

R 

Radius of turn: 
aerodynamic limit 12-2 
minimum vertical 12-7 
power limit 12-5 
structural limit 12-4 
thrust 12-5 

Range 8-3 
BETA 18-30 
effect of altitude 9-5 
effect of drag 9-3 
effect of weight 9-3 
effect of wind 9-6 

Rate of climb  
effect of altitude . . . 
effect of weight.... 
effect of wind  
horsepower required 
maximum  
vs. angle of attack . 

10-2, 10-5, 10-7, 18-5, 21-2 
 10-5 
 10-5 
 10-7 
 10-5 
 10-8 
 10-7 
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Rate of sink 

KVJ H-SO 

.11-6 

Rate of turn 12-7 

Ratio: 
aspect  7-13 
density 2-3 
fuel-air 17-12, 17-18 
glide 11-2 
lift/drag 7-3 
pressure 2-2 
temperature  2-2 

Reciprocating engine 17-14 

Reconnaissance: 
flight 22-4 
ground 22-5 
high 22-4 
low 22-4 

Recovery: 
spin  
stall  

Redline speed  

Relative wind  

Requirements, takeoff 

Residual thrust  

Reversal, aileron .... 

Reverse thrust  

Reynolds numbers . . . 

Rho   

Roll  
Dutch  
proverse  

 16-5 
 5-6 

 15-8 

..4-1, 4-5 

 16-4 

 13-6 

 15-9 

. . ..17-32 

. ...17-12 

 2-3 

12-1, 18-8 
. . ..14-20 
. . ..14-19 
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Rolling: 
friction  
moment  

Rotate  

Rotation, slipstream 

Rotation speed  

Roundout  

Rudder  

Runway conditions . 

 13-2 
 14-4 

 13-1 

 16-6 

  18-5 

 18-28, 22-2 

12-1, 16-2, 16-6, 18-13 

 13-7 

S-tums 18-24 

Scalar quantities 3-7 

Semicantilever wing  15-6 

Semimonocoque 15-5 

Separation, boundary layer 5-3, 6-3 

Service ceiling 10-5 

Service life 15-7 

Servo tabs 16-10 

Short-field landing 13-6 

Side approach . . .    19-6 

Sideslip angle 14-11 

Sigma 2-3 

Index-26 
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Single-engine: 
approach 21-4 
climb 21-2 
descent 21-3 
go-around 21-5 
landing 21-3 

Sink rate 11-6 

Slats 6-8 

Slip 18-6, 19-3 

Slipstream rotation 16-6 

Slots 6-8 

Slotted flaps 6-7 

Slow flight 18-16 

Spark 17-19 

Spark plug fouling 17-25 

Speed: 
effect of wind .. . 
landing roll  
maneuvering . . . 
minimum control 
redline  
rotation  
stalling  

 9-6 
 13-8 
 12-5, 15-8 
 16-7,21-1 
 15-8 
 : 18-5 
5-7, 5-8, 5-16, 15-8, 18-14 

Spin .5-1,16-5,18-20,20-4,20-5 

Spin recovery 16-5, 18-21 

Spiral approach 19-8 

Spiral divergence 14-20 

Spirals 19-3 
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Split flaps 6-6 

Split “S” 12-6 

Spoilers 13-7 

Stability: 
anhedral  14-17 
augmenter 16-8 
dihedral 14-17 
directional 14-11 
effect of aircraft components 14-12 
effect of engine nacelles 14-9 
effect of fuselage 14-9,14-14 
effect of horizontal stabilizer 14-9 
effect of vertical stabilizer 14-14 

dynamic 14-2 
negative 14-3 
neutral 14-3 
positive 14-3 

longitudinal   14-4 

static 14-1 
negative 14-2 
neutral 14-2 
positive 14-1 

Stabilizer: 
horizontal  5-4, 16-2 
vertical 14-13, 16-2 

Stall 5-1,18-17,20-5 
aerodynamic 5-2 
angle 5-5 
angle of attack 5-2, 5-3, 5-7,18-17 
buffet 18-18 
causes of 5-2 
compressor 17-10 
effect of acceleration 5-9 
effect of aircraft configuration 5-8 
effect of altitude 5-8 
effect of high-lift devices 5-8 
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effect of thrust  
pattern  
power-off  
power-on  
recovery  
root  
speed   
speed equation  
strip  
velocity  
warning, aerodynamic 
warning, mechanical . 

Steady-state climb  

 5-11 
 5-4 
 18-17 
 18-18 
 5-6, 18-18 
 5-5 
.5-7, 5-10, 6-1, 10-7, 15-8, 18-14 
 5-7, 5-8 
 5-6 
 5-7 
 5-4 
 5-6 

 10-1 

Steep 8s 20-1 

Stoichiometric 17-18 

Straight-and-level flight 18-8 

Strain   15-1 

Streamline flow 4-2 

Strength, metal 15-1 

Stress 15-1 
compression 15-5 
cyclic 15-4, 17-9 
design 15-4 
tension 15-3 
ultimate 15-3 

Strip, stall 5-6 

Structural limitations 15-1 

Structural limits 15-7 

Suction control of boundary layer 6-3 

Supercharger 17-16, 17-17, 17-22 

Surge, compressor 17-10 
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Survivability and threat 

Sweptwing efficiency . . 

Symmetrical airfoil .... 

22-10 

7-13 

4-7, 5-5, 6-2, 16-2 

T 

Tabs: 
balance  16-10 
servo 16-10 
trim  16-11,18-9 

Tactical flight training 22-1 

Tail volume 14-9 

Takeoff  
crosswind  
distance  
effects of altitude  
effects of weight  
effects of wind  
maximum performance 
minimum run  
normal  
obstacle clearance climb 
requirements  
roll  
velocity  

 18-4 
16-7, 16-8, 18-6, 19-4 
 13-3 
 13-4 
 13-4 
 13-5 
 22-2 
 18-7 
 18-4 
   18-6 
 16-4 
 18-6 
 13-4 

Taxiing 18-2 
effect of wind  18-3 
night 22-8 
precautions 18-4 
use of throttle 18-3 

Temperature 2-2 

Temperature, carburetor air 17-17 

Tension, stress 15-3 

Terminal velocity 10-9 

Index-30 
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Terrain flying 22-6 

Theta 2-2 

Threat and survivability 22-10 

Thrust 3-9, 17-1 
available 10-4 
axis  14-11 
during climb 10-3 
effect on stall  5-11 
in glide 11-2 
jet : 17-7 
required 10-4 
residual 13-6 
reverse 17-32 

Timing, control  

Tip vortex  

Tire inflation pressure . . 

Total aerodynamic force 

Total drag  

Touchdown point  

Traffic pattern  

Trailing edge flaps  

Trailing edge vortex . . . 

Tricycle landing gear . . 

Trim point  

Trim tabs  

True airspeed  

Truss   

18-22 

7-10,17-29 

13-7 

7-2 

7-2, 8-2 

.22-1 

18-26 

6-2 

7-10 

15-5, 16-5, 18-3, 18-28 

 14-6 

16-11,18-9 

3-7 

15-5 

Index-31 



Turbine, gas .17-8 

Turbojet engine   15-5,17-2 

Turboprop 15-5, 17-8 

Turbulent wake 5-3 

Turns  
climbing . 
gliding 
horizontal 
level  
radius.. . . 
“S”  
vertical . . 

18-12, 18-22 
 18-14 
 18-14 
 12-1 
 12-1 
 12-3 
 18-24 
 12-1 

Turning flight equilibrium equations 12-1 

Turning performance 12-1 

Turning rate 12-7 

Twin-engine aircraft 21-1 

Twist: 
aerodynamic 5-5 
geometric  5-5 

U 

Ultimate stress 15-3 
Upwash 7-10 

V 

Vector: 
lift  5-11 
quantities 3-7 
solutions '. ... 3-8 

Index-32 
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Velocity: 
curve 7-9 
during glide 11-2 
flightpath 4-1 
landing 11-4 
stall 5-7 
takeoff 13-4 
terminal 10-9 
vertical 11-5 
vs. angle of attack 4-8 
vs. endurance 9-6 

Vertical balance equations 12-6 

Vertical flight vs. stall 10-7 

Vertical stabilizer 14-13 
effect on lateral stability 14-18 

Vertical turns 12-1,12-6 

Vision, night 22-6 

Volume,tail 14-9 

Vortex: 
generators 6-4 
tip 7-10, 17-29 
trailing edge 7-10 

W 

Wake, turbulent 5-3 

Warning: 
aerodynamic stall   5-4 
mechanical stall 5-6 

Warren fuselage 15-5 

Watt, James 8-3 

Weight 3-9, 8-1 

Index-33 
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Weight,effects on: 
angle of attack 7-6 
angle of climb 10-3 
drag 9-1 
endurance 9-3 
glide 11-4 
range 9-3 
stall 5-8 
takeoff 13-4 

Wetted surface 7-7 

Wheelbarrow effect 18-5 

Wind, effects on: 
angle of climb 10-4 
glide 11-6, 18-11 
landing distance 13-9 
obstacle clearance  10-4 
performance 9-6 
range 9-6 
rate of climb 10-7 
taxiing 18-3 

Windmilling, propeller 17-32 

Wind, relative 4-1, 4-5 

Index-34 
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Wing: 
cantilever . . . 
circulation. . . 
classification, 
construction . 
divergence. . . 
flutter   
loading  
semicantilever 
stability  

15-6 
.7-9 
15-4 
15-6 
15-9 
15-9 
.5-8 
15-6 
14-7 

Wright Brothers 16-1,17-1 

X 

Y 

Yaw 12-1, 18-8 

Yaw, adverse 14-18, 16-5, 18-12 

Yawing moment 14-11 

Z 

Zooming 10-1 

Index-35 
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