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SECURITY AWARENESS NOTICE

This course does not contain any classified material.

SAFETY NOTICE

All personnel must be reminded that personal injury, death or equipment damage
can result from carelessness, failure to comply with approved procedures, or violations
of warnings, cautions, and safety regulations.

SAFETY / HAZARD AWARENESS NOTICE

a. Safe training is the number one goal. Each year at training commands, lives
are lost and thousands of man hours and millions of dollars are wasted as the result of
accidents. Most of these accidents could have been prevented. They are the result of
actions performed incorrectly, either knowingly or unknowingly, by people who fail to
exercise sufficient foresight, lack the requisite training, knowledge, or motivation, or who
fail to recognize and report hazards.

b. A mishap is any unplanned or unexpected event causing personnel injury,

occupational iliness, death, material loss or damage or an explosion whether damage
occurs or not.

c. A near miss or hazardous condition is any situation where if allowed to go
unchecked or uncorrected has the potential to cause a mishap. .

d. ltis the responsibility of all Department of Defense personnel to report all
mishaps and near misses. If a mishap, hazardous condition or near miss occurs let
your instructor know immediately.

e. Students will report all hazardous conditions and near misses to the
command high-risk safety officer via their divisional/departmental high-risk safety
officer. Reports can be hand written on the appropriate form. Injuries shall be reported
on the appropriate form.

f. For students at Air Force installations, report these conditions to their safety
officer or flight commander.



HOW TO USE THIS STUDENT GUIDE

This publication is for your use while studying aerodynamics. It is designed to be
specific to the T-34C and the T-37B. It will also provide you with a basic foundation
which you will build upon during training in more advanced aircraft. You may mark any
pages in this book, including information sheets and assignment sheets. When filled in,
this guide will become a useful reference. You may not use it during testing.

T-34C students are not responsible for T-37B specific information and T-37B
students are not responsible for T-34C specific information.

The aerodynamics unit is presented in two sections. The first section is divided
into Lesson Topics 1 through 6 covering basic principles of physics, aircraft
terminology, basic aerodynamic principles, lift, drag, thrust and power. The second
section is divided into Lesson Topics 7 through 12 covering more advanced topics such

as airplane performance, controls, stability, spins, turning flight, and takeoff and landing
performance.

The knowledge to be acquired is stated for each topic so that you can check
your progress. It is to your advantage to review the learning objectives prior to the
class presentation.

Assignments in this guide are given for study. The effectiveness of the guide
depends upon the conscientious accomplishment of the reading and study
assignments.

Participation in a study group is highly recommended. Statistical analysis
suggests that a study group of four members is optimum.

A written examination will be administered on the material following the
completion of each section of aesrodynamics.

Page numbers in this student guide consist of three parts: the unit number (1 for
Aerodynamics), followed by a decimal point, the lesson topic number (1 through 12),
followed by a dash (-), and finally, the page number within the lesson topic.



CLASS SCHEDULE

Topic No. Type Hours Topic
1.1 Class 1.0 Basic Properties of Physics
1.2 Class 1.0 Aircraft Terminology
1.3 Class 1.0 Basic Aerodynamic Principles
14 Class 2.0 Lift and Stalls
1.5 Class 1.0 Drag
16 Class 2.0 Thrust and Power/Review
1.1-16 Exam 2.0 Aerodynamics Midterm Examination
17 Class 2.0 Aircraft Performance
1.8 Class 1.0  Aircraft Control Systems
1.9 Class 2.0 Stability
1.10 Class 1.0 Spins
1.11 Class 2.0  Turning Flight
1.12 Class 2.0 Takeoff/Landing Performance, Wake
Turbulence and Wind Shear/Review
1.7-1.12 Exam 2.0 Aérodynamics Final Examination
22.0
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ASSIGNMENT SHEET

Basic Properties of Physics
Assignment Sheet No. 1.1.1A

INTRODUCTION

The purpose of this assignment sheet is to aid the student in understanding basic
physics as it relates to aerodynamics.

LESSON TOPIC LEARNING OBJECTIVES

Terminal Objective:
Partially supported by this lesson topic:

1.0

Upon completion of this unit of instruction, the student aviator will
demonstrate knowledge of basic aerodynamic factors that affect airplane
performance.

Enabling Objectives:
Completely supported by this lesson topic:

1.1

1.2
1.3
1.4
1.5

1.6
1.7
1.8
1.9

1.10

Define scalar quantity, vector, force, mass, volume, density, weight,
moment, work, power, energy, potential energy, and kinetic energy.

State Newton's three Laws of Motion
Identify examples of Newton's three Laws of Motion.
Define, compare, and contrast equilibrium and trimmed flight.

Define static pressure, air density, temperature, lapse rate, humidity,
viscosity, and local speed of sound.

State the relationship between humidity and air density.
State the relationship between temperature and viscosity.
State the relationship- between temperature and local speed of sound.

State the pressure, temperature, lapse rate, and air density at sea level
in the standard atmosphere using both Metric and English units of
measurement.

State the relationships between altitude and temperature, pressure, air
density, and local speed of sound within the standard atmosphere.

1.11



1.11 State the relationships between pressure, temperature, and air densnty
using the General Gas Law.

STUDY ASSIGNMENT

Review Information Sheet 1.1.11 and answer the Study Questions.

1.1-2



INFORMATION SHEET

Basic Properties of Physics
Information Sheet No. 1.1.11

INTRODUCTION

This lesson topic will introduce you to the basic physical laws that govern how an
airplane flies.

REFERENCES
1. Aerodynamics for Naval Aviators
2. Aerodynamics for Pilots, Chapter 1

3. Flight Manual USAF Series T-37B Aircraft (T.0.1T-37B-1)
4. T-34C NATOPS Flight Manual

INFORMATION

MATHEMATICAL SYSTEMS

A scalar is a quantity that represents only magnitude, e.g., time, temperature, or
volume. It is expressed using a single number, including any units. A vectoris a
quantity that represents magnitude and direction. It is commonly used to represent
displacement, velocity, acceleration, or force. Displacement (s) is the distance and
direction of a body's movement (an airplane flies east 100 nm). Velocity (V) is the
speed and direction of a body's motion, the rate of change of position (an airplane flies
south at 400 knots). Speed is a scalar equal to the magnitude of the velocity vector.
Acceleration (a) is the rate and direction of a body's change of velocity (gravity
accelerates bodies toward the center of the earth at 32.174 ft/s?). FORCE (F) is a push
or pull exerted on a body (1,000 Ibs of thrust pushes a jet through the sky).

A vector is represented by an arrow. The length of
the arrow represents the magnitude and the heading of the
arrow represents the direction. Vectors may be added by
placing the head of the first vector on the tail of the second
and drawing a third vector from the tail of the first to the
head of the second. This new vector (Figure 1.1-1) is the

resulting magnitude and direction of the original two vectors
working together.

Figure 1.1-1 Vectors
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An angle has three parts: An initial ray,
a terminal ray, and a vertex (the point of
intersection of the two rays). We can identify
an angle by either using a Greek letter, such
as 6, or by using the angle symbol (L)
followed by a point on the angle's initial ray
(C), its vertex (A), and a point on its terminal
ray (B) i.e., ZCAB. Since Figure 1.1-2 is a
triangle, we can also define ZABC and ZBCA.
A 90° angle is called a right angle(Z£). In
Figure 1.1-2, £C is a right angle. The sum of
the three angles in a triangle is always equal
to 180°.

) OPPOSITE

ADJACENT

Figure 1.1-2 Right Triangle

The sides of the triangle may be defined by their location with respect to the
angle. The hypotenuse of triangle ABC is the side opposite the right angle. The
adjacent side forms the ray between 6 and the right angle, while the opposite side does

not form a ray from angle 6.

Trigonometric functions may be defined as ratios of the lengths of two sides of a
right triangle. The functions that we will be most concerned with in this course are sine
(sin), cosine (cos), and tangent (tan). They are defined by the equations below, and
Table 1.1-1 gives approximate values for angles up to 90°.

n o= P20 cor 9= 2 =2 e
angle sin cos tan
0° 0.00 1.00 0.00
15° 0.26 0.97 0.27
30° 0.50 0.87 0.58
45° 0.71 0.71 1.00
60° 0.87 0.50 1.73
75¢° 0.97 0.26 3.73
90° 1.00 0.00 0

Table 1.1-1 Trigonometric Functions
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DEFINITIONS
Mass (m) is the quantity of molecular material that comprises an object. |
Volume (v) is the amount of space occupied by an object.

Density (p) is mass per unit volume. |t is expressed:

mass

volume

Weight (W) is the force with which a mass is attracted toward the center of the
earth by gravity.

Force (F) is mass x acceleration. F =m a

Force

M Fxd A moment (M) is created when a force is
F applied at some distance from a an axis or fulcrum,
and tends to produce rotation about that point. A
Moment moment is a vector quantity equal to a force (F) times
A d

the distance (d) from the point of rotation that is

& Maenank A perpendicular to the force (Figure 1.1-3). This
perpendicular distance is called the moment arm.

Figure 1.1-3 Moment

Work (W) is done when a force acts on a body and moves it. It is a scalar
quantity equal to the force (F) times the distance of displacement (s).

W=F-s

Power (P) is the rate of doing work or work done per unit of time.

Energy is a scalar measure of a body's capacity to do work. There are two types
of energy: potential energy and kinetic energy. Energy cannot be created or destroyed,
but may be transformed from one form to another. This principle is called conservation
of energy. The equation for total energy is:

TE.=K.E.+P.E.
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Potential energy (P.E.) is the ability of a body to do work because of its position
or state of being. It is a function of mass (m), gravity (g), and height (h).

P.E.=weightx height=m g h

Kinetic energy (K.E.) is the ability of a body to do work because of its motion. It
is a function of mass (m) and velocity (V).

K.E.=£mV’
2

Work may be performed on a body to change its position and give it potential
energy or work may give the body motion so that it has kinetic energy. Under ideal
conditions, potential energy may be completely converted to kinetic energy, and vice
versa. The kinetic energy of a glider in forward flight is converted into potential energy
in a climb. As the glider's velocity (K.E.) diminishes, its altitude (P.E.) increases.

NEWTON'S LAWS OF MOTION
NEWTON'S FIRST LAW - THE LAW OF EQUILIBRIUM

"A body at rest tends to remain at rest and a body in motion tends to remain in

motion in a straight line at a constant velocity unless acted upon by some
unbalanced force."

The tendency of a body to remain in its

condition of rest or motion is called inertia. i
Equilibrium is the absence of acceleration,
either linear or angular. Equilibrium exists
when the sum of all the forces and the sum of
all the moments around the center of gravity
are equal to zero. An airplane in straight and
level flight at a constant velocity is acted upon TeDwo

WEIHT

by four forces: thrust, drag, lift and weight.
When thrust is equal to drag, and lift is equal
to weight, the airplane is in equilibrium (Figure
1.14).

Figure 1.1-4 Equilibrium Flight

Trimmed flight exists when the sum of the moments around the center of gravity
is zero. In trimmed flight, the sum of the forces may not be equal to zero since you can
trim an airplane into a turn. {f you are in equilibrium fiight, then you are in trimmed flight,
but the reverse is not necessarily true.
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An airplane does not have

|
| LIFT to be in straight and level flight to
THRUST | be in equilibrium. Figure 1.1-5
\ | shows an airplane that is climbing,
cLiMB Yoir . ! but not accelerating or

ANGLE

decelerating, i.e., there are no
unbalanced forces. It is another
example of equilibrium flight.
Thrust must overcome drag plus

T+O-Wsin}=0 the parallel component of weight.

LeWros -0 Lift must overcome the
perpendicular component of
weight.

Figure 1.1-5 Equilibrium in Climbing Flight Thrust

An airplane that is able to generate
sufficient thrust to climb vertically (@0°tothe 1 + W+ D =10
horizon) at a constant true airspeed can L=20
stabilize at an equilibrium flight condition.
Thrust must equal weight plus total drag, and lift :
must be zero (Figure 1.1-6). o =

Weight + Drag

Figure 1.1-6 Equilibrium in Vertical Flight
NEWTON'S SECOND LAW - THE LAW OF ACCELERATION

"An unbalanced force (F) acting on a body produces an acceleration (a) in the
direction of the force that is directly proportional to the force and inversely
proportional to the mass (m) of the body."

In equation form:
F vV ..-V
a=— or a= OUT. IN
m time
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When an airplane’s thrust is greater than its drag (in level flight), the excess
thrust will accelerate the airpiane until drag increases to equal thrust.

NEWTON'S THIRD LAW - THE LAW OF INTERACTION
"For every action, there is an equal and opposite reaction."

This law is demonstrated by the thrust produced in a jet engine. The hot gases
exhausted rearward produce a thrust force acting forward (Figure 1.1-7).

THRUST HOT GASES

Figure 1.1-7 Action and Reaction

PROPERTIES OF THE ATMOSPHERE

The atmosphere is composed of approximately 78% nitrogen, 21% oxygen, and
1% other gases, which includes argon and carbon dioxide. Air is considered to be a
uniform mixture of these gases, so we will examine its characteristics as a whole rather
than as separate gases.

Static pressure (Ps) is the pressure each air particle exerts on another.
Ambient static pressure is equal to the weight of a column of air over a given area. The
force of static pressure acts perpendicular to any surface that the air particles collide
with. As you increase altitude, less air is above you, so the weight of that air is
decreased. Thus atmospheric static pressure decreases with an increase in altitude at
a rate of approximately 1.0 in-Hg per 1000
ft.

25,000 FT
P = 0.001085 20,000 T
Air density (p ) is the total mass of
air particles per unit of volume. The
distance between individual air particles P = 0.001488
increases with altitude resulting in fewer
particles per unit volume. Therefore, air
density decreases with an increase in P = 0002048
altitude (Figure 1.1-8).

P = 0.001
= 0.001268 15,000 FT

- 10,000 FT
P = 0.001785 5.000 FT

SEA LEVEL

P = 0.002378
Figure 1.1-8 Air Density

Temperature (T) is a measure of the average kinetic energy of the air particles.
Air temperature decreases linearly with an increase in aititude at a rate of 2 °C (3.57 °F)
per 1000 ft until 36,000 feet. This is called the average lapse rate. From 36,000 feet
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through approximately 80,000 feet, the air remains at a constant -56.5 °C (-69.7 °F).
This layer of constant temperature is called the isothermal layer.

Humidity is the amount of water vapor in the air. As humidity increases, water
molecules displace an equal number of air molecules. Since water molecules have less
mass and approximately the same volume, density decreases. Therefore, as humidity

increases, air density decreases.

Viscosity (u ) is a measure of the air's resistance to flow and shearing. Air
viscosity can be demonstrated by its tendency to stick to a surface. For liquids, as
temperature increases, viscosity decreases. Recall that the oil in your car gets thinner
when the engine gets hot. Just the opposite happens with air: Air viscosity increases
with an increase in temperature.

Sound is caused by disturbances of the air e.g., an explosion causes a sound
because it compresses the air immediately around it. This creates a series of
alternating compressions and rarefactions which is transmitted to our ears as sound.
The compressions and rarefactions are transmitted from one particie to another,
however the particles are not flowing from one point to another. Sound is wave motion
not particle motion. The local speed of sound is the rate at which sound waves travel
through a particular air mass. The speed of sound, in air, is dependent only on the
temperature of the air. The warmer the air, the more excited the particles are in that air
mass. The more excited the molecules are, the more easily adjacent molecules can

propagate the sound wave. As the temperature of the air increases. the speed of sound

increases.

THE STANDARD ATMOSPHER

The atmospheric layer in which most flying is done is an ever-changing
environment. Temperature and pressure vary with altitude, season, location, time, and
even solar sunspot activity. It is impractical to take all of these into consideration when
discussing airplane performance. In order to disregard these atmospheric changes, an
engineering baseline has been developed called the standard atmosphere. it is a set
of reference conditions giving average values of air properties as a function of altitude.
A list of some of these properties may be found in Appendix C. Unless otherwise

stated, any discussion of atmospheric properties in this course will assume standard
atmospheric conditions.
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SEA LEVEL STANDARD ATMOSPHERIC CONDITIONS
ENGLISH METRIC
Static Pressure Pg, 28.82 in-Hg 1013.2 mb
Temperature T, 59 °F 16 °C
Average Lapse Rate 3.57 °F / 1000 ft 2.0 °C /1000 ft
Air Density p, 0.002378 slugs / ft? 1.2255 grams / lter
Local Speed of Sound LSQS, 661.7 kts 3404m/s

Table 1.1-2 Sea Level Standard Atmospheric Conditions

THE GENERAL GAS LAW

The General Gas Law demonstrates the relationship between three properties of
air: pressure (P), density (p ), and temperature (T). It is expressed as an equation
where R is the Universal Gas Constant:

P = pRT

One method to increase pressure is to keep densnty constant and increase
temperature (as in a pressure cooker). If pressure remains constant, there is an inverse
relationship between density and temperature. An increase in temperature must result
in a decrease in density, and vice versa. These relationships are demonstrated below:

PT=pRT T P=p{RT?T

ALTITUDE MEASUREMENT

Altitude is defined as the height above a given plane of reference. True altitude
is the actual height above mean sea level. Pressure altitude (PA) is the height above
the standard datum plane. The standard datum plane is the actual elevation at which
the barometric pressure is 29.92 in-Hg. Since the standard datum plane is at sea level
in the standard day, true altitude will be equal to pressure altitude.

Density altitude (DA) is the altitude in the standard atmosphere where the air
density is equal to local air density. It is found by correcting pressure altitude for
temperature deviations from the standard atmosphere. On a standard day, density
altitude is equal to pressure altitude. But, as temperature increases the air becomes

1.1-10



less dense, with the effect that the actual air density at one altitude is equal to that of a
higher altitude on a standard day. A high DA indicates a low air density, and vice versa.
Density altitude is not a height reference; rather, it is an index to aircraft performance. A
high DA will decrease the power produced by the engine because the engine is getting
fewer air molecules to burn. It also reduces the thrust produced by the propeller or jet
engine because they are accelerating fewer air molecules. The reduced power and
thrust will reduce an airplane's acceleration and climb performance. A high DA also
requires a higher true airspeed for takeoff and landing, and therefore, will increase

takeoff and landing distance. Figure 1.1-9 is a diagram that may be used to compute
density altitude.

20,000 - r i
N N S
\_\h_\\:\.\ - = ST
18,000 [ :':x\\‘m % ‘HTQM%DE =
SSSSeo==
NSNS S N R e
\ “_\\_\_ e W
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R S 1 S R . S5 W
‘m-w—_ -JCI - - -—_ﬂ;_ - 30 40 &0

o e 0 {4]
PR S TSN T PV YT o P N I O O U '
<40 20 20 40 80 50‘

[ 100 120
TEMPERATURE P

Figure 1.1-9 Density Altitude Computation Chart

In the example above, we demonstrate the effects of several atmospheric
properties through the warming period of a day. You can see that the static pressure
and pressure altitude remain virtually constant throughout the day. However, as the sun
heats the air, the reduced density causes a dramatic increase in density altitude. This
will have a noticeable impact on aircraft performance.
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STUDY QUESTIONS

Basic Properties of Physics

1. How does a vector quantity differ from a scalar quantity?

2. Define mass.

3. Define weight.

4. Define air density.

5. How are a force and a moment related?

6. Define work. How is it calculated?
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7. Define power.

8. Define energy. What is the equation for total energy?

9. Define potential energy (P.E.).

10. Define kinetic energy (K.E.).

11. State Newton's First Law of Motion.

12. Under what conditions can both an airplane traveling at a constant speed and
direction and an airplane parked on the flight line be in equilibrium?

13. What is the difference between trimmed flight and equilibrium flight?
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14. State Newton's Second Law of Motion and provide an example.

15. State Newton's Third Law of Motion and provide an example.

16. Define static pressure. What change in atmospheric static pressure (Ps) occurs with
an increase in altitude (sea level to 80,000 ft.)?

17. What change in air density occurs with an increase in altitude (sea level to 80,000
ft.)? :

18. Define air temperature.

19. What change in air temperature occurs in the standard atmosphere from sea level
through 80,000 feet?
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20. What change in air density occurs with an increase in humidity?

21. Define air viscosity. What change in air viscosity occurs with an increase in
temperature? :

22. What is the primary factor affecting the speed of sound in air?

23. What are the sea level conditions in the standard atmosphere?

24. State the General Gas Law. What is the relationship between temperature,
pressure, and density according to the General Gas Law?

1.1-15
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ASSIGNMENT SHEET

Aircraft Terminology
Assignment Sheet No. 1.2.1A

INTRODUCTION

The purpose of this assignment sheet is to introduce the student to basic aircraft
terminology, and to describe the physical characteristics of the T-34C and T-37B.

LESSON TOPIC LEARNING OBJECTIVES

Terminal Objective:
Partially supported by this lesson topic:

1.0 Upon completion of this unit of instruction, the student aviator will
demonstrate knowledge of basic aerodynamic factors that affect airplane
performance.

Enabling Objectives:
Completely. supported by this lesson topic:

1.12 Define, compare, and contrast an aircraft and an airplane.

1.13 List and describe the three major control surfaces of an airplane.

1.14 List and define the five major components of an airplane.

1.15 List and define the components of the airplane reference system.

1.16 | Describe the orientation between the components of the airplane
reference system.

1.17 List and define the motions that occur around the airplane center of
gravity.

1.18 Define wingspan, chordline, chord, tip chord, root chord, average chord,

wing area, taper, taper ratio, sweep angle, aspect ratio, wing loading,
angle of incidence, and dihedral angle.

1.19 Describe and state the advantages of the semi-monocoque fuselage
construction.
1.20 Describe full cantilever wing construction.
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STUDY ASSIGNMENT

Review Information Sheet 1.2.11 and answer the Study Questions.
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INFORMATION SHEET

Aircraft Terminology
Information Sheet No. 1.2.11

INTRODUCTION

This lesson defines basic terms used to describe major components of
conventional fixed-wing aircraft.

REFERENCES
1. Aerodynamics for Naval Aviators
2. T-34C NATOPS Flight Manual

INFORMATION

MAJOR COMPONENTS OF AN AIRPLANE

An aircraft is any device used or intended to be used for flight in the air. Itis
normally supported either by the buoyancy of the structure (balloon, dirigible) or by the
dynamlc reaction of the air against its surfaces (alrplane glider, helicopter).

An airplane is a heavier-than-air fixed-wing aircraft that is drlven by an engine
driven propeller or a gas turbine jet and is supported by the dynamic reaction of airflow
over its wings. The T-34C and the T-37B are unpressurized low-winged monoplanes
with a tricycle landing gear. The T-34 is a single engine turboprop with tandem cockpits
while the T-37 is a twin engine turbojet with side-by-side seating. They will be the
primary examples of conventional airplanes used throughout this course. A

conventional airplane consists of a fuselage, wing, empennage, landing gear, and
engine(s).

The fuselage is the basic structure of the airplane to which aII other components
are attached. It is designed to hold passengers, cargo, etc. Three basic fuselage types
are possible: Truss, full monocoque, and semi-monocoque. The truss type consists of
a metal or wooden frame over which a light skin is stretched. It is very strong and
easily repaired, but quite heavy. Full monocoque is extremely light and strong
because it consists of only a skin shell which is highly stressed but almost impossible to
repair if damaged. Semi-monocoque is a modified version of monocoque having skin,
transverse frame members, and stringers, which ail share in stress loads and may be
readily repaired if damaged. The T-37 and T-34 both use semi-monocoque fuselages
(Figure 1.2-1 and 1.2-2).
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Figure 1.2-1 T-34C Cut-away

The wing is an airfoil attached to the fuselage and is designed to produce lift. It
may contain fuel cells, engine nacelles, and landing gear. Ailerons (and spoilers) are
control surfaces attached to the wing to control roll. Flaps (and slots) are high lift
devices attached to the wing to increase lift at low airspeeds. The T-37 and T-34 both
have single low-mounted wings with slotted flaps integrated into the trailing edge
inboard of the ailerons. Since all bracing is internal, the wings are called full
cantilever.

The empennage is the assembly of stabilizing and control surfaces on the tail of
an airplane. It provides the greatest stabilizing influence of all the components of the
conventional airplane. The empennage consists of the aft part of the fuselage, the
vertical stabilizer, and the horizontal stabilizer. The rudder is the upright control
surface attached to the vertical stabilizer to control yaw. Elevators are the horizontal
control surfaces attached to the horizontal stabilizer to control pitch.

The landing gear permits ground taxi operation and absorbs the shock
encountered during takeoff and landing. The T-34 and T-37 have tricycle landing gears
that include a nosewheel and two main wheels. During taxi operations, the T-37 uses a
steerable nosewheel for control, while the T-34 is steered using its rudder.
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The engine provides the thrust necessary for powered flight. Military and
commercial airplanes may be fitted with multiple turboprop, turbojet, or turbofan
engines. The type of engine depends on the mission requirements of the aircraft. The

T-34C has a PT6A-25 turboprop engine and the T-37B has two J69-T-25A turbojet
engines.
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Figure 1.2-2 Airplane Components
AIRPLANE REFERENCE SYSTEM

An airplane's reference system consists of three mutually perpendicular lines
(axes) intersecting at a point (Figure 1.2-3). This point, called the center of gravity
(C.G.) is the point at which all weight is considered to be concentrated, and about which
all forces and moments (yaw, pitch and roll) are measured. Theoretically, the airplane
will balance if suspended at the center of gravity. As fuel burns, bombs/missiles are
expended, or cargo shifts, the C.G. will move.

The longitudinal axis passes from the nose to the tail of the airplane.
Movement of the lateral axis around the longitudinal axis is called roll, or lateral
control. The lateral axis passes from wingtip to wingtip. Movement of the longitudinal
axis around the lateral axis is called pitch, or longitudinal control. The vertical axis
passes vertically through the center of gravity. Movement of the longitudinal axis
around the vertical axis is called yaw, or directional control. As an airplane moves
through the air, the axis system also moves. Therefore, the movement of the airplane
can be described by the movement of its center of gravity.
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Figure 1.2-3 Reference System
DIMENSIONS

Wingspan (b) is the length of a wing, measured from wingtip to wingtip. It
always refers to the entire wing, not just the wing on one side of the fuselage. The
wingspan of the T-34C is 33'5". The wingspan of the T-37B is 33'10".

Chordline is an infinitely long,
straight line drawn through the leading and
trailing edges of an airfoil. Chord is a
measure of the width of the wing or other . .
control surface. It is measured along the Leading Edge Trailing Edge
chordline and is the distance from the V
leading edge to the trailing edge of the
airfoil. The chord may vary in length from
the wingtip to the wing root. The root
chord (cj) is the chord at the wing

centerline and the tip chord (c;) is e Chord —>|
measured at the wingtip. Average chord
(c) is the average of every chord from the Figure 1.2-4 Wing Section View

wing root to the wingtip (Figure 1.2-4).
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Wing area (S) is the apparent surface area of a wing from wingtip to
wingtip. More precisely, it is the area within the outline of a wing on the plane of its
chord, including that area within the fuselage, hull or nacelles. The formula for S is:

S=b-c

Taper is the reduction in the chord of an airfoil from root to tip. The wings of the

T-34 and T-37 are tapered to reduce weight. improve structural stiffness. and reduce
wingtip vortices. Assuming the wing to have straight leading and trailing edges, taper

ratio (1) is the ratio of the tip chord to the root chord (Figure 1.2-5).
ﬂ = C T/ CR

Sweep angle (A) is the angle between a line drawn 25% aft of the leading edge,
and a line parallel to the lateral axis.

< b >
K ( )
(o} S
¥ L »

Figure 1.2-5 Wing Planform Views

Aspect ratio (AR) is the ratio of the wingspan to the average chord. An aircraft
with a high aspect ratio (35:1), such as a glider, would have a long, slender wing. A low
aspect ratio (3:1) indicates a short, stubby wing, such as on a high performance jet.

AR =b/c
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Wing loading (WL) is a ratio of an airplane's weight to the surface area of its
wings. There tends to be an inverse relationship between aspect ratio and wing
loading. Gliders have high aspect ratios and low wing loading. Fighters with low aspect
ratios maneuver at high g-loads and are designed with high wing loading. The wing
loading formula is:

Wi — aircraft weight

wing area

Angle of incidence is the angle between the airplane's longitudinal axis and the
chordline of its wing. Dihedral angle is the angle between the spanwise inclination of
the wing and the lateral axis. More simply, it is the upward slope of the wing when
viewed from head on. A negative dihedral angle is called an anhedral angle
(sometimes cathedral). The T-34 and T-37 both have dihedral wings to improve lateral
stability (Figure 1.2-6).

ANGLE OF INCIDENCE

DIHEDRAL ANGLE

Figure 1.2-6 Angle of Incidence and Dihedral Angle
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STUDY QUESTIONS

Aircraft Terminology

Define airplane.

What type of construction is used in the fuselage of the T-34 or T-37?

A wing without any external bracing is a design wing.

What control surfaces are attached to the wing?

What control surfaces are attached to the empennage?

What control surface is used for longitudinal control?

What is the primary source of directional control?

Define airplane center of gravity.
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10.

1.

12.

13.

14.

15.

16.

List the three airplane axes and the motions that occur about each.

Define wingspan.

What is the difference between chordline, chord, tip chord, root chord and
average chord?

Define wing area, and state the formula for calculating it.

Define taper, taper ratio, and sweep angle.

What is aspect ratio? What type of aspect ratio would you expect to find on a B-
52 bomber? A High performance fighter?

Define angle of incidence. Can the angle of incidence ordinarily be changed?

Define wing loading and state the formula for calculating it.
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17.  Define dihedral angle.
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ASSIGNMENT SHEET

Basic Aerodynamic Principles
Assignment Sheet No. 1.3.1A

INTRODUCTION

The purpose of this assignment sheet is to aid the student in understanding the
basic principles of airflow as they relate to aerodynamics.

LESSON TOPIC LEARNING OBJECTIVES

Terminal Objective: _
Partially supported by this iesson topic:

1.0 Upon completion of this unit of instruction, the student aviator will
demonstrate knowledge of basic aerodynamic factors that affect airplane
performance.

Enabling Objectives:
Completely supported by this lesson topic:

1.21 Define steady airflow, streamline, and streamtube.

1.22 Describe the relationship between airflow velocity and cross-sectional
area within a streamtube using the continuity equation.

1.23 Describe the relationship between total pressure, static pressure, and
dynamic pressure within a streamtube using Bernoulli's equation.

1.24 List the components of the pitot-static system.

1.25 State the type of pressure sensed by each component of the pitot-static
system.

1.26 Define indicated airspeed, calibrated airspeed, equivalent airspeed, true

airspeed, and ground speed.

1.27 State the corrections between indicated airspeed, calibrated airspeed,
equivalent airspeed, true airspeed, and ground speed.

1.28 Describe the relationships between indicated airspeed, true airspeed,
ground speed, and altitude.
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1.29

Describe the effects of wind on indicated airspeed, true airspeed, and
ground speed.

1.30 Given true airspeed, winds, and time, determine ground speed and
distance traveled.

1.31 Define Mach number and critical Mach number.

1.32 Describe the effect of altitude on Mach number and critical Mach number.

STUDY ASSIGNMENT

Review Information Sheet 1.3.11 and answer the Study Questions.
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INFORMATION SHEET

Basic Aerodynamic Principles
Information Sheet No. 1.3.1I

INTRODUCTION

Before we discuss the forces of lift and drag, we need to have an understanding
of how air particles and groups of air particles behave.

REFERENCES

1. Aerodynamics for Naval Aviators

2. Aerodynamics for Pilots, Chapter 2, Chapter 20 (Pages 147-148)
3. T-34C NATOPS Flight Manual

INFORMATION

PROPERTIES OF AIRFLOW

The atmosphere is a uniform mixture of gases with the properties of a fluid,
therefore, it is subject to the laws of fluid motion. Fluids can flow and may be of a liquid
or gaseous state. They yield easily to changes in static pressure, density, temperature,
and velocity. Steady airflow exists if at every point in the airflow these four properties
remain constant over time. The speed and/or direction of the individual air particles
may vary from one point to another in the flow, but the velocity of every particle that
passes point 1 is always the same. In steady airflow, a particle of air follows the same
path as the preceding particle. A streamline is the path that air particles follow in
steady airflow (Figure 1.3-1). In steady airflow, particles do not cross streamlines.

Figure 1.3-1 Streamline in Steady Airflow
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A collection of many streamlines forms a
streamtube, which contains a flow just as
effectively as a tube with solid walls (Figure 1.3- Ay =i
2). The streamtube is a closed system, : —
therefore total mass and total energy must
remain constant. If mass is added to the
streamtube, an equal amount of mass will be
removed. This would be similar to adding a
gallon of water to a full bucket; a gallon of water
will spill out. Energy cannot be added or
removed; it can merely be transformed from one
form to another.

i
&

A

S

o
(=9

Figure 1.3-2 Streamtube

THE CONTINUITY EQUATION _ S

Let us intersect the streamtube with two
planes, perpendicular to the airflow at-points a-b
and c-d, with cross-sectional areas of A, and A,,
respectively (Figure 1.3-3). The amount of
mass passing any point in the streamtube may
be found by multiplying area by velocity to give
volume/unit time and then multiplying by density
to give mass/unit time. This is called mass flow and is expressed:

Mass Flow = pAV

b

Figure 1.3-3 Continulty of Flow

The amount of mass flowing through A, must equal that flowing through A,, since
no mass can flow through the walls of the streamtube. Thus, an equation expressing
the continuity of flow through a streamtube is:

p AV, =p, AV,

Our discussion is limited to subsonic airflow, therefore we can ignore changes in
density due to compressibility. If we assume that both ends of the streamtube are at
the same altitude, then p, is equal to p, and we can cancel them from our equation.
The simplified continuity equation below is the one that we will use.

AV, =4V,
If the cross sectional area decreases on one side of the equation, the velocity

must increase on the same side so both sides remain equal. Thus, velocity and area in
a streamtube are inversely reiated.
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BERNOULLI'S EQUATION

Aerodynamics is concerned with the forces acting on a body due to airflow.
These forces are the result of pressure and friction. The relationship between pressure
and velocity is fundamental to understanding how we create this aerodynamic force on

our wing. Bernoulli's equation gives the relationship between the pressure and velocity
of steady airflow.

Recall that in a closed system, total
energy is the sum of potential energy and kinetic TE. = PE. + KE.
energy, and must remain constant.

Compressed air has potential energy TE = PE +“KE
because it can do work by exerting a force on a
surface. Therefore, static pressure (Pg) is a
measure of potential energy per unit volume.

volume volume volume

. . o . TE =P +im\V?
Moving air has kinetic energy since it can volume volume

do work by exerting a force on a surface due to
its momentum. Dividing K.E. by volume and
substituting p for mass/volume, gives us
dynamic pressure. Dynamic pressure (q) is
the pressure of a fluid resulting from its motion,
and is equal to 1/2pV? (Table 3.1-1).

TE. =Pg + 3pV?
volume

Total pressure (P;), also called head Pr = Ps + q

pressure (H;), is the sum of static and dynamic
pressure.

Table 3.1-1 Converting Energy to Pressure

As with total energy, total pressure A 1v1 - szz = A 3V3
also remains constant within a closed < AN Z
system. As area in a streamtube
decreases, velocity increases, therefore,
"q" must increase (recall that "q" contains \
V?). From Bernoulli's equation we know
that since q increases, Pg must decrease
(Figure 1.3-4). In our streamtube, if
dynamic pressure increases, static
pressure decreases, and vice versa.

Figure 1.3-4 Airfoil in a Streamtube
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On a windless day, the pressure of the air around us is determined by this
random molecular movement. It is static pressure. If we have a wind (bulk movement
of molecules), there is also a pressure force resulting from the velocity of the air. A stop
sign oriented directly into the wind feels this dynamic pressure on the side facing the
air. Even though the static pressure still exists all around the sign, the dynamic
pressure exists only on one side. Therefore, the front side feels both the static and
dynamic pressures or a total pressure.

AIRSPEED MEASUREMENT

There are several reasons to measure airspeed. We need to know if we have
sufficient dynamic pressure to create lift, but not enough to cause damage, and we
need the airplane's velocity to navigate. Since dynamic pressure is a function of
velocity, if we can measure it, we can calculate velocity. Dynamic pressure cannot be
measured directly, but can be derived using Bernoulli's equation. By measuring total
pressure and static pressure on the airplane, subtracting static pressure from total
pressure results in dynamic pressure. The system that accomplishes this is called the
pitot-static system.

q=P —P,

The pitot-static system consists of a pitot-tube and a static pressure source
connected to a "black box" (Figure 1.3-5). The pitot-tube is the device that collects total
pressure (P;). The static pressure port is the device that collects ambient static

pressure (P§).

PT - )

YYYYYY

P PITOT TUBE
00 00
STATIC BLACK BOX
o S

Figure 1.3-5 Pitot-Static System
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At the entrance to the pitot tube, the airstream has both an ambient static
pressure (Pg) and a dynamic pressure (q). Inside the pitot-tube, the velocity of the air
mass is reduced to zero. Since q = } p V?, as velocity reaches zero, dynamic pressure
is converted to a static pressure. This converted static pressure is added to the
ambient static pressure (Ps) to form a total static pressure equal to the free airstream
total pressure (P;). This total static pressure is connected to one side of a diaphragm
inside the black box.

The static pressure port is a series of small holes on the surface of the airplane's
fuselage that are flush with the surface. Only the random motion of air molecules, or
ambient static pressure (Pg), affects this port (no dynamic pressure is coliected). The
static port is connected to the other side of the black box.

The ambient static pressure (Pg) is subtracted from the total pressure (P;) with a
diaphragm. Through a series of springs and levers, the remaining static pressure,
which is equal to dynamic pressure (q), is displayed on a pressure gauge inside the
cockpit. This gauge is calibrated in knots of indicated airspeed (KIAS). Indicated
airspeed (IAS) is the instrument indication for the dynamic pressure the airplane is
creating during flight. To find true airspeed, we must make a few corrections to IAS.

Instrument error is caused by the static pressure port accumulating erroneous
static pressure; slipstream flow causes disturbances at the static pressure port,
preventing actual atmospheric pressure measurement. When indicated airspeed is
corrected for instrument error, we call it calibrated airspeed (CAS). Often, installation
and position error are combined with instrument error. Even the combination of all
three errors is usually only a few knots, and is often ignored.

Compressibility error is caused by the ram effect of air in the pitot tube
resulting in higher than normal airspeed indications at airspeeds approaching the speed
of sound. Equivalent airspeed (EAS) is the true airspeed at sea level on a standard
day that produces the same dynamic pressure as the actual flight condition. 1t is found
by correcting calibrated airspeed for compressibility error. Since we are primarily
concerned with subsonic flight, we will ignore EAS in our calculations.

1/2p(TAS) =1/2p, (EAS)’

True airspeed (TAS) is the actual velocity at which an airplane moves though an
air mass. It is found by correcting EAS for density. However, since the errors for
compressibility and installation error both are very minor, we will ignore them, and
develop TAS directly from IAS. TAS is IAS corrected for the difference between the
local air density (p) and the density of the air at sea level on a standard day (p,). The
pitot static system is calibrated for standard sea level density, so TAS will equal IAS
only under standard day, sea ievel conditions. Since air density decreases when you
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increase temperature or altitude, if IAS remains constant while climbing from sea level
to some higher altitude, TAS must increase. A rule of thumb is that TAS will be
approximately three knots faster than |IAS for every thousand feet of altitude increase.

TAS = |22 . 148
Jo,

"ICE-T" is a mnemonic device to help you remember the order of the airspeeds.

Ground speed is a measure of the airplane's actual speed over the ground.
Since TAS is the actual speed of the airplane through the air mass, if we correct TAS
for the movement of the air mass (wind), we will have ground speed. It is calculated
using the following formula:

GS =TAS — HEADWIND or GS =TAS +TAILWIND
MACH NUMBER

As an airplane flies, velocity and pressure changes create sound waves in the
airflow around the airplane. Since these sound waves travel at the speed of sound, an
airplane flying at subsonic airspeeds will travel slower than the sound waves and allow
them to dissipate. However, as the airplane nears the speed of sound, these pressure
waves pile up forming a wall of pressure called a shock wave, which also travels at the
speed of sound. As long as the airflow velocity on our airplane remains below the local
speed of sound (LSOS), our airplane will not suffer the effects of compressibility.
Therefore it is appropriate to compare the two velocities. Mach Number (M) is the ratio
of the airplane's true airspeed to the local speed of sound (Figure 1.3-6).

M= TAS
LSOS
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Figure 1.3-6 Mach Number

Since airplanes accelerate airflow to create lift, there will be local airflow that has
a velocity greater than the TAS. Thus an airplane can experience compressibility
effects at flight speeds below the speed of sound. Critical Mach number (M) is the
free airstream Mach Number that produces the first evidence of local sonic flow. Simply
put, an airplane exceeding M.y; Will have supersonic airflow somewhere on the
airplane. Consider a positive camber airfoil at Mach 0.5. The maximum local airflow
velocity on the surface is greater than the true airspeed speed but less than the speed
of sound. If an increase to Mach 0.82 boosts the surface airflow velocity up to the local
speed of sound, this would be the highest speed possible without supersonlc airflow

and would determine Mg (Table 1.3-2).

CONSTANT MACH

CONSTANT IAS CONSTANT TAS
p P - TAS
IAS=TAS s |— TAS=IAS e |[— LSOS
Py P
IAS = 200 KTS IAS = 200 KTS IAS = 500 KTS
FL250
TAS = 300 KTS TAS = 300 KTS TAS =600 KTS
LSOS =600
MACH = 0.5 MACH = 0.5 MACH = 1.0
IAS =200 KTS IAS = 300 KTS IAS = 700 KTS
SEA LEVEL
TAS = 200 KTS TAS = 300 KTS TAS =700 KTS
LSOS =700
MACH = 0.29 MACH = 0.43 MACH = 1.0

Table 1.3-2 Airspeed Comparison Chart
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STUDY QUESTIONS
Basic Aerodynamic Principles
State the continuity equation. What are the variables in the equation? When

may the density variable be cancelled?

The continuity equation tells us that to double the velocity in an incompressible
flow, the cross-sectional area must be

State Bernoulli's equation. Under what conditions does total pressure remain
constant? If P;is constant, how do q and P relate?

Describe how the Pitot-static system works using Bernoulii's equation.

For a given altitude, what is true about the pressure in the static pressure port of
the airspeed indicator?

Define IAS and TAS. What is the equation relating the two?

When will IAS equal TAS? How do IAS and TAS vary with increases in altitude?
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10.

11.

12.

What must a pilot do to maintain a constant true airspeed during a climb?

An airplane is flying at a six nautical mile per minute ground speed. If it has a
100-knot tailwind, what is its TAS?

An F-14 is flying at an eight nautical mile per minute ground speed. Ifit has a
TAS of 600 knots, does it have a headwind or tailwind and how much of one?

Define Mach number and critical Mach Number (Mcg.y).

An F-117 is climbing at a constant 350 KIAS. What would be the effect on Mach
Number as it climbs? Why?
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ASSIGNMENT SHEET

Lift and Stalls
Assignment Sheet No. 1.4.1A

INTRODUCTION

The purpose of this assignment sheet is to aid the student in understanding lift
and stalls as they relate to aerodynamics. '

LESSON TOPIC LEARNING OBJECTIVES

Terminal Objective:
Partially supported by this lesson topic:

1.0 Upon completion of this unit of instruction, the student aviator will

demonstrate knowledge of basic aerodynamic factors that affect airplane
performance.

Enabling Objectives:
Completely supported by this lesson topic:

1.33 Define pitch attitude, flight path, relative wind, angle of attack, mean
camber line, positive camber airfoil, negative camber airfoil, symmetric
airfoil, aerodynamic center, airfoil thickness, spanwise flow, chordwise
flow, aerodynamic force, lift and drag.

1.34 Describe the effects on dynamic pressure, static pressure, and the
aerodynamic force as air flows around a cambered airfoil and a symmetric
airfoil.

1.35 Describe the effects of changes in angle of attack on the pressure
distribution and aerodynamic force of cambered and symmetric airfoils.

1.36 Describe the effects of changes in density, velocity, surface area, camber,
and angle of attack on lift.

1.37 List the factors affecting lift that the pilot can directly control.

1.38 Compare and contrast the coefficients of lift generated by cambered and

symmetric airfoils.

1.39 Describe the relationships between weight, lift, velocity, and angle of
attack in order to maintain straight and level flight, using the lift equation.

1.40 Define boundary layer.
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1.41 List and describe the types of boundary layer airflow.

1.42 State the advantages and disadvantages of each type of boundary layer
airflow.

1.43 State the cause and effects of boundary layer separation.

1.44 Define stall and state the cause of a stall.

1.45 Define and state the importance of C,,, and C,.. AOA.

1.46 State the procedures for stall recovery.

1.47 List common methods of stall warning, and identify those used on the T-
34 or T-37.

1.48 State the stalling angle of attack of the T-34C.

1.49 Define stall speed.

1.50 Describe the effects of weight, altitude, and thrust on true and indicated
stall speed, using the appropriate equation.

1.51 State the purpose of high lift devices.

1.52 State the effect of boundary layer control devices on the coefficient of lift,
stalling AOA, and stali speed. ’

1.53 Describe different types of boundary layer control devices.

1.54 Describe the operation of boundary layer control devices.

1.55 State the effect of flaps on the coefficient of lift, stalling AOA, and stall
speed.

1.56 Describe different types of flaps.

1.57 State the methods used by each type of flap to increase the coefficient of
lift.

1.58 State the stall pattern exhibited by rectanguiar, elliptical, moderate taper,
high taper, and swept wing planforms.

1.59 State the advantages and disadvantages of tapering the wings of the T-34
and T-37.

1.60 State the purpose of wing tailoring.
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1.61 Describe different methods of wing tailoring.

1.62 State the types of wing tailoring used on the T-34 and T-37.

STUDY ASSIGNMENT

Review Information Sheet 1.4.11 and answer the Study Questions.
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INFORMATION ¢ SEET

Lift and Stali:
Information Sheet No. 1.4.11

INTRODUCTION

Lift must overcome the airplane's weight to achieve and maintain equilibrium
flight. Understanding how lift is generated and the effect of each of its factors is
essential for the prospective aviator.

REFERENCES
1. Aerodynamics for Naval Aviators
2. Aerodynamics for Pilots, Chapters 3, 4, and 5

3. Flight Manual USAF Series T-37B Aircraft (T.O.1T-37B-1), Section VI, Stalls
Figure 6-1 ‘

4. T-34C NATOPS Flight Manual

5. - AETCM 3-3, Vol 2, Chapter 5, Section A, 5.1 thru 5.2.3
INFORMATION
AIRFOIL TERMINOLOGY

Pitch attitude (6) is the angle between an airplane's longitudinal axis and the
horizon. Flight path is the path described by an airplane's center of gravity as it moves
through an air mass. Relative wind is the airflow the airplane experiences as it moves
through the air. It is equal in magnitude and opposite in direction to the flight path.

/—- CHORD LINE

FLIGHT PATH

Figure 1.4-1 Flight Path, Relative Wind, and Angle of Attack

Angle of attack (o) is the angle between the relative wind and the chordline of

an airfoil. Angle of attack is often abbreviated AOA. Flight path, relative wind, and
angle of attack shouid never be inferred from pitch attitude (Figure 1.4-1).
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Figure 1.4-2 Airfoil Terminology

The mean camber line is a line drawn halfway between the upper and lower
surfaces. If the mean camber line is above the chordline, the airfoil has positive
camber. If it is below the chordline, the airfoil has negative camber. If the mean

camber line is coincident with the chordline, the airfoil is a symmetric airfoil (Figure
1.4-2).

The aerodynamic center, or quarter chord point, is the point along the chordline
where all changes in the aerodynamic force take place. On a subsonic airfoil, the
aerodynamic center is located approximately one-quarter (between 23% and 27%) of
the length of the chord from the leading edge. The aerodynamic center will remain
essentially stationary unless the airflow over the wings approaches the speed of sound.
Discussion. of supersonic flight is not within the scope of this course.

Airfoil thickness is the height of the airfoil profile. The point of maximum
thickness corresponds to the aerodynamic center.

Spanwise flow is airflow that travels along the span of the wing, paraliel to the
leading edge. Spanwise flow is normally from the root to the tip. This airflow is not
accelerated over the wing and therefore produces no lift.

Chordwise flow is air flowing at right angles to the leading edge of an airfoil.
Since chordwise flow is the only flow that accelerates over a wing, it is the only airflow
that produces lift.

1.4-5



- THE AERODYNAMIC FORCE

1
|
!

Aerodynamic force (AF) is a force
that is the result of pressure and friction

CHORp Aeroovnamc  distribution over an airfoil, and can be
e e FORCE resolved into two components, lift and
. ( drag. Lift (L) is the component of the
---- aerodynamic force acting perpendicular to
RELATIVEWIND sl the relative wind. Drag (D) is the

component of the aerodynamic force
acting parallel to and in the same direction

Figure 1.4-3 Aerodynamic Force as the relative wind (Figure 1.4-3).

Airflow around a symmetric airfoil at zero angle of attack will have a streamline
pattern similar to that in Figure 1.4-4. As the air strikes the leading edge of the airfoil,
its velocity will slow to near zero, creating an area of high static pressure called the
leading edge stagnation point. The-airflow then separates so that some air moves
over the airfoil and some under it, creating two streamtubes. Airflow leaving the leading
edge stagnation point will be accelerated due to the decrease in the area of each
streamtube. The airflow on both surfaces will reach a maximum velocity at the point of
maximum thickness. The airflow velocity then decreases until the trailing edge where
the upper and lower airflow meet. At the trailing edge, the velocity slows to near zero
velocity, forming another area of high static pressure called the trailing edge
stagnation point. The increase in airflow velocity over an airfoil causes dynamic
pressure to increase, which decreases static pressure. These changes in pressure,
along with friction, are responsible for the aerodynamic force on an airfoil.

Maximum velocity,
V Lowest static pressure

-

\
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/
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\— Zero velocity —/

Total static pressure
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Figure 1.4-4 Aiflow on a Symmetric Airfoil

A symmetric airfoil at zero angle of attack produces identical velocity increases
and static pressure decreases on both the upper and lower surfaces. Since there is no
pressure differential perpendicular to the relative wind, the airfoil produces zero net lift.
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Even at zero angle of attack, a symmetric airfoil still produces drag due to friction and a
pressure differential parallel to the relative wind. The arrows in Figure 1.4-5 and Figure
1.4-6 indicate static pressure relative to ambient static pressure. Arrows pointing

toward the airfoils indicate higher static pressure; arrows pointing away from the airfoils
indicate lower static pressure.

LOWER SURFACE
|

Figure 1.4-5 Symmetric Alrfoil Figure 1.4-6 Symmetric Airfoil
at Zero Angle of Attack at Positive Angle of Attack

A cambered airfoil is able to produce an uneven pressure distribution even at
zero AOA (Figure 1.4-7). Because of the positive camber, the area in the streamtube
above the wing is smaller than area in the streamtube below the wing; therefore the
airflow velocity above the wing will be greater than the velocity below the wing.

Maximum velocity,
Lowest static pressure

< j 2 s
Gl < i
Total static pressure

Figure 1.4-7 Airflow on a Positive Camber Airfoil

In figure 1.4-8, notice that the static pressure on both surfaces will be less than
atmospheric pressure, and thus will produce a lifting force on both upper and lower
surfaces. The important point is the difference in the pressures produced. The static
pressure on the upper surface will be less than the static pressure on the lower surface,
creating a pressure differential. The lower static pressure on the upper surface will pull
the wing upward, creating a lifting force.
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~ Figure 1.4-8 Positive Camber Airfoil Figure 1.4-9 Positive Camber Airfoil
at Zero Angle of Attack at Positive Angle of Attack

Figure 1.4-9 shows how increasing the angle of attack on any airfoil causes the
area of the streamtube above the wing to decrease. This produces a greater velocity
increase above the wing than below the wing. The greater velocity above the wing will
create a pressure differential on a symmetric airfoil, and will increase the pressure
differential on a cambered airfoil. The greater pressure differential on the airfoil will
increase the magnitude of the aerodynamic force.

If pressure is applied to an area, a force is generated. The pressures acting on
an airfoil are the result of the dynamic pressure the airfoil is experiencing. Experiments
have shown that the aerodynamic force equation can be written as the product of
dynamic pressure (q), the surface area of the airfoil (S), and a variable, C., called the
coefficient of aerodynamic force. The coefficient represents the shape and orientation
of the surface area within the relative wind.

AF =gSC, = V, pV’SC,

Since lift and drag are the perpendicular and parallel components of
aerodynamic force, they are functions of the same factors: Wing area, dynamic
pressure and a coefficient. The equations for lift and drag are:

L=gSC, =Y, pVsC,
D=g¢SC, = Y, pVsC,
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LIF

There are eight factors that affect aerodynamic force, and thus lift. The first
three are readily apparent: Density (p), velocity (V), and surface area (S). The five
remaining factors are all accounted for by the coefficient of lift. We have stated that
both angle of attack (a) and shape affect the production of lift, so they will be the first
two factors in the coefficient. The remaining three factors are not so easily discernable.
They are: Aspect ratio (AR), viscosity (1) and compressibility.

Looking at the lift equation, it should be obvious that when an airfoil is exposed
to greater dynamic pressure (q), it encounters more air particles and thus produces
more lift. Therefore, lift is dependent upon the density of the air (i.e., the altitude) and
the velocity of the airflow. An increase in density or velocity will produce greater lift.

Since lift is produced by pressure, which is force per unit area, it follows that a

greater area produces a greater force. Therefore, an increase in wing surface area
produces greater lift.

The pilot has no control over the first three factors in the coefficient: aspect ratio,
viscosity, and compressibility. Aspect ratio (AR) deals with the shape of the wing and
will be briefly discussed later. Viscosity affects the aerodynamic force since it
decreases the velocity of the airflow immediately adjacent to the wing's surface.
Although we consider subsonic airflow to be incompressible, it does compress slightly
when it encounters the wing. Since there is no way to control aspect ratio, viscosity, or
compressibility, we will ignore them in our discussion unless specifically addressed.

The coefficient of lift depends essentially on the shape of the airfoil and the AOA.
Flaps are the devices used to change the camber of an airfoil. Flaps are used primarily
for takeoffs and landings. When employed, they will be lowered to a particular setting
and remain there until your takeoff or landing is complete. This allows us to graph C,

against AOA for each separate camber situation. AOA is the most important factor in
the coefficient of lift, and the easiest for the pilot to change.

| ; al. | Figure 1.4-10 plots C, as it varies with AOA.

. Pait™ These curves are for three different airfoils: One

* o ,*f}i_.__ symmetric, one negative camber, and one positive

. camber. The shape of the C, curve is similar for

» most airfoils. At zero angle of attack, the positive

» L Loy camber airfoil has a positive C,, and the negative
o> T camber airfoil has a negative C,. The point where

¥ ﬂ — the curves cross the horizontal axis is the AOA

T 71 1 where the airfoil produces no lift (C, = 0). At zero

4«3 03¢0 nusuwunuzxn  AOAthe symmetric airfoil has C, = 0. The positive

ANGLE OF ATTACK: camber airfoil must be at a negative AOA, and the

COEFFIGIENT OF LIFT
5
L

£
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b

Figure 1.4-10 C_vs ADA
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negative camber airfoil must be at a positive AOA for the C, to equal zero.

As angle of attack increases, the coefficient of lift initially increases. In order to
maintain level flight while increasing angle of attack, velocity must decrease.
Otherwise, lift will be greater than weight, and the airplane will climb. Velocity and
angle of attack are inversely related in level flight.

L=Y,pr:lsc, 1

As angle of attack continues to increase, the coefficient of lift increases uptoa
maximum called C,,,,,. Any increase in angle of attack beyond C,,,,, AOA causes a
decrease in the coefficient of lift. Since this is the greatest coefficient of lift that can be
produced, we call C,, ., AOA the most effective angle of attack. Note that as long as
the shape of an airfoil remains constant, C,,., AOA will remain constant reqardless of
weight, dynamic pressure, bank angle _etc.

Although lift is considered to be an upward
force opposing weight, it can, and does, act in
any direction. It is always perpendicular to the
relative wind, not the horizon. In Figure 1.4-11,
the relative wind and lift vectors are shown for an
airfoil during a loop maneuver. Note that the lift
vector is always perpendicular to the relative
wind. :

RW ——»

Figure 1.4-11 LIft During a Loop
THE BOUNDARY LAYER

To this point, we have been dealing with frictionless flow. Common sense tells
us that when air flows over a surface, friction develops. As the air flows over a flat
plate, the air particles stick to the surface because of friction, and slow to near zero
velocity. There is also some viscosity between adjacent layers of air. Succeeding
streamlines are slowed less, until eventually the outer streamline equals the free
airstream velocity. The boundary layer is that layer of airflow over a surface that
demonstrates local airflow retardation due to viscosity. It is usually no more than 1mm
thick (the thickness of a playing card) at the leading edge of an airfoil, and grows in
thickness as it moves aft over the surface. We have enlarged and illustrated the
changes in the streamlines for clarity. The boundary layer has two types of airflow:

1. In laminar flow, the air molecules move smoothly along in streamlines.
The laminar layer produces very little friction, but is easily separated from
the surface. It is represented by the smooth lines in Figure 1.4-12.
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ASSIGNMENT SHEET

Drag
Assignment Sheet No. 1.5.1A

INTRODUCTION

The purpose of this assignment sheet is to aid the student in understanding drag
as it relates to aerodynamics.

LESSON TOPIC LEARNING OBJECTIVES
Terminal Objective:
Partially supported by this lesson topic:

1.0 Upon completion of this unit of instruction, the student
aviator will demonstrate knowledge of basic aerodynamic
factors that affect airplane performance.

Enabling Objectives:
Completely supported by this lesson topic:

1.63 Define total drag, parasite drag, and induced drag.

1.64 List the three major types of parasite drag.

1.65 State the cause of each major type of parasite drag.

1.66 State the aircraft design features that reduce each major
type of parasite drag.

1.67 Describe the effects of changes in density, velocity, and

equivalent parasite area on parasite drag, using the parasite
drag equation.

1.68 Describe the effects of upwash and downwash on the lift
generated by an infinite wing.

1.69 Describe the effects of upwash and downwash on the lift
generated by a finite wing.

1.70 State the cause of induced drag.

1.71 State the aircraft design features that reduce induced drag.

1.72 Describe the effects of changes in lift, weight, density, and

velocity on induced drag, using the induced drag equation.
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1.73 Describe the effects of changes in velocity on total drag.

1.74 Define and state the purpose of the lift to drag ratio.
1.75 State the importance of L/Duax.
STUDY ASSIGNMENT

Review Information Sheet 1.5.11 and answer the Study Questions.
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INFORMATION SHEET

Drag
Information Sheet No. 1.5.11

INTRODUCTION

Since thrust must overcome drag for equilibrium flight, drag will play a major roll

when we discuss airplane performance. Understanding the causes and effects of drag
is essential for the prospective aviator.

REFERENCES

1 Aerodynamics for Naval Aviators

2 Aerodynamics for Pilots Chapters 6 and 7

3. Flight Manual USAF Series T-37B Aircraft (T.0.1T-37B-1)
4 T-34C NATOPS Flight Manual

5 AETCM3-3, Vol 2, Chapter 1, 1.10

INFORMATION

DRAG

Drag is the component of the aerodynamic force that is parallel to the relative

wind, and acts in the same direction. The drag equation is the same as the
aerodynamic force equation, except that the coefficient of drag (Cp) is used.

(Figure 1.5-1) for a given aircraft with a constant
configuration. Note that the Cp is low and nearly
constant at very low angles of attack. As angle of
attack increases, the Cp rapidly increases and
continues to increase. Since there is always
some resistance to motion, drag will never be /
zero, therefore, Cp will never be zero. Drag is
divided into parasite drag and induced drag. By
independently studying the factors that affect
each type, we can better understand how they e 2 8 v 128 1

D=1/2pV*SC,

Cp may be plotted against angle of attack
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act when combined. ANGLE OF ATTACK

— . Figure 1.5-1 Coefficient of Drag
D =D +D,
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- PARASITE DRAG

Parasite drag (Dp) is defined as all drag that is not associated with the
production of lift. It is composed of form drag, friction drag and interference drag. Form
drag, also known as pressure or profile drag, is caused by the airflow separation from a
surface (Figure 1.5-2) and the wake that is created by that separation. itis primarily
dependent upon the shape of the object. In Figure 1.5-2, the flat plate has a leading
edge stagnation point at the front that contains very high static pressure. There is also
a low static pressure wake area behind the plate. This pressure differential pulls the
plate backward and retards forward motion. Conversely, we see that streamlines flow
smoothly over a smooth shape (Figures 1.5-3 and 1.5-4) and less form drag is
developed. However, when that same airfoil is raised to some high angle of attack, it
exposes a larger area to the relative wind and separation occurs. Form drag would
temporarily be significant until the aircraft velocity decreased to match the higher angle
of attack. To reduce form drag, the fuselage, bombs and other surfaces exposed to the
airstream are streamlined (shaped like a teardrop). Streamlining reduces the size of the
high static pressure leading edge stagnation point, and reduces the size of the low static
pressure wake. Because of the decreased pressure differential, form drag is
decreased.

Figure 1.5-2 Figure 1.5-3 Figure 1.5-4
Flat Plate Sphere Streamlining

Due to viscosity, a retarding force called friction drag is created in the boundary
layer. Turbulent flow creates more friction drag than laminar flow. Friction drag is
usually small per square foot, but since the boundary layer covers the entire surface of
the airplane, friction drag can become quite significant in larger airplanes. Rough
surfaces increase the thickness of the boundary layer, causing more airflow to be
affected by viscosity, creating greater skin friction. Friction drag can be reduced by
smoothing the exposed surfaces of the airplane through painting, cleaning, waxing or
poiishing. Since irreguiarities of the wing's surface cause the boundary layer to become
turbulent, using flush rivets on the leading edges also reduces friction.

1.5-4



