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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.



HOW TO USE THIS STUDENT GUIDE

This publication is now in your custody and is for your use while studying the Engineering Unit of
your program. You may mark any pages in this book, including information sheets and assignment
sheets. When filled in, this guide will become a useful reference. It may not be used during testing.

The course material is divided into lesson topics, covering theoretical and physical principles and
operation of gas turbine engines; compressor stalls; turbojet, turbofan, turboprop, and turboshaft engines;
hydraulic systems; electrical systems; fuel and lubrication systems; and accessory, starter and ignition
systems. 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, to better understand
the material as it is presented by the instructor.

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

Written tests will be administered on the material at the end of the unit.



CLASS SCHEDULE

Topic No. Type Hours Topic
3.1 Class 1.0 Principles of Gas Turbine Operation
3.2 Class 2.0 Gas Turbine Engines
3.3 Class 0.5 Compressor Stalls
3.4 Class 0.5 Turbojet and Turbofan Engines
3.5 Class 1.0 Turboprop and Turboshaft Engines
3.6 Class 1.0 Hydraulic Systems
3.7 Class 1.0 Electrical Systems
3.8 Class 1.0 Fuel Systems
3.9 Class 1.0 Lubrication Systems
3.10 Class 1.0 Accessory, Starter, and Ignition Systems
3.1-35 Lab 1.0 Engines Tour/Review
3.1-3.10 Exam 1.0 Engines Final Examination
Total Hours 12.0
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ASSIGNMENT SHEET

Principles of Gas Turbine Operation
Assignment Sheet No. 3.1.1A

INTRODUCTION

This assignment will aid the student in understanding the principles of operation for a
gas turbine engine.

LESSON TOPIC LEARNING OBJECTIVES

Terminal Objective:
Partially supported by this lesson topic:

3.0 Upon completion of this unit of instruction, the student will demonstrate
knowledge of the fundamentals of power plants and associated accessory
systems.

Enabling Objectives:
Completely supported by this lesson topic:

3.1 Explain the relationship between static pressure, dynamic pressure and total
pressure.

3.2 State Bernoulli’'s Theorem.

3.3 Describe the behavior of subsonic airflow in a nozzle and diffuser.

3.4 Describe the behavior of supersonic airflow in a nozzle and diffuser.

3.5 Identify the three main sections of a gas generator.

3.6 Describe the Brayton Cycle.

3.7 Describe the basic components and operation of the gas generator.

3.8 Describe how pressure, temperature, and velocity changes through each

section of a gas turbine engine.

3.9 Describe gross thrust and net thrust.
3.10 Describe how atmospheric temperature effects thrust in a gas turbine engine.
3.11 Describe how atmospheric pressure effects thrust in a gas turbine engine.
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3.12 Describe how altitude effects thrust.

3.13 Describe the effect of airspeed on thrust.
3.14 Describe the effect of ram effect on thrust.
3.15 Identify the cockpit instrument that measures thrust in a typical turbojet,

turbofan, turboprop, and turboshaft.
STUDY ASSIGNMENT

Review Information Sheet 3.1.11 and answer the Study Questions.
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INFORMATION SHEET

Principles of Gas Turbine Operation
Information Sheet No. 3.1.11

INTRODUCTION

In this course, we’ll be discussing the basic engine designs used in military aircraft.
Since many flight students do not possess a technical (much less an engineering)
background, this book will provide a simple overview of aircraft engines and their associated
systems. It is beyond the scope of this course to adequately explain all the nuances of
engine system designs.

This chapter introduces some basic propulsion theory as it relates to the gas turbine
engine. It will explain some of the factors that can affect the amount of thrust produced by a
gas turbine. Throughout this chapter, a simple turbojet engine will be used to illustrate
certain concepts. This is merely to keep the discussion on a basic level. All the concepts
presented can be extended to virtually all gas turbine engines.

REFERENCES

1. NAVEDTRA 12300, Aviation Machinist's Mate 3 & 2 TRAMAN, 1991
2. NAVEDTRA 12000, Airman TRAMAN, 1990

INFORMATION

Your studies in aerodynamics defined some basic physics along with the principles of
pressure and energy. Understanding these concepts is necessary to follow the changes of
pressure and energy as the airflow traverses the gas generator.

PRESSURE

Static pressure is the potential energy of fluid molecules at rest. Again, most
engineers along with many other professions refer to static pressure simply as pressure.
Dynamic pressure is the kinetic energy of fluid molecules in motion. It is a measure of the
force of the fluid molecules as they move through a system. Velocity, however, is magnitude
(speed) with direction. Since the direction of the airflow within an engine is constant, to
simplify terminology, engineers often refer to dynamic pressure as velocity.

Total pressure is the sum of pressure and velocity. In a closed system, total pressure
remains constant.

Total Pressure = Static pressure + Dynamic pressure
Total Pressure = (Pressure) +  (Velocity)
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As potential and kinetic energy vary inversely within a closed system, the pressure
and velocity also vary inversely. Any time one increases, the other will decrease a
proportional amount. Additionally, as pressure increases, the airflow potential energy
increases; and as velocity increases, the airflow kinetic energy increases.

AIRFLOW

Aircraft vary from hovering helicopters to supersonic fighters and the characteristics of
the air entering the engines of these aircraft are vastly different. To comprehend the nature
of certain design features of gas turbine engines, these variations in the characteristics of the
airflow must be understood.

Although air is compressible, the flow of air (the movement of air) at subsonic
airspeeds can be treated as a relatively incompressible fluid (This is best described by the
Continuity Equation which was introduced in aero). Due to this incompressibility, subsonic
airflow will act according to Bernoulli’s Theorem. Bernoulli’s theorem states that as any
incompressible fluid passes through a convergent opening its velocity increases and
pressure decreases. Figure 3.1-1b illustrates the change in pressure and velocity of airflow
as it passes through a convergent opening. Conversely, as a subsonic fluid passes through
a divergent opening the velocity will decrease and pressure will increase. Figure 3.1-2a
illustrates the passage of subsonic airflow through a divergent opening.

At supersonic airspeeds, the airflow has an opposite effect when encountering
convergent or divergent openings. As airflow approaches/reaches supersonic speeds, the
airflow becomes more compressible. Since the airflow is compressible, it doesn’t follow
Bernoulli's Theorem but actually acts opposite to it. Therefore, when supersonic airflow
passes through a convergent opening, the velocity decreases and the pressure increases
(Figure 3.1-2b). Conversely, when supersonic airflow encounters a divergent opening, its
velocity will increase and its pressure will decrease (Figure 3.1-1a).

Whenever airflow passes through a convergent or a divergent shape, velocity and
pressure will increase or decrease depending if the airflow is supersonic or subsonic. In
either case, the total pressure remains the same. [f the shape of the opening increases the
airflow’s velocity and decreases the airflow’s pressure, it is a nozzle. When the pressure is
increased and velocity is decreased, the opening is a diffuser. Therefore, a subsonic nozzle
is convergent and a supersonic nozzle is divergent; while a subsonic diffuser is divergent and
a supersonic diffuser is convergent.
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Divergent Passages Convergent Passages

SUPERSONIC SUBSONIC

AIRFLOW AIRFLOW
/ x—
Figure 3.1-1a Supersonic Nozzle Figure 3.1-1b Subsonic Nozzle
\ %_

SUBSONIC SUPERSONIC

AIREZOS, AIRFLOW
Figure 3.1-2a Subsonic Diffuser Figure 3.1-2b Supersonic Diffuser
GAS GENERATOR

A gas generator produces the high-energy airflow necessary for creating thrust. On
all gas turbine engines it will minimally include the compressor, combustion chamber, and
turbine (Figure 3.1-3). Additionally, on a turbofan, turboprop and turboshaft, it will include
their respective fan, propeller or rotor blades. Each of these components plays a vital role in
the production of thrust.

TURBINE

7
COMBUSTION MPRE R
CHAMBER co SS0

Figure 3.1-3 Gas Generator
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THE BRAYTON CYCLE

A gas turbine engine follows a cycle of operation known as the Brayton Cycle (Figure
3.1-4). This operating cycle consists of four events which occur simultaneously: intake,
compression, combustion and exhaust. It is important to note that this cycle of operation is
different than the operating cycle of a reciprocating engine.

COMPRESSION

COMBUSTION

Figure 3.1-4 Brayton Cycle

A reciprocating engine’s cycle, like that of an automobile, is called the Otto cycle
(Figure 3.1-5). While the events in the Brayton cycle and Otto cycle are similar, the events in
the Otto cycle occur sequentially rather than simultaneously. In addition, the events in the
Otto cycle will generally take place within a single piston, while the Brayton cycle takes place
throughout the gas turbine engine (Figure 3.1-5).

INTAKE COMRESSION COMBUSTION EXHAUST

Piston descends, Piston ascends, Increases pressure Exhaust valve opens,
inlet valve opens, both valves at constant volume releasing combustion
air drawn in at closed. Pressure forces piston down,  charge with rapid drop
constant pressure.  increases and resulting in in pressure at
volume increase in volume constant volume.
decreases. and drop in

pressure.

Figure 3.1-5 Otto Cycle
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THRUST

Thrust that a gas turbine engine develops is essentially the result of many pressure,
temperature and velocity changes as airflow passes through an engine. Figure 3.1-6 is a
graphical representation of what will typically happen to these properties of airflow within a
turbojet engine. The concepts behind thrust production with a turbojet engine will be easily

applied to other gas turbine engines.
TEMPERATURE __—— D

L —
PRESSURE / — \
_—

VELOCITY

— —

INLET COMPRESSOR DIFFUSER BURNER TURBINE EXHAUST

Figure 3.1-6 Temperature / Pressure / Velocity

Gross thrust is a measurement of thrust due solely from the velocity of the exhaust
gases. Gross thrust (Figure 3.1-7) will be produced by a stationary engine; perhaps while
mounted on a test stand, or on an aircraft while completing a ‘ground run-up’. This
measurement ignores the velocity of the air at the inlet. In addition, the test must have
standard conditions or parameters that serve as a baseline to ensure consistent
measurements. These conditions include atmospheric pressures and temperature.
Therefore, engineers or maintenance
personnel use standard day (29.92” hg
and 15 °C at sea level) as their baseline
for measuring gross thrust. When an
engine manufacturer provides the thrust
rating of an engine, it is typically the
amount of gross thrust it produces. It is
often used to compare the thrust
produced to another.

Figure 3.1-7
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Under normal flight conditions, an
aircraft engine will seldom be stationary.
measurement of inlet airflow velocity
must be included for the calculation of
this thrust. Thrust that corrects for the
effect of inlet airflow velocity is known as
net thrust (Figure 3.1-8). The equation
for net thrust is simply the thrust
equation:

V final - V initial
Net Thrust= me t

Net thrust and gross thrust will be
equal when inlet airflow velocity is zero
and the atmospheric conditions are _
standard. Because net thrust is a more Figure 3.1-8 Net Thrust
realistic measurement of an engine’s thrust,
the terms thrust and net thrust are often used interchangeably. Therefore, for the remainder
of this course, thrust will always be referred to as net thrust.

FACTORS AFFECTING THRUST

The factors that affect the thrust of a gas turbine engine include air density,
airspeed/ram effect and engine RPM. The effect of these factors is not restricted to any
particular gas turbine engine; although a certain engine may be able to compensate for an
effect better than another.

AIR DENSITY

Density is the mass of a substance per unit of its volume. According to the thrust
equation, if the mass of airflow increases, thrust will increase. If the density of air increases,
mass will increase, and therefore thrust will increase. As an aircraft operates at various
altitudes and climates, the ambient air temperature and pressure will vary. These factors will
affect the density of the air entering the engine, and as a result, will affect thrust.

As air temperature increases, air molecules tend to move apart. This results in a
density decrease, and a resultant decrease in thrust (Figure 3.1-9). An engine operating in
the warm temperatures near the equator will produce less thrust than an engine operating in
the cold of Alaska. Thrust may vary as much as 20 percent from standard rated thrust on a
hot or cold day.
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PERCEN|T
THRUST

59 °F (15 °C)

INCREASING AIR TEMPERATURE
Figure 3.1-9 Temperature Effect on Thrust

As air pressure increases, air molecules tend to move closer together. This results in
an increase in density, and therefore, thrust increases (Figure 3.1-10). For example, an
aircraft that flies through the low-pressure eye of a hurricane will produce less thrust than an
aircraft operating at normal ambient pressures.

A

»
>

INCREASING PRESSURE

Figure 3.1-10 Pressure Effect on Thrust

ALTITUDE

As an aircraft climbs, pressure and temperature will normally drop. From the previous
discussion, thrust will decrease with a pressure decrease, and thrust will increase with a
temperature decrease. With an increase in altitude, however, the rate of thrust decreases
because a pressure drop is greater than the thrust increase resulting from a temperature
drop. This means an engine will produce less thrust as it increases in altitude (Figure 3.1-
11).

At approximately 36,000 feet (beginning of the isothermal layer), temperature
stabilizes. As a result, temperature will no longer offset the density decrease due to
pressure. Therefore, thrust decreases more rapidly. This altitude is also known as the
optimum cruise level. At this altitude, thrust available plus low fuel flow and diminished drag
combine to provide optimum performance for many engines.
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THRUST LAPSE RATE

THRUST

36,000 FT |

»

INCREASING ALTITUDE
Figure 3.1-11 Altitude Effect on Thrust
AIRSPEED
In the thrust equation, the difference between the inlet and exhaust velocities plays a
major role in determining thrust available. As the inlet velocity (Vintia) approaches the
magnitude of the exhaust velocity (vsna), thrust is reduced. Therefore, if the mass of air and

fuel is held constant, thrust will decrease as airspeed increases (Figure 3.1-12). This
decrease in thrust due to an increase in airspeed is theoretical.

NET THRUST DECREASES

THRUST

v

INCREASING AIRSPEED

Figure 3.1-12 Airspeed Effect on Thrust
RAM EFFECT

If we only consider the change in airflow velocity in the thrust equation, then thrust
decreases with an increase in airspeed. Remember, that the thrust equation consists of two
variables: mass (m) and acceleration (Vsna - Vinira). AS mentioned, the difference between
inlet and exhaust velocities decreases as the aircraft increases speed. However, more and
more air is being rammed into the inlet, increasing the mass and pressure of inlet air. This
offsets the decrease in acceleration and results in a neutral effect or slight increase in thrust
at subsonic airspeeds.
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This is due to the compressibility of airflow as velocity increases toward supersonic.
As airflow becomes compressible, mass due to ram effect increases at an increasing rate.
Ram effect is especially important to high performance aircraft due to the exceptionally high-
mass airflow that occur at supersonic speeds. This results in a significant increase in overall
thrust due to ram effect at supersonic speeds (Figure 3.1-13). For many high-performance
fighter aircraft, ram effect allows excellent high altitude performance, although air density is
low.

BUPERSONIC

T
H
R
U
s
T

BUPERSONIC WiTH RAM Errec)

Figure 3.1.13 Ram Effect on Thrust

ENGINE REVOLUTIONS PER MINUTE (RPM)

One of the most obvious factors that affects the thrust output is the rotational speed of
the engine. With an increase in RPM, there is an increase in thrust. However, at low RPM
there is very little increase in thrust with an increase in throttle. At higher rates of revolution,
a small increase in throttle setting will produce a large increase in thrust. At the lower
settings, fuel consumption is high for the amount of thrust produced. For this reason, gas
turbine engines are normally operated at near their maximum RPM.

THRUST MEASURING INSTRUMENTS

Once a gas turbine engine is installed in an aircraft, the pilot must be able to monitor
engine performance and thrust production. Various thrust measurement devices provide the
ability to observe engine performance throughout the spectrum of flight conditions. These
measurements are translated into an indication on cockpit gauges (Figure 3.1-14) that
resemble the standard automobile tachometer or speedometer: circular faces with rotating
pointers. Others may have sliding tapes, or even digital readouts.
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Figure 3.1-14 Thrust Measuring Instruments

PRESSURE INDICATION GAUGES

For aircraft that rely on the propulsive power of the exhaust gases of a gas turbine
engine, such as turbojets and turbofans, use a Engine Pressure Ratio (EPR) gauge (Figure
3.1-15). The EPR gauge indicates the pressure ratio between the inlet and exhaust airflow.
The EPR gauge is more widely used because it automatically accounts for some of the
airflow variations at the inlet.

Figure 3.1-15 Pressure Indication Gauges
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TORQUEMETER

Propeller or rotor driven aircraft use a torquemeter gauge to indicate power available.
The torquemeter gauge (Figure 3.1-16) indicates shaft horsepower available to drive a
propeller or rotor. This is where most of the thrust is derived. The thrust produced at the
exhaust section of the engine of a propeller or rotor driven aircraft is comparatively small.

Figure 3.1-16 Torquemeter Gauge

TACHOMETER

The gauge most commonly used by a pilot
to determine engine performance is the
tachometer (Figure 3.1-17). This gauge provides
the crew with an indication of engine speed.
Although it does not actually measure thrust, this
instrument provides the pilot with a quick
assessment of the amount of energy being
produced by the engine, much like a tachometer
in an automobile. Gas turbine engine
tachometers are calibrated in percent rpom. On
many engines, 100% represents full power.
Therefore, using percentages on a tachometer
as a comparative basis, the aviator will not be
bogged down by the high numbers that would be
necessary on an actual RPM indicator.

Figure 3.1-17 Tachometer
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10.

STUDY QUESTIONS

Principles of Gas Turbine Operations

Describe the relationship between pressure and velocity in a closed system.

How does subsonic airflow react through a convergent opening? Divergent opening?

How does supersonic airflow react through a convergent opening? Divergent
opening?

What happens to the airflow as it passes through a nozzle? Diffuser?

What are the three sections of a gas turbine engine?

How does a gas turbine engine produce thrust?

What cycle explains the movement of air through a gas turbine engine?

What happens to the velocity of the gases as they pass through the compressor
section? the burner section? the turbines?

What is gross thrust?

What is net thrust?

3.1-14



11.

12.

13.

14.

15.

16.

17.

18.

When are gross thrust and net thrust equal?

What affects the density of the air mass?

What happens to thrust when air density decreases?

What happens to thrust when air temperature increases?

What happens to thrust when air pressure decreases?

What is the relationship between pressure and temperature as altitude increases?

What is the optimum cruise altitude and why?

How does airspeed and the ram effect change the amount of thrust produced at
subsonic and supersonic airspeeds?

3.1-15
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ASSIGNMENT SHEET

Gas Turbine Engines
Assignment Sheet No. 3.2.1A

INTRODUCTION

This assignment will aid the student in understanding the construction of gas
turbine engines.

LESSON TOPIC LEARNING OBJECTIVES

Terminal Objective:
Partially supported by this lesson topic:

3.0 Upon completion of this unit of instruction, the student will demonstrate
knowledge of the fundamentals of power plants and associated accessory
systems.

Enabling Objectives:
Completely supported by this lesson topic:

3.16 Describe purpose and the types of inlet ducts.

3.17 State the operation and shape of subsonic and supersonic inlet ducts.
3.18 State the function of a variable geometry inlet duct.

3.19 State the function of the compressor section.

3.20 Describe the three types of compressors used in gas turbine engines,

including their advantages and disadvantages.
3.21 State the function of the burner section.

3.22 Describe the three types of combustion chambers used in gas turbine
engines, including their advantages and disadvantages.

3.23 State the function of the turbine section.
3.24 State the effects of thermal stress on turbine components.
3.25 Describe ‘fir tree’ and ‘creep’.
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3.26 Explain how heat and potential energy are converted into mechanical
energy in the turbine section.

3.27 State the function of the exhaust section.

3.28 Describe subsonic and supersonic exhaust nozzles.

3.29 State the function of the afterburner.

3.30 Describe the components and operation of the afterburner.

STUDY ASSIGNMENT

Review Information Sheet 3.2.11 and answer the Study Questions.
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INFORMATION SHEET

Gas Turbine Engines
Information Sheet No. 3.2.1I

INTRODUCTION

As introduced in section 3.1, a gas generator consists of three sections:
compressor, burner, and turbine (Figure 3.2-1). These sections form the core of all gas
turbine engines. Since nearly all modern military aircraft utilize gas turbine engines, a
basic understanding of their components and operation is essential for the student of
aviation.

In comparison to turbofan, turboprop, and turboshaft engines, the turbojet is the
simplest gas turbine engine design. It is created by attaching an inlet duct to the
compressor section and an exhaust nozzle to the turbine section. To provide a basic
description of gas turbine operation, this lesson will examine the operation of a turbojet
engine. The operation of inlet ducts, compressor sections, burners, turbines, and
exhaust nozzles will be discussed, as well as a description of after-burner operation.
Later lessons will cover the configurations of other gas turbine engines in detalil.

REFERENCES

1. NAVAIR 01-T34AAC-1, NATOPS FLIGHT MANUAL
2. NAVEDTRA 12300, Sep 91, 0502-LP-214-6100
3. CNAT P-P-301 “T-34C Aircraft Familiarization Workbook”

INFORMATION
TURBINE  COMPRESSION

COMBUSTION

Figure 3.2-1 Gas Generator

Recall that increasing the pressure of airflow will increase its potential energy,
while increasing the velocity of airflow will increase its kinetic energy. In a gas turbine
engine, the inlet, compressor, and diffuser sections build the potential energy of the
airflow. In the burner, turbine and exhaust sections, this potential energy, along with
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the energy from fuel ignition, is converted into kinetic energy. The kinetic energy is
then used for thrust production. Therefore, in the first half of a gas turbine engine, high
pressures are desired, while high velocities are desired in the second half.

INLET DUCT

Although technically part of the airframe, inlet ducts (Figure 3.2-2) are essential
to the efficient operation of a gas turbine engine. It is designed to provide the proper
amount of high pressure, turbulence-free air to the compressor. It must operate with

high efficiency from ground idle to possible supersonic speeds at a variety of altitudes
and attitudes.

Figure 3.2-2 Inlet Ducts

INLET DUCT DESIGN

Inlet ducts are normally designed to act as a diffuser but never as a nozzle. The
inlet duct must also be made as straight and smooth as possible. This will reduce
airflow distortion and friction along inlet surfaces which may produce pressure
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fluctuations that can both reduce engine efficiency and increase the possibility of a
compressor stall (discussed in chapter 3). The opening of an inlet duct must also be
designed to minimize any drag that it may create. In addition, the design must minimize
the intake of boundary layer air (a layer of still, dead air lying along airframe surfaces).

Two basic designs for the inlet ducts are single entrance and divided entrance
ducts.

SINGLE ENTRANCE INLETS

The single-entrance inlet duct (Figure 3.2-3) is the simplest and most effective
inlet duct design. Located directly in front of the engine, it is positioned to collect
generally undisturbed air. In single engine aircraft, the engine is usually mounted
amidship (as in the F-16), and a single entrance duct is necessarily long. While the
length of the inlet duct may result in a slight pressure loss, it is offset by smooth airflow
characteristics.

E ¥

Figure 3.2-3 Single Entrance Inlet Duct
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DIVIDED ENTRANCE INLETS

The divided-entrance inlet duct can be found in a variety of aircraft, including
the AV-8 (Figure 3.2-4). While it allows the pilot to sit lower in the fuselage and
reduces friction losses due to length, the divided-entrance inlet duct does present some
problems.

Figure 3.2-4 Divided Entrance Inlet Duct

Because divided inlets are usually located along the side of the airframe,
boundary layer air and skin friction may distort the incoming air. To alleviate this
problem, the ducts are often offset from the fuselage to allow the boundary layer air to
be directed overboard.

Another problem for a divided-entrance inlet duct is that it cannot be made very
large without increasing aircraft drag. Since the airflow must be routed from the sides
of the aircraft to its centerline, some curvature of the inlet path is required, which may,
in turn, cause airflow turbulence.

SUBSONIC AND SUPERSONIC INLETS

Inlet ducts may also be divided into subsonic and supersonic configurations.
Each is designed to act as a diffuser within its intended flight regime. The design of the
subsonic inlet duct is divergent-shaped. Because of the relative incompressibility of
subsonic airflow, this shape of the subsonic inlet will increase airflow pressure while
reducing its velocity (Figure 3.2-5).
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Figure 3.2-5 Subsonic Inlet

The supersonic inlet duct is designed differently than the subsonic inlet duct due
to the high compressibility of supersonic airflow (Figure 3.2-6). At supersonic speeds,
sonic shock waves are developed. If these are not controlled, high duct losses (loss of
inlet airflow) will result, and they might set up a vibration in the inlet duct known as inlet
buzz. This buzz is an airflow instability caused by the shock wave rapidly being
swallowed and expelled at the inlet of the duct.

Figure 3.2-6 Supersonic Inlet

Another reason for controlling the sonic shock waves is to prevent damage to
the face of the compressor. These shock waves are violent fluctuations of air and have
been known to damage ground structure windows at fair distances. If supersonic
airflow was allowed to enter the gas generator, the rapid deceleration of supersonic
airflow would cause these sonic shock waves and possibly damage the intricate
rotor/stator blades in the compressor. Therefore, a supersonic inlet duct must
decrease airflow velocity below sonic speeds, then further reduce velocity and increase
pressure like a subsonic inlet duct.

A supersonic inlet will initially converge. The highly compressible supersonic
airflow is slowed to a value less than sonic velocity and pressure will be increased. At
the outlet of the convergent shape, the airflow velocity will be subsonic, but still too
high to send to the compressor.

At this point the airflow is relatively incompressible, and the shape must be
divergent like the subsonic inlet duct. The divergent shape continues the conversion of
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velocity into high-pressure airflow for use in the compressor. Put together, these two
sections form the convergent-divergent shape of a supersonic inlet duct.

Obviously, a supersonic aircraft will slow to subsonic speeds to land or conserve
fuel. At subsonic speeds, the convergent-divergent shape is undesirable. To solve this
problem, some aircraft use a variable geometry inlet duct.

The variable geometry inlet duct utilizes mechanical devices such as ramps,
wedges, or cones to change the shape of the inlet duct as the aircraft speed varies
between subsonic and supersonic.

Figure 3.2-7 illustrates how the inlet ramp of an F-14 changes the shape of the
inlet duct to act as a diffuser throughout all flight regimes. At subsonic speeds, the duct
is divergent. This reduces airflow velocity while increasing its pressure. As the aircraft
accelerates, airflow becomes more compressible, and a computer programs the ramp
down. At supersonic speeds, the passage becomes fully convergent-divergent. This
inlet will allow the aircraft to fly at speeds unattainable by a conventional convergent
inlet duct.

Figure 3.2-7 Variable Geometry Inlet Duct

F-15s and the new F-18D also use the wedge type variable geometry inlet.
Other inlet designs that has the same function as the variable geometry inlet include:
Cones/spikes, leading edge generated oblique shockwaves, etc. These designs
decrease the airflow velocity while increasing pressure so that the aircraft can fly
through all flight regimes.

“The T-34C engine receives inlet airflow through an engine air intake located in
the lower right front of the engine cowling. Outside air enters this intake, then flows
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through a circular plenum chamber formed around the engine compressor section, and
is filtered into the engine at an air inlet opening. This entrance is covered by a circular
foreign object damage (FOD) screen to prevent foreign object ingestion.”

COMPRESSOR SECTION

The primary function of the compressor is to supply enough air to satisfy the
requirements of the combustion section. Specifically, the compressor increases the
pressure of the airflow from the air inlet duct and directs it to the burners in the quantity
and at the pressures required. A secondary function is to supply compressor bleed air
to operate various components throughout the engine and aircraft (We will discuss
bleed air operations in further chapters).

Because the compressor section receives energy from the turbine via the drive
shaft, it is not a closed system. Therefore, the increase in velocity will not result in a
decrease in pressure. In fact, both velocity and pressure will increase in the
compressor section and therefore, total pressure increases.

There are three types of compressors used in the construction of gas turbines:
Centrifugal, axial, and axial-centrifugal flow compressors.

CENTRIFUGAL FLOW COMPRESSOR

Centrifugal flow compressor consists of three main components: an impeller
(also known as the rotor inducer), a diffuser, and a manifold (Figure 3.2-8). Air enters
this type of compressor near the center of the impeller. The impeller, which is driven at
high speeds by the turbine, accelerates the air
outward toward the diffuser. This high
rotational speed increases airflow velocity. As
the air is accelerated outwards, it passes
through divergent passages on the impeller.
This divergence causes a pressure increase.
Since the airflow velocity and pressure is
increased by the impeller, total pressure is
increased.

Figure 3.2-8 Centrifugal Compressor
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As the air is thrown from the outer rim of the impeller, it is forced through
divergent passages in the diffuser. The diffuser is stationary and therefore it does not
add energy to the airflow. The divergent passages in the diffuser convert the high
velocity airflow to high pressure. Thus, velocity decreases, pressure increases, and
total pressure remains the same. The airflow then passes through the compressor
manifold, which directs it to the combustion chamber.

Centrifugal-flow compressors may be utilized in several configurations: single-
stage, multiple-stage or dual-faced. No matter which configuration is used, centrifugal
flow compressors have several attractive features.

It would seem that extremely high compression ratios might be obtained with
multiple stages. However, efficiency is quickly lost in multi-stage configurations due to
the convoluted path the airflow must follow as it passes from one stage to the other. A
dual-faced impeller, however, with airflow entering at both sides of the impeller, may
help to alleviate this problem somewhat, but efficiency remains limited. This
inefficiency rules out the use of a centrifugal-flow compressor for larger aircraft, since
higher compression ratios are necessary for reduced fuel consumption and increased
thrust.

Due to the inherent problems of drag and low overall compression ratios, the
centrifugal-flow compressor finds its greatest application on small engines. This is
where simplicity, operational flexibility and ruggedness are more important than the
ability to handle high rates of airflow.

Centrifugal Compressor

Advantages Disadvantages
1. Rugged 1. Large frontal area required
2. Low cost 2. Impractical for multiple stages
3. Good power output over a wide range

of RPMs
4. High pressure increases per stage

AXIAL-FLOW COMPRESSOR

Axial-Flow Compressors - The term axial-flow applies to the axial (straight line)
flow of air through the compressor section of the engine. An axial-flow compressor has
two main elements: Rotor blades and stator vanes. Rotor blades are rotating, airfoil-
shaped blades, while stator vanes are stationary airfoil-shaped blades. Each rotor
and stator pair forms a stage (Figure 3.2-9).
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Figure 3.2-9 Multiple-Stage Axial Flow Compressor

The rotors are driven by the turbine at high speeds (near 15,000 RPM), which
increases the velocity and pressure of the incoming airflow, thus, increasing total
pressure. This high velocity airflow is then pushed through the stator vanes which act
like diffusers (the airflow velocity decreases with a proportional increase in pressure).
The airflow then passes on to the next rotor/stator stage and the process continues.

The compressor is setup so that the airflow velocity remains fairly constant from
inlet to exit. As the airflow pressure increases through each compressor stage, the air
is compressed. If the air is compressed and its volume is not decreased, its velocity
will decrease excessively toward the rear stages of the compressor and the stall area
will be approached (discussed in chapter 3).

Although the pressure increase per stage is not as great as in a centrifugal flow
compressor, the efficient use of multiple stages can produce very high overall
compression ratios. Current axial flow compressors have efficiencies near 90 percent
and compression ratios approaching 15:1. Several high performance engines have
compression ratios near 25:1. Remember that typical centrifugal compressors can only
attain compression ratios between 6:1 and 7:1.

Unfortunately, the delicate blades, especially toward the rear, make this type of

compressor especially susceptible to FOD. Furthermore, the number of compressor
blades and vanes (which can exceed 1,000), the close fits, and the narrow range of
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operating conditions make the axial flow compressor both complex and expensive. For
this reason, the axial flow compressor finds its greatest application where the
considerations of efficiency and power outweigh cost and simplicity. The small frontal
area of this design is also beneficial to high-speed aircraft due to decreased drag.

Dual spool axial flow compressor - Greater flexibility and power can be
achieved in the axial flow compressor through what is known as a dual spool (also
known as twin or split spool) compressor. In this configuration, the compressor is
divided into two completely independent rotor spools, each driven by its own turbine
and drive shaft (Figure 3.2-10). One spool is known as the low-pressure compressor,
while the other is known as the high-pressure compressor.

Figure 3.2-10 Dual Axial Flow Compressor

The low-pressure compressor is located at the front of the compressor section.
It will provide the initial pressure increase to airflow arriving from the inlet. As such,
this compressor spool must spin slow enough to provide an initial pressure increase
without creating an excessive velocity increase.

The high-pressure compressor is located after the low-pressure compressor,
and provides a further increase to airflow pressure. This compressor is turned by the
high-pressure turbine. Located forward of the low-pressure turbine, the high-pressure
turbine will receive more energy from the combustion section. Therefore, it will turn the
high-pressure compressor at a faster rate.

The high-pressure spool is turned at higher speeds by the high-pressure turbine,
both because it is smaller and lighter weight, and because the high-pressure turbine is
located directly after the burner chamber. This higher speed helps to produce a
vacuum, which eases the transition from the low to the high pressure compressor.

A basic law of aerodynamics states that the speed of sound increases as the air
temperature increases. Since the air temperature is increased through the
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compression phase, the high-pressure compressor can attain higher speeds without
exceeding the speed of sound (Mach). Also, the blades of the high-pressure
compressor are shorter than those of the low-pressure compressor, and can turn faster
before exceeding their limiting Mach number.

When a dual-axial compressor is used in an engine, higher compression ratios
can be attained with minimum total compressor weight and frontal area. Usually, the
rear compressor rotor is speed-governed by the engine fuel control and is the rotor to
which the engine starter is connected.

Axial Flow Compressor

Advantages Disadvantages
1. High peak efficiencies 1. Atlow inlet speed, airflow will
2. Small frontal area reduces drag decrease in the compressor, creating
3. Straight through-flow, allowing for high a high angle of attack on the rotor
ram efficiency blades that could lead to a
4. Combustion efficiency is better than compressor stall (compressor stall
centrifugal compressors (increased discussed in later chapter).
pressure rise by increasing the number 2. High-speed aircraft may experience
of stages) an inlet air temperature of 250 degrees F.
5. With the dual/twin/split spool, starting because of ram effect. These high
flexibility is greater and it has improved compressor inlet air temperatures
high-altitude performance cause low compression ratios (due to

air density changes) and will also
reduce the air supply to the rear of the
compressor
3. Good efficiencies only possible over a
narrow rotational-speed
Difficulty of manufacture and high cost
High starting power requirements

o~
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AXIAL-CENTRIFUGAL FLOW COMPRESSOR

Axial-Centrifugal Flow Compressor - A third type of compressor design
utilizes the combination of the axial and centrifugal flow compressor (Figure 3.2-11).
The main advantage is the large pressure increase yet small size that is useful on
helicopters and small aircraft.

Figure 3.2-11 Axial-Centrifugal Flow Compressor

The axial section allows for ‘straight through’ ram efficiency and multiple stages
for high pressure. The centrifugal section significantly increases that pressure through
its one stage. The small cross section of the centrifugal section keeps the engine
relatively small. Combined, the axial-centrifugal compressor keeps the engine small
yet powerful enough for today’s mission requirements on many smaller aircraft.

Guide Vanes - In addition to the rotors and stators, the compressor utilizes inlet
and exit guide vanes.

Inlet guide vanes (Figure 3.2-12) impart a swirling motion to the air entering the

compressor in the direction of engine rotation. This motion improves the aerodynamic
characteristics of the compressor by reducing the drag on the first-stage rotor blades.
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Figure 3.2-12 Inlet Guide Vanes

Exit guide vanes (Figure 3.2-13), also known as straightening vanes, are located at
the discharge end of the compressor. They are the last set of stator vanes which
prepares the airflow for the diffuser by straightening the airflow to reduce the airflow
turbulence as it comes off the rotational movement of the compressor.

Figure 3.2-13 Exit Guide Vanes
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The diffuser (Figure 3.2-14) is located after the compressor, and it prepares the
airflow for the burner chamber. The diffuser decreases the velocity, which gives the
airflow a final pressure increase. The airflow velocity must decrease slightly to avoid
blowing out the burner flame, and the increase in pressure helps combustion and fuel
efficiency.

Figure 3.2-14 Diffuser

COMBUSTION / BURNER SECTION

Airflow from the compressor entering the burner section will be divided into two
types: primary and secondary air. Twenty-five percent is primary air, and it is mixed
with fuel for combustion. The remaining 75 percent is secondary air, it flows around
the chamber and through the small holes and louvers to cool the thin walls and control
the flame. This unburned air can also be used to help cool the turbine and for
afterburner operation.

The burner section (Figure 3.2-15) contains the combustion chamber, and
provides the means for proper mixing of the fuel and air to assure good combustion.
The development of burner systems presents many challenges in the areas of
thermodynamics, fluid mechanics and metallurgy. It must deliver the combustion gases
to the turbine section at a temperature that will not exceed the allowable limit of the
turbine blades. The chamber must also, within a limited space, add sufficient heat
energy to the gases passing through the engine to accelerate their mass and produce
the desired thrust for the engine and power for the turbines.
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Figure 3.2-15 Burner Section

The heat produced per cubic foot by a large turbojet engine is several thousand
times that of the heat released by an ordinary home furnace. The pressure within a
10,000-pound thrust combustion chamber, enclosed by a relatively thin steel wall, is
about ten times as great as the pressure within an industrial furnace enclosed in thick
firebrick. The high temperature requires that some of the air introduced to the burner
section by the compressor be used for cooling.

The criteria considered when designing the burner section are:

a. Minimize pressure decrease through the burner.

b. Combustion efficiency must remain high.

c. The flame must not blow out.

d. All burning must be complete before the gases enter the turbine section.

Criteria b and ¢ should be obvious. The pressure drop (criteria a) should be
small because high pressure is needed to turn the turbines. Burning should be
complete (criteria d) because energy would be wasted if the gases continued to burn
through the turbines. Also, continued burning has the potential of damaging the turbine
blades.

The three general types of combustion chambers in use today are: can,

annular, and can-annular combustion chambers. Each has its advantages and
disadvantages.
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CAN COMBUSTION CHAMBER

The can type combustion chamber is used most frequently on older centrifugal
compressor engines. The airflow is ducted to individual combustion cans that are
arranged around the circumference of the burner section (Figure 3.2-16). Each burner
can contains its own fuel nozzle, burner liner and casing. Primary air introduced at the
nozzle supports combustion, while secondary air flows through, between, and around
the liner and burner case to provide cooling.

Figure 3.2-16 Can Type Combustion Chamber

Advantages of the can combustion chamber lie in its strength and durability,
combined with the ease of maintenance. Individual units can be inspected or replaced
without disturbing the rest of the engine.

Disadvantages of the can combustion chamber include poor use of space in the
chamber, greater pressure loss, and uneven heat distribution to the turbine section.
Since each can directly adjoins the turbine section, a malfunction of one can may lead
to turbine damage due to non-uniform temperature distribution at the turbine inlet.
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ANNULAR COMBUSTION CHAMBER

The liner of the annular combustion chamber (Figure 3.2-17) consists of a
continuous, circular, inner and outer shroud around the outside of the compressor drive
shaft. The liner is often called a “burner basket” or “basket” because of its shape and
the many holes that allow cooling air inside. In this type of chamber, fuel is introduced
through a series of nozzles where it is mixed and ignited with the incoming air.

Figure 3.2-17 Annular Type Combustion Chamber

Advantages of the annular combustion chamber include uniform heat distribution
across the face of the turbine section, which aids in the prevention of heat warping or
turbine blade failure. The configuration allows for better mixing of the air and fuel. It
also makes better use of available space.

The disadvantages of the annular combustion chamber include that the unit
cannot be removed without first disassembling the engine from the aircraft. Also,
structural problems may arise due to the large-diameter, thin-wall cylinder required with
this type of chamber. This type of burner is most often found on smaller engines, such
as those of helicopters, where engine removal and tear down is not too difficult.

3.2-19



CAN-ANNULAR TYPE

Used primarily on larger, high performance engines, the can-annular combustion
chamber combines the ease of maintenance of the can type with the excellent
thermodynamics of the annular type. The can-annular combustion chamber (Figure
3.2-18) consists of cans at the front where the fuel and air are mixed and burned.

Figure 3.2-18 Can — Annular Type Combustion Chamber

Since the frontal area is where most problems occur (fuel nozzle failure or
“burn-through”), an engine needs the structural strength of the can along with its ability
to be easily inspected or replaced. The hot gases then pass to the annular area of the
chamber where they are mixed together. This design provides an even temperature
distribution at the turbine inlet and eliminating the possibility of cold spots caused by
nozzles clogging. It also has greater structural stability and lower pressure loss than
that of the can type. Though this type of design is efficient, its disadvantage is that it is
expensive.

TURBINE SECTION

Like the compressor, the turbine section is comprised of stators and rotors.
However, the turbine section drives the compressor and the accessories. It is also
designed to increase airflow velocity. This acceleration occurs through the stators,
rotors, or both (Figure 3.2-19 and Figure 3.2-20).
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Figure 3.2-19 Turbine Section

Figure 3.2-20 Turbine Rotor Blades
& Stator Vanes

The stator element is sometimes called stationary stator vanes, turbine, nozzle
guide vanes, turbine guide vanes, or just plain nozzles. Stator vanes come before the
rotors in the turbine section. The function of the stator vanes is twofold. First, it
prepares the airflow from the combustion chamber for the harnessing of power by the
turbine rotor. Second, the stators deflect the gases at a specific angle in the direction
of turbine wheel rotation.

The turbine’s rotor section converts the heat energy (potential and kinetic) of the
hot expanding gases from the burner chamber into mechanical energy. Approximately
75 percent of that total pressure energy from the exhaust gases is converted. The
exact amount of absorption in the turbine is determined by the load the turbine is
driving. The load on the turbine is affected by the compressor size, compressor type,
and accessories. The remaining 25 percent of the available energy is used for thrust.
That 25 percent is utilized differently by the four types of gas turbine engines that will
be discussed in later topics.
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Turbines, like compressors, may be either single or multistage. The turbine
wheels may be operated independently, depending upon the type of engine and the
power requirements of the turbine. A dual-spool compressor will require dual turbines
driving the compressors via separate shafts (Figure 3.2-21).

LOW PRESSURE TURBINE HIGH PRESSURE COMPRESSOR

HIGH PRESSURE TURBINE LOW PRESSURE COMPRESSOR

Figure 3.2-21 Dual Turbine

The turbine section is the most highly stressed part of the engine. Not only must
it operate at temperatures nearing 2,000 °F (monitored in the cockpit), but it must do so
while undergoing severe centrifugal loads imposed by rotational speeds of over 10,000
rpm. The higher the temperature the turbine section can bear, the higher the thrust that
can be produced. As an example, increasing the turbine inlet temperature from 1,700°
to 2,500 °F (less than a 50 percent increase), will result in a specific thrust increase of
about 130 percent with a corresponding decrease in fuel consumption. For this reason,
high operating temperatures are desirable. However, not all construction materials can
withstand these temperatures. For this reason, exotic materials such as titanium and
ceramics are used in the construction of gas turbines.

Blades undergo elongation, or “creep”, as they are heated. Thisis a
cumulative process, and excessive temperatures over long periods may result in
permanent blade deformation. Deformed blades will not operate efficiently and may falil
catastrophically causing severe damage and possible injury or death to personnel.
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Turbine blades are not welded to the rotor shaft. They are attached to the shaft
by a method called "Fir Tree". This attachment method prevents the thin metal blades
from cracking at the attachment points by allowing them to expand when heated.
Although this does not eliminate thermal stress, it does improve the turbine blades’
ability to handle high temperatures and repeated heating and cooling throughout the
life of the engine (Figure 3.2-22).

Figure 3.2-22 Fir Tree

“The turbine section of the T-34 consist of two, independently shafted, single-
stage turbines. The compressor turbine (also called the N, turbine) rotates
counterclockwise, driving the axial and centrifugal compressors and driving the
accessory gearbox. The power turbine (also called N; turbine) rotates clockwise and
imparts torque to the propeller shaft via a two-stage reduction gear system. Between
the two turbine wheels are eight temperature-sensing probes called thermocouples
which provide an indication of interstage-turbine temperature (ITT).”

EXHAUST SECTION

The exhaust section of the turbojet engine is constructed of several parts, each
of which has its individual functions. Although the parts have individual purposes, they
have one common function. They must direct the flow of hot gases rearward to cause a
high exit velocity to the gases while preventing turbulence. If a majority of the gas
expansion takes place in the turbine section, as in a turboprop and turboshaft, the
exhaust section merely acts to conduct the exhaust stream towards the rear.
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The exhaust section is directly behind the turbine section. The parts include the
exhaust outer duct, exhaust inner cone, and three or four radial hollow struts (Figure
3.2-23). These hollow struts are used to support the inner cone from the outer duct
and also to straighten the swirling gas flow exiting the turbine section. The exhaust
cone collects the exhaust gases discharged from the turbine assembly and gradually
converts them to a solid jet.

Figure 3.2-23 Exhaust Section

Two types of exhaust nozzles are used: the convergent type and the convergent-
divergent type. Generally, the convergent type has a fixed area, and is used in
subsonic aircraft. Supersonic aircraft use a variable geometry convergent-divergent
nozzle.

CONVERGENT NOZZLES

The convergent nozzle takes relatively slow subsonic gases from the turbine
section and gradually accelerates them through the convergent section. Since the
subsonic gas is relatively incompressible, each gas molecule is in effect being pushed
from behind, causing it to increase in velocity. Since this velocity increase is faster
than the volume expansion, a converging area is needed to maintain this squirting
action (Figure 3.2-24).
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Figure 3.2-24 Convergent Exhaust Nozzle

In the convergent exhaust section, the gases cannot exceed the speed of sound.
As the gas velocity increases, the ability of the pressure to push the molecules from
behind decreases.

CONVERGENT-DIVERGENT NOZZLES

If the remaining static pressure within the airflow exiting the turbine wheel is still
high, the possibility exists to change that pressure into supersonic flow. In this case, a
convergent-divergent exhaust nozzle can be used. Though the principle is reversed,
the supersonic, or “C-D”, nozzle works like the supersonic inlet. With enough pressure
pushing from behind, the exhaust gases can be accelerated to high sonic speeds in the
convergent section. At this point, the gases become highly compressible. To allow the
airflow to continue its velocity increase, the volume outward and rearward must
increase (Figure 3.2-25). To control the expansion and velocity of these gases, a
variable nozzle is employed.

DIVERGENT

i

CONVERGEN

Figure 3.2-25 Convergent / Divergent Exhaust Nozzle
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Current engines in fighter aircraft, however, are not efficient enough to produce
supersonic airflow with only the “C - D” configuration. In order to propel the aircraft to
supersonic speeds, a thrust augmentation unit called an afterburner must be
incorporated. These aircraft will have the variable nozzle aft of the afterburner unit.

AFTERBURNER SECTION

Afterburning, or thrust augmentation, is a method used in turbojets and turbofans
to increase the maximum thrust available from an engine by 50 percent or more.
However, this increase comes at the expense of fuel consumption, which increases
some 300 percent. Afterburner is used during instances where added thrust is required
for short periods such as takeoff, increasing rate of climb, high speeds, or providing
extra performance in a combat situation (Figure 3.2-26)

Secondary air from the burner section is used for combustion in the afterburner
section on turbojets. Secondary air along with bypass air is used for afterburner
combustion on turbofans (discussed in a later chapter). The ignition of this air mixed
with fuel results in a large temperature rise and a great acceleration of the gases.

Figure 3.2-26 Gas Generator with Afterburner Unit

A typical afterburner assembly consists of many parts such as the afterburner
fuel control unit, pressurizing valve, ignition system, the afterburner duct, etc. At this
time, we will concentrate on four parts: the spray bars, the flame holders, the screech
liner and the variable exhaust nozzle (Figure 3.2-27).
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Figure 3.2-27 Afterburner Assembly

Spray bars (Figure 3.2-28) introduce fuel to the afterburner and they are located
in the forward section of the duct. In some engines, the afterburner can vary the
amount of fuel being introduced to determine the degree or zones of afterburning.
Other engines can only engage or disengage afterburner operations.

Figure 3.2-28 Spray Bars
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The duct area for afterburner operations is larger than a normal exhaust duct in
order to obtain a reduced-velocity gas stream and thus, reduce gas friction losses.
This reduced velocity, however, is still too high for stable combustion. Therefore, it is
necessary to use a form of flame stabilization or flame holder (Figure 3-2.29) that is
located downstream of the fuel spray bars. The flame holder provides a region in
which airflow velocity is reduced and turbulent eddies are formed. This allows the
proper mixing of fuel and air for combustion. These flame holders usually take the form
of several concentric rings with a V cross-sectional shape.

AN
Figure 3.2-29 Flame Holder

Occasionally, a phenomenon known as Eor
screech occurs, in which violent pressure v
fluctuations caused by cyclic vibrations can ’
greatly reduce efficiency. Screech is
characterized by loud noise and vibration. To
control screech, inner sleeves, known as
screech liners (Figure 3.2-30) are installed.
These sleeves are generally corrugated and
perforated with thousands of holes that allow
the liner to reduce pressure fluctuations and
vibrations by acting as a form of shock
absorber.

|

Figure 3.2-30 Screech Liner
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When only the basic engine is in use,
the exhaust nozzle must be convergent to
allow for acceleration of the gases.
However, as was seen earlier, the exhaust
section must become convergent-divergent
for supersonic operation. To accomplish
this, a variable exhaust nozzle is used.
Using an iris arrangement or a leaf
arrangement of thin metal plates, commonly
called "turkey feathers", this variable
exhaust nozzle can close for basic engine
subsonic operation, or open to allow the
gases to expand at the proper rate when the
afterburner is being used. This prevents the
gases from backing up and causing a back

pressu)re, which can stall an engine (Figure Figure 3.2-31 Variable Exhaust Nozzle
3.2-31). )

3.2-29



STUDY QUESTIONS

Gas Turbine Engines

What is the purpose of the engine inlet?

Why should the inlet duct be constructed with a straight section?

What are the advantages of a single-entrance duct?

What is the shape of a subsonic inlet duct? Why?

What is the shape of a supersonic inlet duct? Why?

What is the purpose of a variable geometry inlet duct?

What are the advantages and disadvantages of a centrifugal compressor? Of
an axial flow compressor?

What are the parts of a centrifugal compressor and what is the function of each?

What are the components of an axial flow compressor?
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Why do rotor and stator vanes within an axial compressor decrease in length
from the front to rear of the compressor?

What do inlet and exit guide vanes do?

What is the function of the diffuser?

Describe a dual-spool axial flow compressor. Why is it used?

Where is fuel introduced within a gas turbine engine?

What is the criteria for a good burner section?

What are the three types of combustion chambers? What are the advantages
and disadvantages of each?

What is primary and secondary air?

What is the purpose of the turbine section?

How much of the energy produced is used to turn the compressor and
accessories?
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

What are the main parts of the turbine?

What is creep?

What is the purpose of the exhaust duct?

Describe a subsonic and supersonic exhaust duct and how each operates.

Describe the four parts of an afterburner.

Describe how an afterburner operates.

What controls the amount of thrust augmentation an afterburner will produce?

What is the function of the spray bars? The flame holder?

What is a screech liner and how does it operate?

What type of exhaust nozzle is used on an afterburner equipped aircraft?
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ASSIGNMENT SHEET

Compressor Stalls
Assignment Sheet No. 3.3.1A

INTRODUCTION

This assignment will introduce and aid the student in understanding compressor
stalls.

LESSON TOPIC LEARNING OBJECTIVES

Terminal Objective:
Partially supported by this lesson topic:

3.0 Upon completion of this unit of instruction, the student will demonstrate
knowledge of the fundamentals of power plants and associated accessory
systems.

Enabling Objectives:
Completely supported by this lesson topic:

3.31 Name two vector components that make up the relative wind in the
compressor.

3.32 Describe a compressor stall.

3.33 Describe the angle of attack of compressor blades and the two factors

that determine it.

3.34 |dentify the indications of a compressor stall.

3.35 Identify the two main causes of a compressor stall.

3.36 Describe how airflow distortions can cause compressor stalls.
3.37 Describe four possible mechanical malfunctions that can lead to a

compressor stall.

3.38 Describe what a pilot can do to minimize the potential of a compressor
stall.
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3.39 Describe four components that can be incorporated into an engine design
to minimize the potential of a compressor stall.

3.40 State the steps to be taken if compressor stall occurs.
STUDY ASSIGNMENT

Review Information Sheet 3.3.11 and answer the Study Questions.
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INFORMATION SHEET

Compressor Stalls
Information Sheet No. 3.3.11

INTRODUCTION

Awareness of compressor stalls and their effects are critical to the safe and
efficient operation of aircraft engines. Rotors and stators, like all airfoils, quickly lose
their effectiveness upon entering into a stall. In fact, aggravated compressor stalls may
eventually lead to engine flameout. Therefore, it is essential for everyone in aviation to
be able to quickly recognize, avoid and recover from compressor stalls.

REFERENCES

1. NAVEDTRA 12000 AIRMAN, 1990
2. CNAT P-307 (Rev 2-91) pat

3. T-34C NATOPS manual
INFORMATION

CHARACTERISTICS

Within the compressor, the relative wind
is formed by combining the compressor rotation
(RPM) and the inlet airflow. The angle between
this relative wind and the rotor blade’s chordline
make up the angle of attack (AOA) (Figure
3.3-1) for the compressor.

A stall occurs when airflow over an airfoil
breaks away causing the airfoil to lose lift due
to excessive angle of attack.

The compressor is designed to provide
the optimum compression ratio. This ratio is
formed by optimizing the angle of attack for
each stage of the compressor. If the angle of
attack to the rotors is too low, the compression
ratio will be low and the compressor will be Figure 3.3-1 Angle of Attack
inefficient. Conversely, too high of an angle of attack yields a possible stall. It may
seem that the angle of attack of the rotor blades would never change since they are
installed on the rotor disk at a fixed angle; however, changing the rotation speed of the
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rotors during engine operation and/or changing the velocity of the inlet airflow will
cause the compressor’s angle of attack to change. Therefore, anything that decreases
the inlet airflow or increases compressor RPM will increase the angle of attack and
therefore increase the possibility of a compressor stall.

INDICATIONS

Indications of a compressor stall (Figure 3.3-2) depend on the severity of the
stall. It can range from mild pulsation with minimum indications to aircraft vibration and
loud bangs or noises. Since a compressor stall results in a reduction of airflow to the
turbines, more fuel will be required to maintain the current thrust. This increase in fuel
will increase burner and turbine temperature. Therefore, with a constant PCL position,
indications of a compressor stall include RPM decay, and/or interstage turbine
temperature (ITT) rise, along with possible loud noises.

o A

Figure 3.3-2 Stall Indicator

“If the T-34C engine (PT6A-25) compressor stalls, it may be characterized by an
audible change in engine noise with fluctuations in torque, ITT, N1 (compressor
speed), and fuel flow. Additionally, flames and smoke may be visible from the engine
exhaust stacks.”

CAUSES

Compressor stalls are mainly the result of airflow distortions or mechanical
malfunctions.

AIRFLOW DISTORTION
Airflow distortion is the most common cause of a compressor stall. A
compressor stall is normally caused by a breakdown of the airflow through a few stages

of the compressor. A compressor stall could progress until the complete unit has
stalled.
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Airflow distortion to the compressor can be a result of the aircraft attitude and
airspeed. At high aircraft angles of attack, the air entering the inlet slows and becomes
turbulent, as shown in Figure 3.3-3.

Figure 3.3-3 Airflow Distortion

As the airflow travels back through the compressor, the angle of the rotors and
stators changes. This is to compensate for the change in direction and velocity of the
air as it travels through each successive stage. At normal airflow and compressor
speeds, the angle of attack is not excessive. However, if the velocity of the incoming
air or the speed of the rotor blades changes, the angle of attack changes and may
become excessive. Therefore, at high aircraft angles of attack, or when the incoming
air is slowed or turbulent, there is the possibility of compressor stall. This is of
particular concern in the landing pattern, where engine performance must be perfect.

The instances when airflow distortions may induce compressor stall include:
1. Abrupt change in aircraft attitude
2. Encountering air turbulence

3. Deficiency of air velocity or volume, caused by atmospheric conditions
4. Rapid throttle movement
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MECHANICAL MALFUNCTIONS

Mechanical malfunctions are the other main cause for a compressor stall; which,
depending on its severity, could result in a complete engine loss. The four mechanical
malfunctions discussed here are:

1. Variable inlet guide vane and stator vane failure
2. Fuel control unit (FCU) failure

3. Foreign Object Damage (FOD)

4. Variable exhaust nozzle failure

Variable inlet guide vanes (IGV) and stator vanes - Failure to change the
angle of attack will cause too much or too little airflow at low engine speed.

The fuel control unit (FCU), which will be discussed in further depth in later
lesson topics, determines the proper amount of fuel to be introduced into the
combustion chamber. When operating properly, the fuel control unit gradually meters
fuel into the combustion chamber upon PCL inputs. Should the FCU fail, too much fuel
or too little fuel may be added to the burner. An over-rich mixture (too much fuel)
causes excessive burner pressure and a back-flow of air into the compressor that leads
to a compressor stall. Too lean a fuel mixture (too little fuel) may cause the engine to
flame out which can be just as hazardous depending on the situation.

Foreign object damage (FOD) is caused when an object damages the delicate
blades of the compressor. Remember that the blades are airfoils with specific
aerodynamic properties. Having a screw, piece of wire or loose rock strike the
compressor blades at high speed will result in deformation of the blade. This will
change its aerodynamic properties. Some FOD damaged blades can be blended out,
but normally the entire engine requires replacement.

Variable exhaust nozzles are needed when an afterburner is used. The nozzle
is closed at subsonic speeds and opened to allow the exhaust gases to expand
properly when the afterburner is in operation. If the variable exhaust nozzle fails to
open, an excessive back pressure will be produced which could lead to a compressor
stall.

AVOIDANCE

There are several things a pilot can do to avoid a stall or reduce the possibility of
a compressor stall. Erratic or abrupt Power Control Lever (PCL) movements should be
avoided, especially at low airspeeds or high angles of attack. The PCL should be
advanced or retarded in a smooth fashion. Additionally, the pilot should maintain at
least the prescribed minimum airspeed and avoid abrupt changes in aircraft attitude to
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allow the proper amounts of smooth air to enter the inlets. Also, the pilot should avoid
flight through severe weather and turbulence.

PREVENTION

For our discussion, there are four system components that the engine
manufacturer can utilize to reduce the possibility of compressor stall:

1. Variable inlet guide vane and stator vane failure
2. Dual/twin/split-spool compressor

3. Bleed valves

4. Variable exhaust nozzle failure

Variable inlet guide vanes and variable stator vanes are installed so the angle
of attack is changed at low engine speed. These variable inlet guide vanes and stator
vanes are automatically positioned by the stator vane actuator (SVA) using fuel
pressure via the fuel control unit. This action maintains the velocity of the air (and the
angle at which it strikes the blades) within acceptable limits for low airflow conditions. It
also permits high airflow with a minimum of restriction.

Dual/twin/split-spool axial flow compressors may be incorporated. This
compressor design allows the front rotor to turn at a slower RPM than the rear rotor.
This allows the front rotor to turn without being choked by the low airflow.

Bleed valves are installed near the middle or rear of the compressor to “bleed”
(vent to the atmosphere) air and increase airflow in the front of the compressor at low
engine RPMs.

Variable exhaust nozzle is used to unload the pressure during afterburner
operation.

“On the engine of the T-34C, a compressor bleed valve, located in the
compressor section at the 7 O'clock position, automatically opens a port to spill
interstage compressor air to provide anti-stall characteristics. During engine start the
bleed valve is in the open position to prevent compressor stall.”

REMEDY AND RECOVERY

Once a stall occurs, the first reaction should be to reduce the attitude of the
aircraft (possibly lower the nose) which will reduce the inlet’s angle of attack. This
allows turbulent free air to enter the inlet at the proper velocity. The PCL should then
be retarded to just below stall threshold to allow the engine to "catch up" with the inlet
airflow. In addition, many aircraft will have automatic bleed valves or a procedure that
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will be followed to open a valve to allow airflow through the compressor. Once engine
indications return to normal, the PCL may be slowly advanced to the desired setting.

Safety of flight must always be emphasized. It is not wise to retard the PCL to
idle and drop the nose just after take-off or just before landing. Experience will be the
best teacher for the various situations an aviator may encounter. If the stall condition
cannot be remedied, and depending on the type of aircraft, it may be wise to shut down
the engine to prevent irreparable damage to the engine and possibly to the aircraft.
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STUDY QUESTIONS

Compressor Stalls

What are some indications of a compressor stall?

What causes a compressor stall?

Other than compressor stall resulting from mechanical malfunctions, what
causes most stalls?

What determines the angle of attack on a compressor blade?

List some flight conditions that could cause a compressor stall.

How can FOD affect compressor performance?

What automatically compensates for acceleration and deceleration schedules to
help prevent stalls?

How can an exhaust nozzle cause a compressor stall?

What are some of the ways manufacturers decrease the possibility of stalls?
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10.  What should a pilot do to avoid compressor stalls?

11. What should be done if a stall cannot be controlled?
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ASSIGNMENT SHEET

Turbojet and Turbofan Engines
Assignment Sheet No. 3.4.1A

INTRODUCTION

This assignment will aid the student to understand turbojet and turbofan
engines.

LESSON TOPIC LEARNING OBJECTIVES

Terminal Objective:
Partially supported by this lesson topic:

3.0 Upon completion of this unit of instruction, the student will demonstrate
knowledge of the fundamentals of power plants and associated accessory
systems.

Enabling Objectives:
Completely supported by this lesson topic:

3.41 Identify the components of a turbojet engine.

3.42 Define thrust specific fuel consumption (TSFC).

3.43 Describe the operation of a turbojet engine.

3.44 Compare the propulsive efficiencies of a turbojet, turbofan, and turboprop.
3.45 Compare TSFC of a turbojet with the turbofan.

3.46 Describe the characteristics of a turbojet engine.

3.47 Identify the components of a turbofan engine.

3.48 Describe the basic operation of a turbofan engine.

3.49 Describe the characteristics of a turbofan engine.

3.50 State the average percentage of total thrust produced by the fan.
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3.51 State the average percentage of total thrust produced by the exhaust
gases of the gas generator on a turbofan engine.

3.52 Explain how the fan is driven by the turbine section.

3.53 Define bypass ratio.

3.54 Explain how bypass ratio effects a turbofan engine’s TSFC.
STUDY ASSIGNMENT

Review Information Sheet 3.4.11 and answer the Study Questions.
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INFORMATION SHEET

Turbojet and Turbofan Engines
Information Sheet No. 3.4.11

INTRODUCTION

There are four types of gas turbine engines in use today: the turbojet, turbofan,
turboprop and the turboshaft. Each of these engines is built around a gas generator.
Turboprops and turboshafts will be explained in the following lesson topic.

REFERENCES

1. NAVEDTRA 12000; Airman TRAMAN, 1990

2. NAVEDTRA 12300; Aviation Machinist Mate 3&2, 1991

3. NAVEDTRA 10324-A; Aviation Machinist Mate 1&C, 1984
4. CNAT P-P-301 "T-34C Aircraft Familiarization Workbook"

INFORMATION

Figure 3.4-1 Turbojet Engine

TURBOJET ENGINE

The turbojet is the simplest form of gas turbine engine. It is constructed by the
addition of an inlet and an exhaust section to the basic gas generator (Figure 3.4-1).
The turbojet derives its thrust by highly accelerating a small mass of air through the
engine. All the air entering the inlet traverses through the gas generator. The turbine
section of the gas generator extracts only the necessary power from the hot gas stream
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(75% of the total heat energy) to drive the compressor and accessories. The remaining
energy from the airflow is used for thrust by accelerating the gases out the exhaust
section.

Thrust Specific Fuel Consumption (TSFC) is the amount of fuel required to
produce one pound of thrust. The propulsive force behind the turbojet is dependent
upon the amount of fuel added to the air mass. This is a proportional relationship:
more air requires more fuel. Since the density of the air decreases with an increase in
altitude, the requirement for fuel is less at higher altitudes.

The total energy of the airflow within the gas generator is altered as it passes
through each section. This altering of the airflow causes an imbalance of forces within
the engine which provides the propulsive means to the turbojet engine (Force =
Thrust). However, the exhaust gases of the turbojet engine is very inefficient at
producing propulsive force at low airspeeds.

The propulsive efficiency of an engine is determined by the efficient conversion
of kinetic energy to propulsive force by its propelling mechanism. In Figure 3.4-2, at
low aircraft speeds, the turbojet’s low-mass, high-velocity jet exhaust is considerably
more wasteful than the propelling mechanism of the high-mass, relatively low-velocity
airflow of a turboprop. However, this condition changes and energy waste is reduced
at higher aircraft airspeeds. At high speeds, the turbojet’s exhaust velocity relative to
the surrounding atmosphere is lessened. If the aircraft’s speed equaled the exhaust
velocity, one hundred percent propulsive efficiency would be reached.

Examples of aircraft that use turbojet engines are the F-4, A-4, T-2, and T-37.

Characteristics of a Turbojet

Advantages Disadvantages
1. Lightest specific weight (weight per 1. Low propulsive efficiency at low
pound of thrust produced forward speeds
2. Higher and faster than any other 2. Relatively high TSFC at low altitude
engine and low airspeeds

3. Long takeoff roll required

These characteristics indicate that the turbojet engine is best suited for high-
speed and/or high-altitude flights.
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Figure 3.4-2 Engine Efficiency

TURBOFAN ENGINE

The turbofan engine can be considered a cross between the turbojet and the
turboprop engine (turboprop will be discussed in the next lesson topic). The turbofan
design combines the propulsive thrust of the exhaust gases from the gas generator with
additional thrust that is generated by utilizing a duct-enclosed fan. This fan, which is
driven by the gas generator, provides additional thrust by accelerating a fairly large
mass of air around the gas generator (Figure 3.4-3). This airflow that goes around the
gas generator is called bypassed or ducted air.

Figure 3.4-3 Turbofan Engine
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On a forward-fan design, the fan blades look similar to rotor blades of the
compressor that have been enlarged. The cross section of these fans are larger than
the front area of the compressor. This allows a relatively large mass of air to bypass
the gas generator. On average, this large mass of bypassed air can produce between
30 to 60 percent of the total thrust of a turbofan engine. Some engines have been
designed with an even greater amount of thrust from the fans. These percentages
depend upon the size of the fan, the turbine arrangements, and atmospheric
conditions. Since the fans provide 30 - 60 percent of the total thrust, the gas generator
exhaust gases will provide the remaining thrust, which is between 40 and 70 percent of
that total thrust.

The fan is driven by the turbine section. A free or power turbine (Figure 3.4-4),
which is a turbine aft of the gas generator turbines and is not connected to the gas
generator, may drive the fan. In this configuration, the fan is also separate from the
gas generator. Another way of driving the fan is through the gas generator turbine.
This is done by attaching the fan directly to the compressor. In either instance, the gas
generator turbine section will extract 75 percent of the total energy that leaves the
burner section just to turn the compressor and accessories. The remaining 25 percent
will be used for thrust. Part of the 25 percent will be converted to mechanical energy
through the turbines to drive the fans. The other part will exit the exhaust section as
kinetic energy.

Figure 3.4-4 Free or Power Turbine
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The efficiency of the turbofan engine is increased over that of a turbojet engine
by converting more of the fuel energy into pressure energy rather than the kinetic
(dynamic) energy of a high-velocity exhaust gas stream. In other words, it takes a
relatively small amount of energy to turn the turbine, which drives the fans of a turbofan
engine. These fans push a large mass of air which increases thrust (T=ma).

Combined with the exhaust gases of the gas generator, the overall thrust is greater
than the thrust of a turbojet at the same fuel consumption rate. Thus, to produce the
same amount of thrust, the turbofan engine requires less fuel than a turbojet engine
and therefore, the turbofan has a lower TSFC.

The amount of air that bypasses the gas generator in comparison with the
amount of air that passes through the gas generator is called the bypass ratio. This
ratio ranges from about 1 to 5 or more. For example, a bypass ratio of 2 : 1 means that
for every two molecules of air that travels around the gas generator, one molecule goes
through the gas generator. A bypass ratio of 6 : 1 has six molecules bypassing the gas
generator and one molecule going into the generator. One of the primary design goals
of today’s engines is to maximize the bypass ratio while meeting mission requirements.
The most fuel-efficient engines are those with the higher bypass ratio.

Typically, a higher bypass ratio yields a lower TSFC. An airliner, with its high
bypass ratio engines, for example, could takeoff with a heavy load of personnel and
travel large distances without refueling. A cargo aircraft could do the same with its
payload. The high thrust of the high bypass turbofan engine at slower speeds allows
for greater takeoff weights and shorter takeoff distance than a turbojet. The turbofan
also performs better than the turbojet at operational altitudes and airspeeds.

Compared to the turbojet, the turbofan is quieter because of the generated thrust
from the fans and not just burner combustion. Although performance is high, all
turbofan engines are limited at high-end airspeeds and altitudes when compared to the
turbojet.

The reduction of the high-end airspeed is due to the large mass of airflow from
the fans that is accelerated to only moderate speeds. On a high bypass turbofan
engine, more air is bypassed and therefore less thrust comes from the high velocity
gases of the gas generator. The altitude limitation is from the lower density air at the
high altitudes and therefore, a smaller mass of air is accelerated by the fans.

Typically, the engine of a modern fighter or interceptor, such as an F-14, F-15 or
F-18, will be designed with a lower bypass ratio (Figure 3.4-5). This ratio will be in the
vicinity of 1:1. Thus, this low bypass design closely resembles the characteristics of a
turbojet yet it is more efficient which makes the low bypass design preferable for fighter
aircraft.
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Figure 3.4-5 Turbofan

Some turbofan designs duct the bypass airflow immediately to the atmosphere.
Other turbofan engines duct the airflow to the exhaust section along the outside
perimeter of the gas generator. The bypass air is then mixed directly with the exhaust
gases of the generator. If desired, the combined gases can be used for afterburner
operations to augment thrust (Figure 3.4-6).

Figure 3.4-6 Turbofan
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Characteristics of a Turbofan

Advantages

Higher thrust at low airspeeds

Lower TSFC

Shorter takeoff distance

Considerable noise reduction, 10 to 20
percent over the turbojet

Disadvantages

1. Higher specific weight
2. Larger frontal area
3. Inefficient at higher altitudes
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STUDY QUESTIONS

Turbojet and Turbofan Engines

What does the term "gas generator" mean?

How is a turbojet constructed?

How does a turbojet produce thrust?

What are the advantages and disadvantages of the turbojet?

How is a turbofan constructed?

How does a turbofan produce thrust?

How much thrust is produced by the fan on a turbofan?

What is meant by "bypass air?"

What are the advantages and disadvantages of the turbofan?
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ASSIGNMENT SHEET

Turboprop and Turboshaft Engines
Assignment Sheet No. 3.5.1A

INTRODUCTION

This assignment sheet will aid the student in understanding turboprop and
turboshaft engines.

LESSON TOPIC LEARNING OBJECTIVES

Terminal Objective:
Partially supported by this lesson topic:

3.0 Upon completion of this unit of instruction, the student will demonstrate
knowledge of the fundamentals of power plants and associated accessory
systems.

Enabling Objectives:
Completely supported by this lesson topic:

3.55 Describe the basic construction of a turboprop engine.

3.56 Explain how a turboprop produces thrust.

3.57 Define the major components of the propeller assembly.

3.58 Describe the purpose and operation of the reduction gear box used on a

turboprop engine.

3.59 Describe the major components and their operation of the torquemeter
assembly.
3.60 State the two main ways the propeller assembly may be connected to a

gas generator.

3.61 Describe the operation and characteristics of a turboprop engine.
3.62 Describe alpha range and beta range operations of the propeller.
3.63 Describe the construction of a turboshaft engine.

3.64 Describe the operation of the free/power turbine section.
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3.65 Explain how the turboshaft produces thrust.
STUDY ASSIGNMENT

Review Information Sheet 3.5.11 and answer the Study Questions.
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INFORMATION SHEET

Turboprop and Turboshaft Engines
Information Sheet No. 3.5.11

INTRODUCTION

Turbojet and turbofan engines were discussed in Lesson Topic 3.4. This lesson
topic explores the construction and operation of the remaining gas turbine engines
which are turboprops and turboshafts.

REFERENCES

1 NAVEDTRA 12000; Airman TRAMAN,1990

2. NAVEDTRA 12300; Aviation Machinist Mate 3 & 2, 1991

3. NAVEDTRA 10324-A; Aviation Machinist Mate 1 & C, 1984
4 CNAT P-301 "T-34C Aircraft Familiarization Workbook"
INFORMATION

TURBOPROP ENGINE

CONSTRUCTION

The turboprop engine couples a gas generator with a reduction gear box and
propeller, which is driven by the turbine section (Figure 3.5-1). Turboprop engines
combine the best qualities of a gas generator with the propulsive efficiency of a
propeller.

The propeller, which provides the majority of the thrust, imparts a small amount of
acceleration to a large mass of air (Figure 3.5-2).

Figure 3.5-1 Turboprop Engine Assembly
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Figure 3.5-2

COMPONENTS
PROPELLER ASSEMBLY

A propeller assembly is essentially a "rotating wing" or airfoil. The propeller
converts the power output of the engine into forward thrust to move the aircraft through
the air. Many turboprop aircraft in the military will have a four-blade propeller made of
aluminum or fiberglass (T-34C propeller has three-blades made of aluminum). These
propellers are hydraulically controlled, constant speed, full-feathering, and reversible.

Remember that 75 percent of the heat energy from the burner is used to drive
the compressor and accessories, leaving 25 percent to produce thrust. On most
turboprop engines, 10 percent of the propulsive thrust of that 25 percent comes from
the exhaust gases. The majority of thrust, approximately 90 percent, is a result of the
large mass being accelerated by the propeller.

The major components of the propeller assembly are the blades, hub, and
pitch change/dome assembly (Figure 3.5-3). The blades are installed into the hub
(barrel assembly), and the hub is then attached to the propeller shaft. The pitch
change / dome assembly is the mechanism that changes the blade angle of the
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propeller. The blade angle is adjusted to vary the mass of airflow pushed by the
propeller, which increases or decreases thrust.

Figure 3.5-3 Propeller Assembly

REDUCTION GEAR BOX (RGB)

The reduction gear box, located between the propeller assembly and the gas
generator, is basically a one-speed transmission (Figure 3.5-4). This assembly
prevents the propeller blades from reaching supersonic speeds. It converts the high
rpm and low torque of the gas generator to low rpm, high torque necessary for efficient
propeller operation. Since the turboprop engine uses a propeller to accelerate
subsonic airflow, it is important that the propeller and its blade tips do not approach or
exceed supersonic speed. If the tips reached these high speeds, the blades would lose
efficiency as they slipped through the compressible supersonic air stream. The ratio of
reduction on some RGB’s can be as high as 12:1 or 15:1. This reduction ratio is
necessary because the gas turbine must operate at a very high rpm to produce power
efficiently.

PROPELLER
SHAFT

SAFETY

COUPLING

Figure 3.5-4 Reduction Gear Box
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“The T-34 RGB contains a two-stage reduction gear system that reduces the
power turbine rpm at 15:1 ratio. The propeller shaft is hollow to allow passage of high
pressure oil for the propeller pitch control. A magnetic chip detector is located at the
bottom of the RGB to provide the pilot with a warning signal for metal contamination in
the oil and possible engine failure.”

TORQUEMETER ASSEMBLY

The torquemeter assembly is a set of shafts located between the gas
generator and reduction gear box._lt is used on some turboprop engines, to transmit
and measure the power output from the gas generator to the reduction gear box. The
torquemeter operates on the principle of accurately measuring the torsional deflection
(twisting movement) that occurs in any power-transmitting shaft, commonly called the
torque shaft. This torsional deflection is detected by magnetic pickups. The slight
twisting or deflection is measured electromagnetically and the information is displayed
on the cockpit instrument panel in terms of inch-pounds of torque, or shaft horsepower.

The torque shaft and reference shaft are the major components of the
torquemeter assembly. The torque shaft (inner shaft) is coupled to the compressor by
the compressor extension shaft. The other end of the torque shaft is connected to the
reduction gear box. This shaft carries the load from the propeller and produces the
torsional deflection. The reference shaft (outer shaft) is rigidly connected to the torque
shaft at the compressor extension shaft. The other end is not rigidly connected. The
reference shaft does not twist and therefore provides the reference to the twisting
torque shaft. (Figure 3.5-5).

REDUCTION GEAR TORQUEME TER
ASSEMBLY QUTER SHAFT
REAR CASE {REFERENCE SHAFT})

TORQUEMETER

PIGKUP TORQUEME TER
INNER SHAFT

ASSEMBLY

(TORQUE SanT)- COMPRESSOR

EXTENSION

e N

TORQUEME TER ENGIN
HOUS ING TO TORQUEMETER
COUPLING

E

SAFETY
COUPLENG

Figure 3.5-5 Torquemeter Assembly

The propeller assembly, the reduction gear box, along with the torquemeter
assembly may be connected to the gas generator in two possible configurations: 1)
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attached to the front of the compressor drive shaft or 2) attached to the free/power
turbine as in Figure 3.5-6.

/-CDMPﬂ ESSOR

dw FREE {PFOWER) TURBINE \CDMFRESSOR TURSINE
Figure 3.5-6 PT-6 Engine, T-34C
OPERATION

While the turbojet accelerates a relatively small mass of air to high speed, the
turboprop accelerates a very large mass of air with its propeller to a moderate speed.
During flight operation, the propeller assembly maintains the propeller at a constant
100 percent rpm. Changes in fuel flow directly affect power changes. An increase in
fuel flow causes an increase in turbine temperature and a corresponding increase in
energy available at the turbine. The turbine absorbs more energy and sends it to the
propeller in the form of torque. The propeller, in order to absorb the increased torque,
increases blade angle to maintain constant propeller rom. These changes occur
through coordination between the propeller governor and the turboprop engine fuel
control unit. Together they establish the correct combination of rpm, fuel flow, and
blade angle to create the thrust required.

The turboprop engine has two ranges of operation: Alpha and Beta. In the
alpha range, also known as the flight range, the power control lever (PCL) can be
positioned from flight idle to full power. In this range, the PCL sends signals to the Fuel
Control Unit (FCU) for fuel flow. The FCU also works in conjunction with the prop
governor (brain of the propeller assembly) to ensure a constant propeller RPM by
adjusting the blade angle.
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The beta range is only used during ground operations. In this range, the PCL
can be positioned from flight idle to max reverse. The PCL is mechanically connected
to the pitch change assembly as well as the FCU to allow the pilot direct control of
blade angle. Reversing the airflow by reversing the blade angle decreases the landing
distance of the turboprop and increases the aircraft’'s maneuverability during ground
operations.

Characteristics of a Turboprop
Advantages Disadvantages

1. Develops very high thrust at low 1. Heavier and more complicated aircraft
airspeeds

2. Excellent take-off, slow speed, and low 2. Limited speeds (approx. 400-450 kis.)
altitude characteristics

3. Superior for lifting heavy loads off short
and medium length runways

The actual percentage of thrust will vary with a host of factors, such as speed,
altitude and temperature. The turboprop will deliver more thrust, up to medium speeds,
than either the turbojet or turbofan (Figure 3.5-7). Also, as the turboprop climbs to
higher altitudes, the mass of air being accelerated by the propeller decreases due to
the decrease in air density (Figure 3.5-8).

When compared to the turbojet and turbofan, the turboprop has a lower TSFC
because its thrust is produced by accelerating a large mass of air at low velocity for a
relatively small amount of fuel. Examples of aircraft using turboprop engines are the
P-3, C-130, T-44, T-34, C-2, and E-2.
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Figure 3.5-7 Thrust Comparison Graph
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Figure 3.5-8 Thrust Efficiency Graph
TURBOSHAFT ENGINE

The turboshaft engine has many similarities to the turboprop engine. If,
however, the shaft of a free turbine or power turbine is used to drive something other
than an aircraft prop<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>