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       UNIT 1 

 

1. History of flight in General and in India 

2. The Principles of flight 

3. Recognize with in 20 seconds display of silhouettes of latest six 

military and six civil aircrafts in service in our country.  

4. Make three model aeroplanes (uses of kit permissible) for 

identification purpose and practices. These models need not fly.  

5. Know national markings, both of service and civil aeroplanes of 

India and two foreign countries.  

6. From observation record over a period of three months the passing 

number of aeroplanes stating where possible date, time and place 

seen, direction in which flying, whether civil or service, number, 

state of weather and country of origin or demonstrate ability to 

identify actual aircraft in flight. 

 

The story of man’s endeavour to fly like a bird 

 

Looking up at the birds man always envied them for the ease with which they 

fly . 

400 Bc ARCHYTAS greek philosopher and inventor made a mechanical bird which is 
alleged to have flown for a about 200 meters at the end of tether. 
Chinese  harbinger to hot air ballons- (Kongming Lantern paper bags filled with hot 
air produced by a lamp below the paper bag) used by military to scare invaders 
and by one general to measure the length of tunnel needed to be dug to go under 
enemy lines.  
Tying feather s and trying to jump off cliffs and even gliding for some distance, but 
many forefeited their lives 
Chinese seems to have been the first glider makers as well- 
Monk Elmer of Malmesbury glided for 200 meters so also the Berber Ibn Firnas in 
the 9-11 century. 
The great Leonardo da-Vinci  (18th Century)seems to made many designs for a 
flying machines including a Flying Screw helicopter. The speculation about a 
heavier than air flying machine  taking to air was rife all through the ensuing 
centuries and in 1783 The Montgolfier Brothers flew their hot air ballon at 
Annonay, France and made the first manned flight on 19th October 1783 and 
ballooning became a major rage in Europe of 18th century. Soon Armies made use 
of hot air balloons as observation posts for artillery bombardment. Steerable 
Ballon called Dirigibles made their entry in the 19 the century and the name of 



Ferdinand Von Zeppelin is connected with dirigible development. 

 
Meanwhile the efforts at creating a heavier than air flying machine has kept 
apace(inputs by Emmanuel Swedenborg, Sir George Cayley, John StringFellow, 

Polish peasant Jan Wnek,  

 

 

 

French man Jean-Marie Le Bris with his glider ‘Albatros’ 

 

 

Alphones Penaud’ s  toy glider powered by rubber band, inspired lots of Aviation 

Pioneers including the  Wright Brothers. 

 

    

French man Felix du Temple built the first successful flyer that took off from a ski-

jump and glided safely to ground after covering a short distance 



.  

 

(Daedelaus making wings of wax and Icarus flying with it, but alas, too near the sun 

and wax melted away and Icarus crashed- the story of ICARUS-Flying machines in 

Ramayana- the name Viman  in sanskrit with its modern meaning –Aircraft- 

Pushpak viman made by Vishwakarma- 

 

 

 

 

1. Know in general knowledge about Civil Aviation- 

national and International Airways/Lines 

                                                                                                            By Gp 

Capt Kapil Bhargava (Retd) 

 

In 2003 the whole world celebrated the centenary of powered flight. But we 
Indians had to wait for a few more years to observe the centenary of flight 

in India. It took just seven years, almost to the day, for the first aircraft to 

get airborne at Allahabad in UP. There was hectic activity to bring planes to 

India and show them off in December 1910. 

First off the block was His Highness the Maharaja of Patiala. He sent his 

British Engineer CW Bowles to Europe to look at the new art or science of 

flying and bring a couple of planes back with him. Bowles returned to India 

in December 1910 with a Farman biplane made in England and a Gnome-

Bleriot monoplane fitted with two seats. Apparently in Europe, France was 

the first to get into the business of flying. The Farman was also a French 

design but built in England by a Thomas Holt, recognized as the father of 
the aviation industry in England, in collaboration with Farman Brothers of 

France. Fortune did not favour Patiala and neither of these aircraft became 

the first to get into the air. 

In early December 1910 a party from Belgium and two from England also 

came to India with several aeroplanes. Their idea was to showcase flying 

and naturally exploit any business opportunities that might arise out of 



the demonstrations. The first of these to land in India was from Coventry’s 

Humber Motor Company, famous for its cars especially used by the police 

in UK. It included a leader, Capt WG Windham, two pilots - one French and 

one English, and two mechanics also one French and one English. The 

Humber Company asked the team to proceed to Allahabad immediately 
after it landed in Bombay by a merchant ship. This group with all its 

packing cases set off for Allahabad with the intention of demonstrating the 

aircraft at the Industrial & Agricultural Exhibition due to be held there 

shortly. It arrived on December 5 and assembled the planes in five days at a 

polo ground right next to the Exhibition Grounds. A local newspaper 

reported the first flight in India as follows:  

 

“The first actual flight was successfully attained by Mr. Davies in a 

‘Bleriot’. On the 10th of December Mr.Davies had the machine ready and 

early in the morning circled the polo ground at a height of twenty five or 

thirty feet” 

 
The paper added, “ Thus Allahabad has had the distinction of giving the 

lead not only in India, but also to the whole of Asian Continent in 

connection with the latest of scientific wonders”. 

 

The aircraft ready to fly weighed five hundred pounds without the pilot and 

cost £ 550/=, just under Rs 7,500/= at the rate existing then. Surely this 

amount was affordable by many people at the time. 

The second aircraft flew the next day, December 11, 1910, under the 

control of the French pilot Henri Pequet and carried the first air passenger in 

India. He was one of the sons of the Maharaja of Benares, obviously an 

intrepid young man. But The Statesman of Calcutta, a newspaper still very 
well respected, published a different version of the flights in Allahabad. Its 

issue of December 18 reported that Henri Pequet made the first flight in 

India on December 17. According to the paper, Pequet flew the biplane over 

the confluence of the Ganges and the Yamuna (Sangam) and also over 

Allahabad Fort. The newspaper expected regular display flights to begin on 

December 20 over the Exhibition Grounds and continue displays till January 

6, 1911. The possibility of joyrides being given was also mentioned. By 

then it was estimated that a total of five hours of flying had been 

accumulated covering almost 50 miles. Henri Pequet was paid £.50/= per 

hour of flying, provided each flight lasted longer than two minutes. 

He is today recognised, especially by knowledgeable stamp collectors, as 

the pilot to carry world’s first airmail from Allahabad to Naini just across 
the Yamuna river, and back to Allahabad. He carried 6,000 odd letters and 

postcards, many of which were addressed to celebrities worldwide, 

including King George V in England. If you can find one of these 

postmarked covers or stamps with the words “First Aerial Post”, you can 

sell it today for the price of a flat or a house. 



Calcutta, the capital of British India before it was shifted to Delhi, was not 

far behind in making aviation history. But perhaps news at the time did not 

travel between cities fast enough. The Statesman of December 21, 1910 said 

that the second flight in India was at Tollygunj, a suburb of Calcutta on 

December 20. Baron de Caters flew the Bleriot monoplane over Tollygunj 
Club for fifteen minutes. The same day the Baron flew with a lady 

passenger, Mrs NC Sen, who thus became the first woman in India to get 

airborne. The paper had also claimed that Mrs Sen was the first woman in 

the world to fly in a plane. But this claim was quite wrong, as by then in the 

West it had become fashionable for society ladies to casually drop their 

news of having dared a ride in a flying machine. 

For December 28, Baron de Caters organised a flying display at Tollygunj. 

This attracted almost all the able population of Calcutta willing to forego 

work or other pleasures for a day. The Baron did the first few flights in the 

Farman, gave rides to two ladies and several gentlemen. While this was 

exciting enough, the next day, December 29, Jules Tyck set two national 

records in his Bleriot. He became the first to fly over the city, including 
directly over the Government House. The second record was set when he 

climbed to all of 700 feet above ground level. But Calcutta was in for more 

excitement. 

On January 6, 1911, a huge crowd gathered at the Maidan to witness Henri 

Jullerot display his Boxkite developed by the British & Colonial Aeroplane 

Company of Bristol, England. The crowds were reported the next day to 

have been in excess of 100,000, perhaps even more than seen now-a-days at 

Eden Garden for one day international cricket matches. Seats at the Race 

Course’s Grand Stand of the Maidan were exorbitantly priced at Rs 5/= 

each! The flight was cheered with gusto. But the show concluded fast 

enough as the Boxkite had to be dismantled and taken to Aurangabad by 
train to demonstrate it to the Indian Army. Obviously, just like the armed 

forces the world over, Indian Army was quick to realise the military 

importance of new technology such as flying machines. The Boxkite was 

assembled in open ground next to the Aurangabad railway station. Perhaps 

world’s first reconnaissance flights took place in it on January 15 and 16 to 

report on the forces opposing a Cavalry Brigade in the ongoing exercise. 

The pilot, Henri Jullerot sat on the spar of the leading edge of the lower 

wing with his feet on a rudder bar. The observer, Sefton Branckner sat close 

behind, a bit higher and with his feet around the pilot. The  reconnaissance 

sorties were highly successful. But except for a few generals, including the 

Commander-in-Chief of the Indian Army and the Chief of Staff, most army 

officers did no think that the aeroplane had much use for them except 
perhaps for limited reconnaissance of enemy positions. This attitude persists 

till today, only slightly moderated due to introduction of aviation within the 

army itself. Meanwhile Baron de Caters and Jules Tyck took their aircraft 

around the country and gave displays at many 



towns. The show in Bangalore was on February 3, 1911 and in Madras on 

February 18. The First World War soon interrupted any progress of aviation 

in India for a while. Two Indians distinguished themselves in this war. Inder 

Lal Roy joined the Royal Flying Corps in April 1917 at the tender age of 

just over eighteen years. After receiving his training and the King’s 
Commission, he joined No. 56 Squadron in France but was shot down in 

December. He was given up for dead but gained consciousness surrounded 

by dead bodies. After recovery he returned to flying and shot down nine 

German planes before losing his life in his last air combat. He was 

posthumously awarded the Distinguished Flying Cross (DFC), the first 

Indian to receive the honour. The other famous Indian pilot was Sardar 

Hardit Singh Malik, who had also joined in April 1917. He was wounded in 

November but returned to flying in time for the defence of London. He was 

demobilised after the war and had a really distinguished career as a 

diplomat. He was, not long ago, the senior-most citizen playing golf at the 

Delhi Golf Club. 

The Royal Air Force inaugurated its first station in India at Ambala. But the 
Indian Air Force (IAF) was launched by an act of the Governor General on 

October 8, 1932. The A Flight of No. 1 Squadron came into existence on 

April 1, 1933 under the command of an RAF officer on deputation. Its 

senior-most Indian officer was Pilot Officer Subroto Mukherjee who later 

became IAF’s first Indian Commander-in-Chief as an Air Vice Marshal and 

then took over as the Chief of Air Staff as an Air Marshal. His successor 

was Air Marshal AM (Aspy) Engineer. 

Aspy Engineer had started his flying career rather early. He and RN Chawla 

were the first Indians to fly a De Havilland Moth from India to England. 

They left on March 3 and arrived on March 20,1930. Aspy’s return flight 

from England was to contest for the Aga Khan Prize of £ 500 for flying 
between the two countries in either direction. 

JRD Tata took off in a Gypsy Moth on May 3 from Karachi for England. 

Theycrossed each other at Aboukir in Egypt where Aspy was in some 

trouble due to problems with some spark plugs. JRD helped him out. Aspy 

arrived in India when JRD had just reached Paris. Presumably because he 

took longer, JRD Tata came second to Aspy who won the Prize. But JRD 

was never a loser. After protracted negotiations with the Government of 

India, he started his airmail service under the name of Tata Aviation, later to 

become Air India. He piloted the first carriage of mail from Karachi to 

Bombay on October 15, 1932. The initial efforts at passenger carriage 

in India were limited to British owned or funded airlines, such as the Indian 

Trans-Continental Airways and Indian National Airways. But as the need 
for more air travel facilities became paramount, permission was given to 

almost anyone wanting to start an airline. This resulted in a profusion of 

quick start airlines, which competed with each other perhaps by cutting 

fares and downtime for maintenance. Soon enough the situation became 

untenable. Eventually the Air Corporation Act of 1953 was passed 



nationalising all airlines. Air India International took over the international 

traffic and Indian Airlines Corporation the domestic. While the two national 

airlines still operate, the domestic scene changed recently once again as a 

result of economic reforms. The prospects of passenger and cargo traffic in 

India can only be described now as rosy. 
Meanwhile in December 1940, Seth Hirachand Walchand launched 

Hindustan Aircraft Limited (HAL) with the help of an American and the 

State of Mysore. Dr VM Ghatage, India’s first aircraft designer soon joined 

the company and designed the G-1 Glider, the first such venture in India. 

However, due to World War II, the G-1 did not get used and Dr Ghatage 

became the first to start teaching aeronautical engineering at the Indian 

Institute of Science. He rejoined HAL after independence and designed 

India’s first powered aircraft the HT-2. In time, HAL became a Corporation 

with several Divisions in the country. The first fighter aircraft designed in 

the country was the HF-24, though a German team led by Prof KW Tank 

largely managed it. Many aircraft types have been produced under licence 

and in large numbers. Lately the country has come into its own in designing 
aircraft, engines, avionics and accessories. The success story of indigenous 

designs restarted with the ALH, now named Dhruv, a helicopter for all the 

defence services and also meant for civilian use. This has been followed by 

the Light Combat Aircraft and the Intermediate Jet Trainer. 

India has so far produced transport aircraft only under licence from foreign 

sources. These include the Avro- 748, Dornier Do-228 and the Partinavia. 

But recently National Aerospace Laboratories developed the Saras, a twin 

turbo-prop commuter aircraft. It is expected to obtain its certification in the 

next two or three years. HAL is also likely to embark on the development of 

a Light Armed helicopter and a100-seater aircraft with capabilities for other 

roles, perhaps in collaboration with Russia. 
The prospects of aviation in India are on the right path and should gladden 

the heart of any aviation enthusiast. 

 

 

2. Know the theory of flight 

 

Basic Principles of Flight 

4 forces of flight: 



 

1. Lift is a positive force caused by the difference in air pressure under and above a 

wing. The higher air pressure beneath a wing creates lift, and is affected by the shape 

of the wing. Changing a wing's angle of attack affects the speed of the air flowing 

over the wing and the amount of lift that the wing creates. 

2. Weight is the force that causes objects to fall downwards. In flight, the force of 

weight is countered by the forces of lift and thrust. 

3. Thrust is the force that propels an object forward. An engine spinning a propeller 

or a jet engine expelling hot air out the tailpipe are examples of thrust. In bats, thrust 

is created by muscles making the wings flap. 

4. Drag is the resistance of the air to anything moving through it. Different wing 
shapes greatly affect drag. Air divides smoothly around a wing's rounded leading 

edge, and flows neatly off its tapered trailing edge...this is called streamlining. 

 

Principles of Flight 

Have you ever wondered about the science behind flight? The basic principles of 

flight, which include many elementary physics concepts, can be easily observed in 

the structure of an airplane. There are four main forces involved in flight. Lift is 

caused by the variation in air pressure when air flows under and over an airplane's 

wings. It is opposed by weight, or the force of gravity, pulling downward. Thrust is 

caused by the action of the propellers moving the plane forward. Opposed to that is 



drag, caused by air resistance. If lift is more than weight, the plane will rise. If thrust 

is more than drag, the plane will slowly accelerate. 

Airplane wings are designed to take advantage of lift. They are shaped so that air has 

to travel farther over the top of the wing than underneath it. The reason for this is 

explained in Bernoulli's Principle, which states that an increase in the velocity 

(speed) of air or any fluid results in a decrease in pressure. When the air has to travel 

farther over the top of the airplane wing, it must also travel faster, which results in 

lower pressure. The shorter distance under the wings results in higher pressure, 

causing the airplane to move upward. 

You can demonstrate Bernoulli's Principle with a piece of notebook paper. Fold the 

paper in half the short way, so that you have a tent shape. Now, set the tent on a table 

and blow very carefully (slow and firm) through one of the open ends. The sides of 

the tent will stick together but the tent won't collapse. This occurs because the 
velocity of your breath is more than that of the air outside of the tent, causing lower 

pressure. The air outside the tent has higher pressure and pushes the sides of the tent 

inward. 

Other major considerations in airplane design are the three axes of motion: pitch, roll, 
and yaw. Pitch is the up or down movement of an airplane's nose. Airplanes are built 

with horizontal stabilizers in the rear to control the pitch. These stabilizers have 

hinged sections called elevators. The pilot can change the position of the elevator to 

raise or lower the nose of the airplane. Roll, the second axis of motion, is the rolling 

of an airplane from side to side, which causes the wings to go up or down. The 

hinged sections at the rear of each wing, called ailerons, help control the roll. The 

ailerons work in opposition: if one goes up, the other goes down. The third axis of 

motion, yaw, is the motion of an airplane's nose from side to side. The vertical 

stabilizer and the rudder in the tail are used to control the yaw. 
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Mi- 35 Hind Attack Helicopter 
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Apache Attack Helicopter 
 

http://en.wikipedia.org/wiki/File:HAL_LCH_TD-1.JPG
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Rafael fighter 
 

 IAF ROUNDEL         Half moon – Pakistan 

USA 

 

 

http://upload.wikimedia.org/wikipedia/commons/0/09/Dassault_Rafale.svg
http://upload.wikimedia.org/wikipedia/commons/0/09/Dassault_Rafale.svg
http://en.wikipedia.org/wiki/File:IAF-roundel.svg


 

 

RAF -UK    
 

VT-  civilian symbol for Indian civilian  Aircraft 

 

N-  USA 

F-  FRANCE 

 

 

Civil Aircrafts operated by Indian carriers 

Air Bus 300 series (319-320-321) 

 

 
AIRBUS 320 

 

 



 319   320 

 321 

 

  310    747 

 

 

 

Boeing 777                              787Dreamliner  

 

 

 

http://en.wikipedia.org/wiki/File:Air_india_319.jpg
http://en.wikipedia.org/wiki/File:Indian_Airlines.jpg
http://en.wikipedia.org/wiki/File:Air_India.jpg
http://en.wikipedia.org/wiki/File:Air_India_Airbus_A310-304_VT-EQS.jpg
http://en.wikipedia.org/wiki/File:Air_India_001.jpg
http://en.wikipedia.org/wiki/File:Air_India_777-300ER_VT-ALL.jpg
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NOTES 

Lecture 1. 

Potential flow formulas 
name velocity Stream function Potential function 

Uniform (Cartesian) (𝑈, 0,0) 𝜓 = 𝑈𝑦 𝜙 = 𝑈𝑥 

Uniform (cylindrical) 𝑢 = (0,0, 𝑈) 
𝜓 =

1

2
𝑈𝑅2 

𝜙 = 𝑈𝑥 

Simple source 
(spherical) 

(
𝑆

4𝜋𝑟2
, 0,0) 𝜓 = −

𝑆

4𝜋
cos 𝜃 𝜙 = −

𝑆

4𝜋𝑟
 

Dipole souirce 𝑀

4𝜋
(
2 cos𝜃

𝑟3
,
sin𝜃

𝑟3
, 0) 𝜓 =

𝑀 sin2 𝜃

4𝜋𝑟
 

−𝑀⃗⃗ ∙

𝑟 
𝑟

4𝜋𝑟2
 

Line source 𝑢𝑟𝑒 𝑟 𝑆𝜃

2𝜋
 

𝑆

2𝜋
ln 𝑟 

Line dipole 
(

𝜖𝑆

𝜋𝑟2
cos 𝜃 ,

𝜖𝑆

𝜋𝑟2
sin𝜃 , 0) 

𝜖𝑆

𝜋𝑟
sin 𝜃 −

𝜖𝑆

𝜋𝑟
cos 𝜃 

Stagnation point (𝐴𝑥,−𝐴𝑦, 0) 𝐴𝑥𝑦 1

2
𝐴(𝑥2 − 𝑦2) 

Axisummetric 
stagnation point 

(
1

2
𝐴𝑟, 0, −𝐴𝑧) −

1

2
𝐴𝑅2𝑧 

1

4
𝐴(𝑅2 − 2𝑧2) 

Line vortex (polar) 
(0,

Γ

2𝜋𝑟
 ) −

Γ

2𝜋
ln 𝑟 

Γ

2𝜋
𝜃 
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Introduction 
- Viscocity 

o Stall 

o Dynaic stall 

o Separation 

o Laminar/turbulent flow 

o Pressure gradients 

What will we study? 
- Potential flow theory (incompressible) 

o 2D building blocks; learng to analyse aerofoil properties 

o Its extension to 3D 

- Wind tunnel theory 

- Boundary layer theory 

o Estimate viscous drag 

- Aerofoil behaviour 

o Geometric properties 

- Compressibility effects 

- Intro to CFD 

o Terminology. Solutions. Pit falls, advantages 

Challenges: 
- incompressible aerodynamics is lots of maths 

- What we see mathematically is very simplified; and lost physical reality. 

 

Assignments : 
3 assignments (5,10,10) released weeks 1,5,10 (last is group) 

3 labs (5,`10 ,5) 

- Week 2/3 cylinder flow 

- Week 5/6 2D aerofoil flow 

- Week 10/11 3D flow 

o Reports due one week after lab session 

Weekly submission of exercise (5) 

Exam (50%) (need 40% in exam) 

 

Resources: 
- Anderson; fundementals of aerodynamics 

- Abbott: theory of wing sections 

- Kuethe; foundations of aerodyanamics 

- Bertin; aerodynamics for engineers 

- Doug’s aerodynamics for students 
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Current assignment: 
- Page limit 

- 2 parts 

o Part A: requies you to solve a problem (which aerofoil to use) 

- Part B 

o Research and literature survey 

- Submission 2PM Thursday week 4 

- Intermediate submission with penalty applied (week 2 and 3) 

Lecture 2. Thursday, 28 July 2016 

 

Assignment: just assume unitary span; only have lift and weight forces 
𝐿

𝑢𝑛𝑖𝑡 𝑠𝑝𝑎𝑛
=

1

2
𝜌𝑈2(𝑐ℎ𝑜𝑟𝑑)𝐶𝐿 

 

 

Aerofoil features 

Air mach numbers 
Subsonic 𝑀 < 1 

Supersonic 𝑀 > 1 

Sonic 𝑀 = 1 

Hypersonic 𝑀 > 5 

Transonic 0.75 < 𝑀 < 1.2 

Introduction: 
- Most important phenomenon in a wind tunnel studied is flow around wing 

- Several major improvements in aircraft aerodynamics have resulted from the study of new 

forms of wing sections 

o (make sure you know temp and pressure for wind tunnel experiments) 

Wing section: 
Wing section is a 2D cut out of a wing. 

- Its shape is crucial to the aerodynamic performance of the wing 

o Lift curve; 
𝑑𝑐𝑙

𝑑𝛼
= 2𝜋  (need to remember this idealisation) 

o Drag curve 

o Moment curve;  
𝑑𝑐𝑙

𝑑𝛼
= 1.8𝜋 (1 + 0.8

𝑡max

𝑐
) 
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𝛼 is the angle of attack 

2D flow uses lower case 𝑐𝑙 , 𝑐𝑑; 3D flow upper case 𝐶𝐿; 𝐶𝐷 

Why Aerofoils work 
Bernoulli: longer travel time on top surface (incorrect) 

Newton: air hitting lower surface of wing and reaction force ; assuming that 𝛼 is important to 

Newton: 

1. In order for the aerofoil to go up, air must go down (true) 

2. So angle of attack is important (top plays no part) (half true) 

Bernoulli: 

1. Air is redirected up on top of wing (true) 

2. Air travels further on top (true; not relevant) 

3. Air must come back to meet bottom surface at same time (FALSE) 

4. Therefore air on top is faster (true, not for given reason) 

5. By Bernoulli’s equation, faster air on top exerts less pressure (true, not for given reason) 

 

Reality: 

Need both to explain 

Air is forced down (downwasg) due to a speeding up of air on the top of the wing; (Bernoulli effect 

phenomenon) 

The effect is so pronounced that air passing over the wing passes around wing faster that those on 

bottom. 

- Calculation shows that positive pressure on the bottom of wing is insufficient for the entire 

explanation 

- It is negative pressure on top of the wing which accounts for most lift 

 

Downwash is strongest near body of plane and weakest at wingtips. Effect produces vortices in the 

downwash. 
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Boundary layer 

Most of flow field does not be effected by wing; 

Only thin boundary layer; if we assume boundary layer is not there we can get a reasonable 

approximation of lift, but drag is non existent (as no viscosity) 

𝐶𝐷 = 𝐶𝐷0
+ 𝑘𝐶𝐿

2 

 

Wing section types: 
Different section types fro different applications; the correct type must be chosen, and is then used 

to create wing’s geometry 
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Modern airlines have aerofoil changing from the root to the tip. 

 

𝑅𝑒 =
𝜌𝑈𝑐

𝜇
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Aerofoil with camber 
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Types of camber 

Zero camber (symmetric) 

Positive camber (lift up) 

Negative camber (lift down) 

 

 

Thickness distribution 

𝑥𝑢 = 𝑥 − 𝑦𝑡 sin𝜃 

𝑦𝑢 = 𝑦𝑐 + 𝑦𝑡 cos 𝜃 

𝑥𝑙 = 𝑥 + 𝑦𝑡 sin𝜃 

𝑦𝑙 = 𝑦𝑐 − 𝑦𝑡 sin𝜃 
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General aerofoil specifications: 

Low speed 

Hobby aircraft, UAV 

Less than 500000𝑅𝑒 

Selif, Lissaman famous 

Subsonic: 

Large leading edge nose radius 

Performance invariant to small AoA change 

No major drag sacrifice 

Max mach 0.75/0.8 

Transonic 

Maximisation of drag divergence mach number 
𝑑𝐶𝑑

𝑑𝑀
= 0.1 

Supersonic 

1 < 𝑀 < 5 mach number 

Reduce wave drag 

Small thickness (3.36% for F104) 

Natural laminar aerofoil: (First used in P51) 

- Lower skin drag 

- Minimum pressure point as far downstream as possible 

- Manage pressure gradient 

- External disturbances (Tollmien-Schlichting waves (instability)) 

Multi element 

- High lift→ increased weight→ increased cost 

- Single, double and triple element (each increasing in weight and cost) 

- But about 0.1 increase in 𝑐𝑙  is roughly 1° less in angle in approach, so we don’t need as big a 

landing gear 

Morphing 

- Change shape 

- Alternative to multi element 

NACA Aerofoil  

NACA 4 series:  

- Ground breaking as it parametrised the aerofoil 

The geometry equation is: 

𝑦𝑡 = 𝑎0√𝑥 − 𝑎1𝑥 − 𝑎2𝑥
2 + 𝑎3𝑥

3 − 𝑎4𝑥
4 

- The square root helps with the leading edge nose radius: 
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𝑅𝐿𝐸 =

[1 + (
𝑑𝑡
𝑑𝑥

)
2

]

3
2

𝑑2𝑡
𝑑𝑥2

≈ 1.1019𝑡max
2  

NACA2412; max camber = 2%; location from leading edge=
4

10
; maximum thickness 𝑡 = 12% 

- Issues with camber line, extreme values of camber, extreme forward camber locations 

 

NACA 5 series: 

NACA 23012 last 2 digits are thichness as a percentage of the chord. The others are parametrised as 

coefficients 

𝑦𝐶 =Ⓒ((

𝑘1

6
(𝑥3 − 3𝑚𝑥2 + 𝑚2(3 − 𝑚)𝑥)

𝑘1𝑚
3

6
(1 − 𝑥)

) 

NACA 6 series: 

NACA 662-215 

- 1st digit indicated 6 series 

- 2nd is the chordwise position of the minimum pressure in 1/10 of the chord for symmetrical 

aerofoil at 𝑐𝑙 = 0 

 

Effects of wing section: 
= angle of zero lift 

- Lift curve slope 

- Max lift 

- Angle of max lift 

- Moment around the ¼ 

 

 

Tute 1 
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Writing reports 
- Simplicity and clarity 

- Write a few drafts 

Lab report Components: 
- Abstract 

- Introduction 

- Methods 

- Results 

- Discussion 

- Conclusion 

 

Structure 
Title page 

Abstract/summary 

Intro 

Methodology 

Findings/results 

Analysis 

Summary/conclusion 

References  

Appendices  

 

- Write shorthand to sound scientific/objective 

- Facts and details rather than analysis 

- Imply analysis and reasoning without making argument explicit 

- Assume reader will read meaning into text 

- Good usage, spelling, grammar and punctuation 

Components: 
Intro: background/objectives, scope and limits, previous work/research; important background 

information, research aims, (how does lab fit in with body of work) 

Method: procedure/material 

Results: data, tables, figures, calculations 

Discussion: link to intro, interpretation, alternative explanations 

Conclusion: summary main point 

References: sources 
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Where to start: 

Start with data, not intro 

How to display the data to be meaningful and concise 

Trends in figures 

Connect results analysis to theory 

 

Theory: 

- Which research question did you set out to answer 

- Expected answer or assumptions 

o Hypothesis 

o Designed to prove 

Methods: 

- Accurate and complete account of method 

Results 

- Present data 

- State in verbal as well as visual 

- Draw attention to key points 

- Number/title tables/graphs 

- Appendix for raw data or complex calculations 

 

Conclusion: 

- Short and to the point 

- State what you know 

- No new information should be disclosed 

- Tie into the introduction 

 

Cover page: 

- Neat and clean 

- Typed 

- Make a good impression 

- Include 

o Title of lab 

o Name, SID; lab parternes 

o Date 

 

Technical writing language: 

- Impersonal; avoid first person 
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Common mistakes 

- Don’t rewrite lab sheet 

o There are many plotters which do a better job 

o If using matlab, don’t put a grey background 

- Don’t use default excel style plots (find better ones) 

- Write meaningful figure captions 

- Computer spell checks can’t recognise gibberish 

- Don’t print table and graph. Graph has information, put table in the appendix 

- Negative drag is not a thing‼! 

- Incorrect referencing: reference has to appear in the text otherwise it’s a bibliography 

- Error analysis (should contain error analysis) 

o Sources of errors not listed (realistic errors) 

o Error bars in results (X and Y) 

- Plots 

o Include units, labels 

o Make possible to read 

o Discrete points 

o How to connect the points  

- No referencing of figures/tables in text 

- Don’t see “as seen in figure below”, say “in figure 3” 

- Reference figures/data from external sights (or it’s plagiarism) 

- Comparison to literature 

o Not evident 

o Severely lacking 

o Not mentioning who comparing with 

- Work on english 

Lecture 3. Tuesday, 2 August 2016 

𝐿 =
1

2
𝜌𝑈2𝑆𝐶𝑙 = 𝜌𝑈Γ 

Aerofoils (again) 

Leading edge nose radius 

- Small leading edge radius has sharp stall break 

- Large leading edge radius has gentle stall break 

Stall 
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Increasing angle of attack too much creates separation; so not enough lift created (stall) 

Factors that contribute to stall 
As angle of attack increases the stagnation point moves further down on the forward part of the 

aerofoil; making a longer effective upper surface 

- This creates friction that increases with travel distance 

- Pressure gradient (pressure change) 

o Decrease in pressure from leading edge, which decreases with distance 

o This decreasing pressure tends to induce the flow to move along the surface, 

promoting the flow direction we want (favourable pressure gradient) 

 

 

Beyond this peak in negative pressure we find a reversal 

As angle of attack increases the centre of pressure moves forward and unfavourable pressure 

gradient becomes longer and steeper 

 

- Eventually, the combined effect of the unfavourable pressure gradient and the surface 

friction becomes greater than the energy available in the airflow 

- With not flow over top surface, there is no mechanicsm to reduce pressure and lift 

decreases 

o Lift does not go to zero; just a big drag penalty 

 

accelerating decelerating 
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Reducing stall abruptness: 
- Roundess of leading edge acts as a barrier to flow at high angle of attack 

- Stall stripes 

Leading edge stall 
Linear increase in cl until stall • At α just below 15º streamlines are highly curved (large lift) and still 

attached to upper surface of aerofoil • At α just above 15º massive flow-field separation occurs over 

top surface of aerofoil → significant loss of lift • Called Leading Edge Stall • Characteristic of 

relatively thin aerofoils with thickness between about 10 and 16 percent chord 
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Trailing edge stall 

 

• Progressive and gradual movement of separation from trailing edge toward leading edge as α is 

increased 

Thin aerofoil stall 

- Flow separates even at very small 𝛼 

- Initially small regions of flow separate to form separation bubble 

- As increased reattachment point moves further downstream until total separation 

 

 

Bubble increases the camber; which changes the Cl alpha curve 
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Surface oil visualisation 

 

Lecture 4. Thursday, 4 August 2016 

Selecting an aerofoil 
- Highest maximum lift coefficient 

- Proper ideal or design lift coefficient 

- Lowest 𝑐𝑑 

- Highesft L/D ratio 

- Highest lift curve slope 

- Lowest pitching moment coeff 

- Proper stall quality 

- Can be structurally reinforced 

- Must be able to be manufactures 

- Cost 
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- Other design requirements 

- Integration of aerofoils along span 

Maximising lift 
- 2 parameters critical and both dictated by pressure distribution 

o Boundary layer separation 

o Onset of supersonic flow 

- Upper surface is most critical 

- Try and achieve constant pressure across top surface 

- Reduce shock strength and wave drag 

 

Increasing lift 

𝐿 =
1

2
𝜌𝑈2𝑆

𝑑𝐶𝐿

𝑑𝛼
𝛼 

Take off and landing needs to be augmented 

 

- We have the ability to change 𝑈 and 𝑆 
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High lift devices 
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Common ones are 

- Simple flap 

o Increase camber and angle  

- Fowler flap 

o Increase camber, angle of incidence and wing area 

- Nose flap 

o Increase camber 

 

Slats 

Reduce velocity over upper side of main wing and increases on the lower side 

- Severity of adverse pressure gradient reduced 

- Lower pressure on upper side is offset by higher pressure on lower side 

Flaps 

Increase velocity over both surfaces 

- Increase speed help again negative pressure gradient 

- Effective angle of attack is increased 

- Extra circulation created for kutta condition 
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Supercritical aerofoils 
Slotted 

- Reenergise the BL 

- Negative camber ahead of slot 

- Large amount of positive camber after slot 

- Increase in skin friction 

- Extremely sensitive to sape 

 

 

- Keeps flow constant over upper surface to avoid negative pressure gradient 

- Reduce shock strength 

- Delay drag rise 
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Standard vs supercritical aerofoil 
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In supersonic flow, there can also be internal shockwaves inside the flow 
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Effect of thickness at trailing edge 

 

 

Naviar Stokes and Potential Flow theory 

Equations of motion: Naviar stokes equation 
 

- Most complete model of flow in a continuum is NS 

- Only a model 

- Represents 3 conservations law: mass, momentum and energy 

- There are models starting from the Boltzmann equation 

Derivation: 
Look at infitesimal fluid element; with velocity 𝑢, 𝑣, 𝑤 and length 𝑑𝑥, 𝑑𝑦, 𝑑𝑧 

 

Mass (continuity): 
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- Net mass flow rate is rate of change of mas per time 

Momentum: 

- Rate of increase in momentum + rate at which momentum leaves = body forces+pressure 

force+viscous force 

Energy: 

- Rate of change of energy = flux of heat +rate of work 

Stress tensor: 

 

Continuity equation 
𝜕𝜌

𝜕𝑡
+ ∇ ⋅ (ρV⃗⃗ ) = 0 

Naviar stokes equation 
Tensor notation: 

𝜌
𝐷𝑢𝑖

𝐷𝑡
= −

𝜕𝜌

𝜕𝑥𝑖
+ 𝜇

𝜕2𝑢𝑖

𝜕𝑥𝑖
2  

Vector notation: 

𝜌 (
𝜕𝑢⃗ 

𝜕𝑡
+

1

2
∇𝑢⃗ ∙ 𝑢⃗ + (∇ × 𝑢⃗ ) × 𝑢⃗ ) = −∇𝑝 + 𝜇∇2𝑢 

Matrix notaiotn: 

𝜌 (
𝜕𝑢⃗ 

𝜕𝑡
+ ∇𝑇𝑢⃗ 𝑢⃗ 𝑇) = −∇𝑝 + 𝜇∇2𝒖⃗⃗  

Comments: 

- Most compete form of airflow equation although turbulence not explicity defined 

- Explicit definition of turbulence further complicates the equation by introducing new 

unkowns, the Reynolds stressed 

- The most famous models for turbulence are the 𝑘𝜔; 𝑘𝜖 and wall model 

- No explicit solution 

- Equations are: unsteady, non linear, viscous, compressimble (nonliearity is big problem) 
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Constant viscosity equations: Incompressible Steady euler equations 

Incompressible: ∇ ∙ 𝑢 = 0;  steady: 
𝜕

𝜕𝑡
= 0 

𝜇 constant assumption 

 

𝒖 ∙ 𝛁𝒖 = −
1

ρ
𝛁𝐩 

∇ ∙ 𝒖 = 0 

- Easier to solve than naviar stokes; but still requires numerical methods (eg finite difference). 

Very few analytical solutions (and only for specific cases) 

 

Flow rotation 

Without viscocity; we can’t apply shear to a little section, so infinitesimal section is irrotational 

 

Irrotational flow 

𝛁 × 𝒖⃗⃗ = 𝟎 

- Some flows can be idealised as irrotational 

- In general, attaches, incompressible, inviscid flow is also irrotational 

- The curl of the velocity is zero 

 

 

Potential flow 
Irrotationality leads to the simultaneous equations: 

𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
= 0 
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 Aircraft Components
 Material use in Airframe Construction
 Example of Material use in Airframe Construction
 Fuselage Structure

- Truss Type
- Pratt Truss
- Warren Truss

- Monocoque
- Semi-Monocoque

 Basic Structure Member Terms

 Wing Structure
 Empennage Structure
 Power Plant

- Wing Pod Mount
-Fuselage Mount

 Landing Gear Structure
4



5



A. Fuselage

B. Wings

C. Empenage or Tail

D. Power Plant

E. Landing Gear or 

Undercarriage

Aircraft Components

6



Propeller

Landing Gear

Wing

Left Aileron

Fuselage

Empennage

Nacelle

Right Aileron

Wing
Horizontal 

Stabilizer

Vertical 
Stabilizer

Rudder

Elevator
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• Main body of airplane

• Pilot & cargo compartments

• Generally constructed in two or more sections

• Carries accessories and other equipments

• Includes numerous access doors, inspection plates, landing 

wheel wells, and other openings

Fuselage
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• Airfoils attached to each side of the fuselage

• Main lifting surfaces

• Various design size and shape

• May be attached at the top, middle, or lower portion of the 

 fuselage 

 High-wing

 mid-wing

 low-wing

• The number of wings can also vary

 Monoplanes

 biplanes

WING
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• Know as tail section

• Consist of 

– Vertical Stabilizer

– Rudder

– Horizontal Stabilizer

– Elevators

Empennage
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Power Plant
A unit or machine that converts chemical energy contains in the

fuel to thrust force. Thrust force is essential for moving the

airplane forward and producing lift force. With the piston engine,

the propeller is used to convert torque at engine shaft to be

thrust. With the jet engine, the jet engine output is the thrust

force.
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• Located underneath of the

fuselage with shock strut 

• Fixed / Retractable

• Provides means of landing taxiing

• Tri- cycle –Conventional type

• Floating gear for seaplane /ski-

equipped for ice surface landing etc..

Landing Gear
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Material use in Airframe Construction 

Airframe Materials Properties

- High Strength to Weight ratio

- Light weight

- Corrosion Resistant 

- Should be non flammable

- High quality

13



• WOOD (Spruce)

• STEEL & ITS ALLOYS (Strong )

• ALUMINIUM & ITS ALLOY (Commonly use)

• TITANIUM ALLOYS (Heat Barriers)

• MAGNESIUM ALLOYS (3 times lighter than AL)

• PLASTICS & COMPOSITE MATERIAL

Example of Material use in Airframe Construction

14



Fuselage Structure

BASIC STRUCTURE TYPES

TRUSS TYPE

- PRATT TRUSS

- WARREN TRUSS

MONOCOQUE

SEMI-MONOCOQUE

15



TRUSS TYPE

Most early aircraft used  this  technique  with  wood  and wire 

trusses and this type of  structure  is  still  in  use  in  many 

lightweight aircraft using welded steel tube  trusses.  The  truss type 

fuselage frame is assembled with members forming a rigid frame e.g. 

beams,  bar,  tube  etc…   Primary  members  of  the truss are 4 

longerons. There are two types of truss structure.

- PRATT TRUSS

- WARREN TRUSS

16
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PRATT TRUSS

• Early days

• Wooden or metal  structure  

• Great weight

• Difficult to streamline

• Box with tubular longerons + 

vertical members

Diagonal members of 
tubing or solid rods

17



• Longerons + only Diagonal Members

• Force transfer to every others structure

• Capable to carry tension + compression

• Reduce amount of webs work

• More space , strength , rigidity

• Better  streamline

WARREN TRUSS

18



Warren Truss Structure of an airplane

Four longerons

Stringers
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MONOCOQUE 

In this method, the exterior surface of the fuselage is also the 

primary structure. A typical early form  of  this  was built using 

molded plywood. 

A later    form   of    this  

structure uses fiberglass 

cloth  impregnated   with  

polyester or epoxy resin, 

instead  of  plywood,  as 

the skin.
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SEMI-MONOCOQUE

This is the preferred method of constructing an all-

aluminum fuselage. First, a series of frames in the shape of the

fuselage cross sections are held in position on a rigid fixture, or

jig. These frames are then joined with lightweight longitudinal

elements called stringers. These are in turn covered with a skin

of sheet aluminum, attached by riveting or by bonding with special

adhesives. Most modern large aircraft are built using this

technique, but use several large sections constructed in this

fashion which are then joined with fasteners to form the

complete fuselage.
21



Semi-monocoque Structure of an airplane
22



Semi-monocoque Structure of an airplane
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Basic Structure Member Terms

Vertical Members

• Formers

• Frame 

• Ring 

• Bulkhead

Longitudinal Members

• Longerons

• Stringers

24



Wing Structure

Many high-wing airplanes have external braces, or wing struts,

which transmit the flight and landing loads through the struts to the

main fuselage structure. Since the wing struts are usually attached

approximately halfway out on the wing, this type of wing structure

is called semi-cantilever. A few high-wing and most low-wing

airplanes have a full cantilever wing designed to carry the loads

without external struts. The principal structural parts of the wing

are spars, ribs, and stringers. These are reinforced by trusses, I-

beams, tubing, or other devices, including the skin. The wing

ribs determine the shape and thickness of the wing (airfoil).

25



Wing Structure of an airplane
26



Empennage Structure

The correct name for the tail section of an airplane is

empennage. The empennage includes the entire tail group,

consisting of fixed surfaces such as the vertical stabilizer and the

horizontal stabilizer. The movable surfaces include the rudder, the

elevator, and one or more trim tabs. A second type of

empennage design does not require an elevator. Instead, it

incorporates a one-piece horizontal stabilizer that pivots from a

central hinge point. This type of design is called a stabilator, and is

moved using the control stick, just as you would the elevator.

27



Empennage of an airplane
28



Empennage Structure of an airplane
29



Empennage Structure of an airplane

Spar

Ribs
Stringers

Skin

Spar

Stringers

Stabilator
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The landing gear is the principle support of the airplane when

parked, taxiing, taking off, or when landing. The most common type

of landing gear consists of wheels, but airplanes can also be

equipped with floats for water operations, or skis for landing on

snow. The landing gear consists of three wheels — two main

wheels and a third wheel positioned either at the front or rear of the

airplane. Landing gear employing a rearmounted wheel is called

conventional landing gear.

Landing Gear Structure
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Airplanes with conventional landing gear are sometimes

referred to as tail wheel airplanes. When the third wheel is

located on the nose, it is called nose wheel, and the design is

referred to as a tricycle gear. A steerable nose wheel or tail

wheel permits the airplane to be controlled throughout all

operations while on the ground.

Landing Gear Structure

32
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•The power plant usually includes both the engine and the

propeller. The primary function of the engine is to provide the

power to turn the propeller.

• It also generates electrical power, provides a vacuum source for

some flight instruments, and in most single-engine airplanes,

provides a source of heat for the pilot and passengers. The

engine is covered by a cowling, or in the case of some airplanes,

surrounded by a nacelle.

•The purpose of the cowling or nacelle is to streamline the flow of

air around the engine and to help cool the engine by ducting

air around the cylinders.

Power Plant
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Wing Pod Mount

– Commonly use on commercial airplane since

fuel is carry on wing

– Less noise

– CL max is not as good as fuselage mount

– Yawing moment effect

– Ground clearance limitation higher gear strut

35



• Clean wing ,high CL Max , shorter take off.

• No ground clearance limitation

• Less yawing effect

• Weight penalty Aft Cg. and load distribution

• Cabin Noise and Vibration

Fuselage Mount

36



Historical progress of aircraft 
structures. Structural layout and 

design models



HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

Flyer 1903, Wright brothers, USA
Take-off mass 283 kg, wingspan 12 m

1903-1920. Frame structures, unstressed skin
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

Ilya Muromets, Russian Empire, 1913
Take-off mass 7 000 kg, wingspan 31.1 m

1903-1920. Frame structures, unstressed skin

39



HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

Piper J-3 Cub, 1938
still in service

Frame airplane structures used nowadays
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

41

Steen Skybolt, 1970
aerobatic biplane

Frame airplane structures used nowadays
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

1920-1930. Monoplanes and corrugated skin introduced

Tupolev TB-3, Soviet Union, 1932
Take-off mass 19 500 kg, wingspan 39.5 m
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

KhAI-1, Soviet Union, 1932
Take-off mass 2 600, max. speed 324 km/h

1920-1930. Monoplanes and corrugated skin introduced
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

1930-1940. Aluminium extensively used, stressed skin.
Method of reduction coefficients developed (1932).

Messerschmitt Bf.109, Germany, 1935
Take-off mass 3 375 kg,
max. speed 720 km/h
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

1940-1950. Sweptback wings, thick stressed skin, thin-walled 
beam structure.

Mikoyan-Gurevich MiG-15, Soviet Union, 1949
Take-off mass 4 917 kg, wingspan 10 m 45



HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

Mikoyan-Gurevich MiG-21, Soviet Union, 1959
Take-off mass 10 100 kg, max.speed 2230 km/h

1950-1960. Triangle wings, specific passenger aircraft. Rise of 
fatigue, vibration and aeroelasticity problems
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

1950-1960. Triangle wings, specific passenger aircraft. Rise of 
fatigue, vibration and aeroelasticity problems

De Havilland DH.106 Comet, Great Britain, 1949
Take-off mass 73.5 ton, wingspan 35 m 47



HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

Antonov An-10, Soviet Union, 1957
Take-off mass 51 ton, wingspan 38 m

1950-1960. Triangle wings, specific passenger aircraft. Rise of 
fatigue, vibration and aeroelasticity problems
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

1960-1970. Variable sweep wings, new heat-resistant materials. 
Rise of passenger fleet. 

Mikoyan-Gurevich MiG-23, Soviet Union, 1967
Take-off mass 20 100 kg, max.speed 2500 km/h
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

1970-1980. Wide-body passenger aircraft

Boeing 747, USA, 1969
Take-off mass 340.2 ton, wingspan 59.6 m
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

1980-1990. Extra-large cargo aircraft

Antonov 124, USSR, 1982
Take-off mass 402 ton, payload 150 ton, 
wingspan 73.3 m
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HISTORICAL PROGRESS OF AIRCRAFT STRUCTURES

1990-nowadays. Wide use of new materials (composite 
materials, titanium alloys)

Boeing 787 Dreamliner, USA, 2009
Take-off mass 245 ton, wingspan 60 m
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GOALS AND OBJECTIVES

The goal of structural analysis is to get the efficient
structure and verify its fitness for use.

Structural analysis is the determination of the effects of
loads on physical structures and their components.

As a science, structural analysis covers principles and
methods of strength, rigidity and stability calculations.
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FLOWCHART OF STRUCTURAL ANALYSIS

Real object

Structural

layout

Design model

Only load-carrying structure

is kept

Assumptions and simplifications

are applied, loads are calculated

according to the problem

Results of

analysis

Implementation

on real object

This step is beyond the scope

of structural analysis

Structural analysis

54



FLOWCHART OF STRUCTURAL ANALYSIS

Real object

Structural

layout

Design model

Results of

analysis

Implementation

on real object
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FLOWCHART OF STRUCTURAL ANALYSIS

Real object

Structural

layout

Design model

Results of

analysis

Implementation

on real object
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FLOWCHART OF STRUCTURAL ANALYSIS

Real object

Structural

layout

Design model

Results of

analysis

Implementation

on real object

Depending on the kind of 

problem which is solved, the 

design model could be either as 

detailed as structural layout, or 

as generalized as below:
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METHODS OF STRUCTURAL ANALYSIS

Analytical methods Numerical methods

Best for designing 

calculations, suit for 

checking calculations with 

certain limitations

Best for checking 

calculations, practically 

effete for designing 

calculations

Solutions exist for partial 

cases (specific objects) 
Versatile and flexible

Need much work to be 

developed, but only 

simple software for 

application

Need expensive and 

complex software and 

hardware
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METHODS OF STRUCTURAL ANALYSIS

Analytical methods Numerical methods

Methods of Mechanics of 

Materials, methods for 

statically indeterminate 

structures (method of 

forces, method of 

displacements), beam 

theory, method of 

reduction coefficients etc.

Finite Element Method 

(FEM, best for solid 

mechanics),

Finite Difference Method 

(FDM),

Movable cellular 

automaton (MCA, best for 

fracture, crack 

propagation) etc.
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Structural arrangement of typical fighter aircraft
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Structural arrangement of typical transport aircraft
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Design, development and testing of Airplane
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Structural Indexes
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“Mix of two or more constituent materials with significantly different physical or 
chemical properties which remain separate and distinct on a macroscopic level 
within the finished structure” 

Reinforcement: 
  Particles (dispersion strengthened 

or large particles) 
  Fibers (discontinuous - short or 

continuous - aligned )  
  Structural (laminates and sandwich 

structures) 

Matrix: 
  Metal matrix composites (MMC) 
  Ceramic matrix composites (CMC) 
  Polymer matrix composites (PMC) 

When is a material considered to be a composite? 

Microstructural level (< 0,01 cm) to macrostructural (> 0,01 cm) 

Wood                 Concrete 

Hypoeutectoid steel               Reinforce concrete 

Austenitic stainless steel              Cement 

Cellophane                Reinforced plastic 

Paper 

1. CLASSIFICATION 

DEFINITION AND TYPES 

? 
Sophia A. Tsipas / Berna Serrano 
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Wood (lignin + celullose)    

Concrete (gravel + cement) 

Hypoeutectoid steel (ferrite + pearlite)   

Reinforced concrete (gravel + cement + steel) 

Austenitic stainless steel (grains =)   

Cement 

Cellophane (Multiple polymeric layers)   

Reinforced plastic (it doesn’t improve its properties) 

Paper  (only cellulose fibers) 

-  Composite material 
-  Limit of composite material  
-  Not a composite material 

DEFINITION AND TYPES 

Sophia A. Tsipas / Berna Serrano 
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Wood 

cellulose-filaments in a matrix of lignin and hemicellulose


growth rings form a layered composite


perpendicular to the growth rings are radially oriented 
ribbon-like structures : rays which provide a redial stiffening 
and reinforcement


COMPOSITES IN NATURE 

Abalone shell: 

CaCO3

+ 3% organic material

>3000* stronger than calcite


Oak wood 

pine wood 

Sea  shells


http://commons.wikimedia.org/wiki/File:Wood_structure_numbers.svg 
http://commons.wikimedia.org/wiki/File:Hard_Soft_Wood.jpg 

Sophia A. Tsipas / Berna Serrano 
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Properties to take into account for material design ⇒ 

  For ceramic and metallic component: Physical (thermal, electrical, 
optical…) and mechanical (stiffness, toughness, stress-strain 
behaviour…) 

  For plastic components: Physical and mechanical. Also the water 
absorption and transmission 

Different matrix, reinforcement and properties of CM 

Matrix Reinforcement material Properties 

Metal Metal fibers, ceramic, carbon, glass Electric resistance to temp.↑ 
thermal stability 

Ceramic Particles and metallic fibers and 
ceramics 

Chemical and thermal 
resistance to temp. ↑ 

Glass Glass and ceramic particles 
Mechanical strength and 

chemical resistance to temp.↑ 
thermal stability 

Organic Carbon, glass and organic fibers 

Mechanical  strength to high 
temp. chemical and electrical, 

and erosion resistance, 
flexibility and thermal stability 

CLASSES ACCORDING TO REINFORCEMENT AND MATRIX 

Sophia A. Tsipas / Berna Serrano 
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Structures, reinforcements, types and properties of composite 
materials 

6 

COMPOSITE MATERIALS 

Particle-reinforced Fiber-reinforced Structural 

Large- 
particle 

Dispersion 
strengthen 

Continuous 
(aligned) 

Discontinuous 
(short) 

Laminates Sandwich 
panels 

TYPE OF CONSTITUENTS 

aligned Randomly oriented 

Structure 

Reinforcement Composite material Properties 

Particles Particle-reinforced Isotropic  

Short  fibres Random  

Aligned 

Isotripic  

Anisotropic  

Continious fibers Aligned  continous fibres Anisotropic 

Laminates or 
layers 

laminates Anistotropic  

Sophia A. Tsipas / Berna Serrano 
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Schematic representation of several geometric and spatial characteristics of 
particles of the dispersed phase 

The composite material properties depend upon the properties of each of 
its phases, their relative proportions and their geometry 

TYPE OF CONSTITUENTS 

Sophia A. Tsipas / Berna Serrano 
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3. PARTICLE-REINFORCED COMPOSITE MATERIALS 

Particles: geometrical variety 
Factors that have an influence in physical an mechanical properties:  
 size, distribution and particle content   

 Advantages of particle reinforced composite materials 

 Low cost  

  High stiffness and strength (inorganic particles) 

  Wear resistance 

  Simpler manufacturing process 

  Mechanical properties depend on the reinforcement, manufacturing 

and subsequent treatments  

  Most used metallic matrixes are Al, Mg, Ti y Ni 

  Polymeric matrixes are reinforced to improve their mechanical 

strength and abrasion resistance 

General aspects of particle reinforce composites: 

Sophia A. Tsipas / Berna Serrano 



Dpt. Materials Sci. and Eng. and Chem. Eng.                  UC3M 

Topic 8. Composite materials (I) 

9 

TYPES OF PARTICLES 

Great variety of ceramic particles 

To select the appropriate reinforcement it should be taken into account: 

 Structural 

 High modulus 

 Low density 

 Particle shape (avoid corners) 

 Thermal: 

 Expansion coefficient and conductivity 

Properties of SiC and Al2O3 particles:  

Particle 

3. PARTICLE-REINFORCED COMPOSITE MATERIALS 

Sophia A. Tsipas / Berna Serrano 
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⇒  Dispersed  phase:  Particles  with  d=10-250  nm ⇒  Dislocation  movement  is 
blocked causing hardening (↑ hardness, ↑ E, ↑ σ).  

⇒  Continuous phase: Matrix is bearing the load 

System Application 
Ag-CdO Electrical connectors 
Al-Al2O3 Nuclear reactors 
Be-BeO Nuclear reactor and aerospace 
Co-ThO2,Y2O3 Magnetic materials resistant to yield 
Ni-20% Cr-ThO2 Turbojet components 
Pb-PbO Battery grid 
Pt-ThO2 Wires, electrical components 

Examples and applications of dispersion strengthened compounds 

3. PARTICLE-REINFORCED COMPOSITE MATERIALS 

Sophia A. Tsipas / Berna Serrano 
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3.2 Composite materials reinforced with large particles 

3. PARTICLE-REINFORCED COMPOSITE MATERIALS 

Sophia A. Tsipas / Berna Serrano 
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CERMETS (cemented carbides) Hard ceramic particles scattered in a metallic 
matrix 

Tungsten carbide particles, WC (hard, stiff, and ↑Tm)  scattered in metallic 
matrixes are used as cutting tools 

These composites are brittle ⇒ toughness improvement: it is combined with Co 
powder that when sintered acts as an adhesive for WC particles. 

ABRASIVE cutting and forming discs from alumina Al2O3, silicon carbide, SiC cubic boron 
nitride, BN. This particles are cemented in vitreous or polymeric matrixes 

CAST PARTICLE REINFORCED COMPOSITES Al casting with SiC particles for 
applications in the car industry (pistons and connecting rods) 

3. PARTICLE-REINFORCED COMPOSITE MATERIALS 

Sophia A. Tsipas / Berna Serrano 
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 CONCRETE 
It is a matrix of cement together with gravel or sand particles 

“It is a composite of particles held together by cement” 

There are two kinds of cement: Asphalt cement (for paving) and Portland cement (for 
building construction) 

PORTLAND CEMENT CONCRETE 

Ingredients: Fine aggregate Portland cement (sand), coarse aggregate (gravel) and water  
⇒ fine sand particles occupy the empty spaces between gravel particles. These 
aggregates are 60-80% of the total volume. 
⇒ The cement-water mixture must cover the sand and gravel particles. The final 
bonding cement-particles depends upon the quantity of water (insufficient water: 
incomplete bonding; excess water: porosity) 

PROBLEMS: low strength and extremely brittle; it dilates and contracts 
with temperature; cracks appear when it undergoes freezing-defreezing 
cycles. 

SOLUTION: Reinforcements REINFORCED CONCRETE (STEEL tubes, 
bars, wires or meshes in cement before curing) 

3. PARTICLE-REINFORCED COMPOSITE MATERIALS 

Sophia A. Tsipas / Berna Serrano 
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Maximum:  Minimum:  

Relationship between volume fraction and  E ⇒”Value of E constrained” 

Rule of mixtures: The properties of a composite material depend upon the relative quantities 
and properties of its constituents  
   PCM= Properties of the composite material;  
    f= volumetric fraction of each i (∑fi=1) 
    i= i-th component 

Particle-reinforced composite → Isotropic properties 

E: elastic modulus 
V: fraction of volume 
m: matrix 
p: reinforcement 
c: composite material 

3. RULE OF MIXTURES 

William D. Callister, Jr. ,Materials Science and 
Engineering: An Introduction, John Wiley & Sons, Inc. 

Sophia A. Tsipas / Berna Serrano 
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Examples: Particle Reinforced composite 

1 µm 

Carbon Black particle reinforcement in 
Styrene-Butadiene synthetic rubber for 
car tire application. 

WC–Co cemented carbide. Light 
areas are the cobalt matrix; dark 
regions, the particles 
of tungsten carbide x100.  

William D. Callister, Jr. ,Materials Science and Engineering: An Introduction, John Wiley & Sons, Inc. 

Sophia A. Tsipas / Berna Serrano 
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5. FIBER-REINFORCED COMPOSITE MATERIALS 

Sophia A. Tsipas / Berna Serrano 
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Continuous fibers 
(aligned) 

Short or discontinuous fibers (aligned 
or randomly scattered)  

Classification according to shape 

a) Continuous and aligned fibers 

b) Discontinuous and aligned 
fibers 

c) Discontinuous and randomly 
places fibers 

Longitudinal direction 

Transverse 

direction 

5. FIBER-REINFORCED COMPOSITE MATERIALS 

Sophia A. Tsipas / Berna Serrano 
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Glass Fibers 

5. FIBER-REINFORCED COMPOSITE MATERIALS 

http://commons.wikimedia.org/wiki/File:Glass_reinforced_plastic_SEM_Stereo_200x.JPG 

Composite material fiberglass 
reinforced polymeric matrix 
(stereoscopic SEM  image of the 
fracture surface) 

Sophia A. Tsipas / Berna Serrano 
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5.1 TYPES OF FIBERS: Glass Fibers 

Used to reinforce plastic matrixes 

Composition: Base of SiO2 (50-70%) + Oxides Ca, Al, B, Na, Mg and K 

Properties:  non combustible,  good chemical,  biological  and thermal 

resistance (Tm↑,α↓), thermal insulator (K↓), electric insulator (σ↓), 

low expansion coefficient and low cost  

 Types and composition of different fiberglass: 

Material, % in weight 
Type of 
glass Silica Alumina Ca Oxide Magnesium B Oxide Na2CO3 Ca Fluoride Secondary 

Oxides 
E (1) 54 14 20,5 0,5 8 1 1 1 

A (2) 72 1 8 4 - 14 - 1 

ECR 61 11 22 3 - 0,6 - 2,4 

S (3) 64 25 - 10 - 0,3 - 0,7 

(1) Ca Aluminoborosilicate 
(2) Rich in alkali 
(3) Mg Aluminosilicate without B 

Sophia A. Tsipas / Berna Serrano 
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Fiberglass properties 
Type 

of 
glass 

ρrelative 

σtensile 
(MPa) E (GPa) α × 10-6 

(K) 

ε   
(a 20 ºC y 1 

MHz) 
Tm (ºC) For applications that require 

E 2,58 3450 72,5 5,0 6,3 1065 Good electrical properties and dimensional 
stability (circuit boards) 

A 2,50 3040 69,0 8,6 6,9 996 Chemical resistance 

ECR 2,62 3625 72,5 5,0 6,5 1204 Good electrical properties and chemical 
resistance 

S 2,48 4590 86,0 5,6 5,1 1454 Tensile strength and thermal stability 
(aerospace and aeronautic industries) 

•  The strength of these fibers is high but not extreme: there are limits in their application 
•  E glass is the cheapest and has the highest moisture resistance (polymeric matrixes) 
•  All the fibers are good insulators 

Common polymeric matrixes: 

Thermoplastics: Nylon 66, Polycarbonate y Polystyrene  

Thermoplastics: Epoxy, polyesters, phenolic, silicon 

5.1 TYPES OF FIBERS: Glass Fibers 

Sophia A. Tsipas / Berna Serrano 
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a)   Continuous fibers  
b)  Discontinuous 
c)   Woven fiber (for laminated structures) 

There are three possible configurations for fiberglass reinforced 
composite materials:  

5.1 TYPES OF FIBERS: Glass Fibers 

a. 

b. 

c. 

Sophia A. Tsipas / Berna Serrano 
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Advanced composites for aerospace and aeronautic fibers 

⇒ Very good thermal and physical properties (High electrical conductivity and high 
thermal conductivity). 

⇒  Carbon fibers in composites with plastic resins (i.e.: epoxy) good combination of 
high mechanical strength, stiffness and low weight →aerospace applications 

- Low cost: sport equipment manufacturing, industrial and commercial products 
(70’s ≈ 220 $/kg  and 80’s ≈ 9$/kg) 

⇒  Manufactured from organic precursors:  
 Rayon and isotropic tars (fibers E↓ , ≤ 50 GPa) 
 Polyacrylonitrile (PAN) and liquid crystal tar (E↑) (easier to orientate) 

1.  STABILIZATION  Stretching (200-300ºC): fibrillar network 
2.  CARBONIZATION 1000-1500ºC inert atmosphere ⇒ Removal O,H,N HT-CF 
3.  GRAPHITIZATION T>1800ºC. Degree of orientation increased: ↑E and strength: HM-CF 

5.1 TYPES OF FIBERS: Carbon fiber 

PAN fiber Stabilization 
at 200-220oC 

Carbonization at 
1000-1500oC 

Grafitization at 
1800oC 

High-strength 
carbon fiber 

High-modulus 
carbon fiber 

Sophia A. Tsipas / Berna Serrano 
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⇒ Kevlar polyamide (poly(paraphenylene terephthalamide )) 
⇒ The aromatic ring provides thermal stability 

⇒  E ↑↑ due to its configuration: rigid molecules are arrayed in ordered domains (liquid 
crystal polymer)→ during extrusion they are oriented in the direction of the flow 
⇒  Thermal  and  electrical  insulator,  ↓α,  high  impact  strength  and  ↓E (compared  to 
carbon) 

Properties of the three types of Kevlar 
Material ρ (g/cm3) Dwire (µm) σtensile(GPa) E (GPa) ε (%) 

Kevlar 29 1,44 12 3,6 83 4,0 
Kevlar 49 1,44 12 3,6-4,1 131 2,8 

Kevlar 149 1,47 12 3,4 186 2,0 

5.1 TYPES OF FIBERS: Aramid fiber 

http://commons.wikimedia.org/wiki/
File:Kevlar_chemical_structure_H-bonds.png 

Sophia A. Tsipas / Berna Serrano 
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Boron fibers 

Ceramic fibers: Mainly quartz (Al2O3, Si3N4,…) 

Manufactured through a vapor deposition of B over a core of W 

5.1 TYPES OF FIBERS: Boron and ceramics 

Sophia A. Tsipas / Berna Serrano 
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5.1 TYPES OF FIBERS 

Mechanical properties of the different fibers 

William F. Smith,  Foundations of Materials Science and Engineering, 3/e, McGraw-Hill  2004 

Sophia A. Tsipas / Berna Serrano 
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6. STRUCTURAL COMPOSITE MATERIALS 


   Formed by composite materials and homogeneous materials 

   Properties depend on the geometry of the structural elements 

 Types  → laminated composites 
  → sandwich structures 

Piling of layers or lamina of unidirectional composite material 

Laminar composite example: continuous and aligned fiber reinforced plastics 
with matrixes such as epoxy, polyester, PE, PA, PET… 

In  order  to  get  different  mechanical  properties  ⇒  layers  of  materials  with 
different properties are piled, or a different way of piling layers on top of each 
other. 

Sophia A. Tsipas / Berna Serrano 



Dpt. Materials Sci. and Eng. and Chem. Eng.                  UC3M 

Topic 8. Composite materials (I) 

27 

⇒ Orientation of fibers with respect to the lamina:  
 Usual fiber orientations: 0, 90, +/-45. By combining these orientations, the desired strength 

and stiffness is achieved. Plane isotropy can be achieved.  
 Fiber layers arranged in a way so that strength is maximized and weight is minimized.  

 Laminated composites must always 
be symmetric with respect to their 
middle plane, and the must also be 
balanced to avoid anomalous 
distortions in the structure 

 The strength and stiffness varies 
greatly with the orientation. 

 A piling of woven materials without 
any bonding does not have any 
structural use. Therefore a matrix is 
needed. 

 Exclusively unidirectional composites 
are never used. Piled lamina. The orientation of the direction with 

↑R changes in each of the layers 

Unidirectional 
Crossplied  

Quasi-isotropic 

Sophia A. Tsipas / Berna Serrano 
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2 external strong layers (face sheets) attached to a layer of less dense material 
(core) with low stiffness and low strength 

 Role of the face sheets they withstand most of the plane loads and transversal bending 
stresses 

 Face sheet material Al alloys, fiber-reinforced plastics, Ti, steel and plywood. 
 Core material separates both face sheets and resists deformations perpendicular to the 

face plane. Provide resistance to shear stress along the planes perpendicular to the face 
sheets 

 Core materials may have different 
and have different structures: polymer 
foams, synthetic rubber, inorganic 
cement and balsa wood 

 Typical core with honeycomb 
structure→ thin layers arranged in 
hexagonal cells. 

honeycomb panel used in aircraft  
http://commons.wikimedia.org/wiki/File:CompositeSandwich.png 

Sophia A. Tsipas / Berna Serrano 
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Applications of composites 

GLARE 

"GLAss-REinforced" Fibre Metal Laminate (FML), 

http://commons.wikimedia.org/wiki/File:LCA_Composites.jpg 

honeycomb panel 
used in aircraft  

Sophia A. Tsipas / Berna Serrano 
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Applications of composites 

Sophia A. Tsipas / Berna Serrano 
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1Aircraft and Engines.(Aero Engines)

CHAPTER: 1
PISTON ENGINE

PRINCIPLES OF OPERATION
A piston (or reciprocating) engine is a device for converting the heat energy of a fuel into mechanical energy, by internal
combustion. The principles which govern the relationship between pressure, temperature. and volume. in a gas are
stated in the laws of boyles' and Charles', and these principles are applicable to the operation of a piston engine.

In a piston engine, a fuel/air mixture is drawn or forced into a cylinder, compressed and ignited, thus increasing
temperature and pressure; acts on a piston and forces it down in the cylinder. The linear movement of the piston is
converted into rotary movement by the engine mechanism. Piston engines are designed to operate on a 2- stroke or
4- stroke cycle, but  since the vast majority of aircraft engines operate according to the latter, this chapter deals solely
with the 4 stroke or "otto" cycle which is named after in inventor (fig.1).

The movement of the piston from its highest to its lowest position in a cylinder is known as “stroke” and
corresponds to one half of a revolution of its crank shaft. Two upward and two downward strokes make up the complete

cycle, and purpose of each stroke is as follows:-

Induction Stroke
When the piston is at the top of its stroke, an inlet valve in the cylinder head is opened, and as the piston travels down
to the bottom of its stroke, the combustible mixture of fuel and air is drawn into the cylinder. The valve closes when
a piston reaches the bottom of the stroke.

Compression Stroke
As the piston travels up to the top of its stroke both the inlet valves and the exhaust valve are closed and the
combustible gas is compressed in the cylinder.

Power Stroke
As the piston commences its second downward stroke the combustible mixture is electrically ignited (by means of
a magneto and sparking plug) and gas expands thus building up pressure and forcing the piston down.

Exhaust Stroke
The exhaust valve in the cylinder head now opens, and as the piston continue its second upward stroke the burnt
gases are forced out through the exhaust port to atmosphere. At the completion of this stroke exhaust valve is closed.

The theoretical 4- stroke cycle is very inefficient, for several reasons and must be modified, to produce acceptable
power. The main factors which necessitate these modifications are inertia of the gases, burning rate of fuel/air mixture

Fig. 1.Operation Of Four Stroke Cycle.



2 L.N.V.M. Society Group of Institutes, Palam Extn., Part-1, Sec-7, Dwarka, New Delhi-45.

and the ineffective crank angle, the last being de-
fined as angular position of the crank shaft when, for
large angular movement of the crankshaft at both
ends of the stroke; the linear movement of the piston
is small. Ideally best power will be produced by
varying the valve timing (i.e. the times at which the
valves open and close in relation to the crankshaft
position) according to the rotational speed of the
engine, but the mechanism necessary would result
in such increased weight and complication that the
valves of an a/c engine are usually timed to provide
the greatest efficiency at cruising speed. The actual
timing of the valves on a particular engine is often
illustrated in the form of a dig known as valve timing
Dig. shown in fig 2. The terms Top Dead Centre
(T.D.C.) and Bottom Dead Centre (B.D.C.) are used
to define the positions of the crankshaft when
piston is exactly at the top or bottom of its stroke
respectively.

  For the induction stroke, the opening of the inlet
valve is initiated  before T.D.C. to ensure that it is
partially open when the piston commences its down-
ward stroke, so reducing the lag between the piston
and the gases.

The inlet valve closes after B.D.C. to take advan-
tage of the inertia of the incoming, gases and fill the cylinder as completely as possible. Movement of the piston for
a short period after B.D.C. is in sufficient to oppose the incoming gases before the valve closes.

Although the fuel/air mixture burns quickly, combustion is not instantaneous. The ignition is therefore arranged
to occur before T.D.C. at the end of the compression stroke, so that maximum pressure is achieved shortly after T.D.C.
on the power stroke.

The exhaust valve opens before B.D.C. on the power stroke when most of the expansion due to combustion has
taken place, and further useful work is limited by the ineffective crank angle residual gas pressure initiates scavenging
of the burnt gases through the exhaust port.

The exhaust valve closes after T.D.C. to make use of the inertia of the outgoing gases to completely scavenge the
cylinder and to assist in over coming the inertia of the incoming gases.

The number of degrees of crankshaft movement by which valve opening precedes B.D.C. or T.D.C. is known as
“valve lead”, and the number of degrees of crankshaft movement by which valve opening follows BDC or TDC is known
as “Valve lag”. The period when both inlet and outlet valve are open together is known as Valve Over Lap.

ENGINE LAYOUT
There are different arrangement of cylinders according to the requirements. Air cooled in line horizontally opposed
and radial engines, are all widely used on civil a/c because of their general reliability and economy. Liquid cooled, Vee-
engines were widely used on military a/c because of their high power output and low frontal area but are rarely found
on civil a/c.

Radial Engine
A radial engine has an odd no of cylinders usually not more than nine arranged radially around the crank case. If greater
power is required, two banks of cylinders are used, each cylinder in the rear row being located midway between two
front row cylinders to ensure adequate cooling. The crankshaft of the radial engine has only one throw for each bank
of cylinders, and all the connecting rods are attached to the single crankpin via a master rod. This fact also dictates

the firing order of the engine. On a seven cylinder engine a firing stroke is required every (360 x 2/7)0 = 
0)

7

6
102(

7

3
51

of crankshaft movement, and since the angle between cylinders is

0

7

3
51 







 the firing order can only be alternate

cylinders in the direction of rotation i.e. 1,3,5,7,2,4,6. To balance the heavy mass of the master rod assembly, counter
weight and fitted to the crankshaft, and it is also usual to fit vibration dampers to minimize the effects of any residual
vibration. On engine with two banks of cylinders, the crankshaft throws are arranged at 1800 to each other.

(a) Except for sleeve valve engines, the valves are operated by a cam drum which is concentric with and driven
by the crankshaft. The cam drum has two rows of cams, one for the inlet valves and one for the exhaust valves. On
seven cylinder and nine cylinder engines , there are four equally spaced cams in each row, and the drum rotates at
1/8 engine speed ; on three cylinders and five cylinder engines, two equally spaced cams on each row, with the drum
rotating at 1/4 engine speed would be suitable.

Fig. 2.Valve Timing Diagram.
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Fig.3.  Engine Cylinder Arrangements.

(A ) F O U R C Y L IN D E R IN V E R T E D IN - L IN E (B ) S IX C YL IN D E R IN V E R T E D IN -L IN E

(C ) F O U R C Y L IN D E R H O R IZ O N TA L LY -O P P O S E D (D ) S IX C YL IN D E R H O R IZ O N TA L LY -O P P O S E D

(E ) S E V E N C Y L IN D E R R A D IA L (F ) V - T Y PE E N G IN E
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(b) Taking a seven cylinder radial engine as example, when the inlet valve on No.1 cylinder is open, the next inlet
valve to open is on No 3 cylinder ( Since this is the next cylinder in the firing order ).The cams are 900 apart and the
drum must therefore rotate through an angle of (12 x  6/7)0  [the angle between No1 & No.3 cylinder is (102 6/7)0] in
the direction of rotation to open the required value on No.3 cylinder speed of rotation of the cam  drum must be

8

1

7

6
102

7

6
12 =÷   engine speed ( operation of cam drum on seven cylinder engine is shown in fig.4) On nine cylinder

engine the spacing of the cylinders is at 400 and successive valves open at every  800  of crankshaft movement. Since
the cams are 900 apart, the cam drum must rotate in the opposite direction of rotation to the crankshaft, but still at 1/
8 engine speed [(90-80]/80] =1/8

In-Line Engine
In line engines usually have four or six cylinders arranged in an upright or inverted row along the crankcase it is not
usual to have more than six cylinders, because of the difficulty of cooling the rear cylinders and the length of the
crankshaft which would be required. In a four cylinder engine, four power strokes occur every two revolutions of the
crankshaft, and must be evenly spaced to provide smooth running with the firing order of 1,3,4,2 or 1,2,4,3. The camshaft
which is a shaft having a cam for each valve in the engine, would be driven from the crankshaft at half engine speed
and would operate the valves by means of push rods, and rockers. Each of the eight cams (two to each cylinders) would
be located on the cam shaft to open and close an inlet or exhaust valve in relation to the particular firing order and
valve timing prescribed for that engine. If the engine had six cylinders, there would be six power strokes every two
revolutions of the crankshaft and a cylinder would have to fire every 1200 of the crankshaft movement. This would
necessitate a crankshaft with throws (i.e. the offset portions of the crankshaft containing the crankpins) arranged
accordingly.  Suitably arranged cams would be provided. On the camshaft, which would still be driven at half the engine
speed. The firing orders of six cylinder engine is generally 1,4,2,6,3,5 but a different order could be used and the
crankshaft would be arranged differently.

Horizontally Opposed Engines
The cylinders of a horizontally opposed engine (usually four or six) are arranged in horizontal banks on opposite sides
of crankcase. Most engines have individual connecting rods operating on separate crankpins, thus the cylinders are
staggered as shown in fig.3(c). A single camshaft is located either above or below the crankshaft, and is driven at half
engine speed to operate the valves in both banks of cylinders. On some engines the inlet valve cams are shared by
opposite cylinders, so that the camshaft of six cylinder engine may have a total of 9 cams, six separate exhaust cams
and three shared inlet cams. To minimize the length of the engine, a four cylinder engine may have three main
(crankshaft) bearing and a six cylinder engine may have four. Because six firing strokes occur every two revolutions
of crankshaft of a six cylinder engine, the throws of the crankshaft must be arranged at 1200  to each other. In the six
cylinder engine shown in fig.3(d) the firing order would normally be 1,4,5,2,3,6, but different firing orders would be
possible on engines with different crankshaft and cam arrangements.

V-Type
The V-type engine has the cylinders arranged on the crankcase in two rows or banks forming the letter V with an angle
between the banks of 90, 60 or 45 degrees. There is always an even number of cylinders in each row.

Since the two banks of cylinders are opposite each other, two sets of connecting rods can operate on same crankpin,
thereby reducing the weight as compared with the in-line engine. The frontal area is only slightly greater that of the
in-line type, here the engine cowling can be streamlined to reduce drag. If the cylinders are above the crankshaft the
engine is known as upright V-type, but if the cylinders are below the crankshaft, it is known as inverted V-type. Better
pilot visibility and a short 1/a are possible if the engine is inverted.

ENGINE CYCLE
Otto Cycle
Otto cycle is the standard cycle for internal combustion engine (spark ignition (SI)). The sequence of process in the
elementary operation of the S.I. engines is given below. With reference to fig. below where, the sketches of the engine
and indicator diagram are given :-
Process 1-2 :  Intake
The inlet valve is open, the piston moves to right admitting fuel-air mixture into the cylinder at constant pressure.
Process 2-3 :  Compression
Both the valves are closed, the piston compresses the combustion to the minimum volume.
Process 3-4 :  Combustion
The mixture is then ignited by means of a spark, combustion takes place and there is an increase in temperature and
pressure.
Process 4-5 : Expansion
The products of combustion do work on the piston which moves to the right and the pressure and temperature of gases
decrease.
Process 5-6 :  Blow down
The exhaust valve opens and the pressure drops to the initial pressure.
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Process 6-1 :  Exhaust
With the exhaust valve open, and the piston moves inwards to expel the combustion product from the cylinder at
constant pressure.

The series of processes as described above constitute a mechanical cycle, and not the thermodynamic cycle. The
cycle is completed in four strokes. Fig. below shows a standard cycle (otto cycle) corresponding to I.C. engine. It
consists of  two reversible adiabatic and two reversible isochores.

Air is compressed in process 1-2 reversibly and adiabatically. Heat is then added to air irreversibly at constant
volume in process 2-3. Work is done by air in expanding reversibly and adiabatically in process 3-4. Heat is then rejected

by air reversibly at constant volume in process 4-1, and the system (air) comes back to its initial state. Heat transfer
processes have been substituted for the combustion and blow down processes of the engine. The intake and exhaust

processes of the engine cancel each other.
Let m be the fixed mass of air undergoing the  cycle of operations as described above.
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 Substituting the value of equation (ii) in equation (i)
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where r
k
  is called the compression ratio and given by

r
k
 = Volume at the beginning of compression / Volume at the end of compression

r
k
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2
The efficiency of otto cycle is thus a function of the compression ratio only. The higher the compression ratio,

the higher the efficiency. It is independent of the temperature levels at which the cycle operates. The compression

Fig.4. (a) S.I. Engine  (b) Indicator Diagram.

Fig. 5.Otto Cycle.
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ratio cannot, be increased beyond a certain point, because of a noisy and destructive combustion phenomenon, known
as detonation. It also depends upon the fuel, the engine designs and operating conditions.

ENGINE EFFICIENCY
Mechanical Efficiency
The mechanical efficiency of an engine is measured by the ratio of the shaft output or brake horse power to the indicated
horse power or power developed in cylinders. e.g. if the ratio of the bhp to ihp is 9:10, then the mechanical efficiency
of the engines is 90%.  In determining the mechanical efficiency only the losses suffered by the energy that has been
delivered to the pistons is considered.

Thermal Efficiency
Thermal efficiency is a measure of the heat losses suffered in converting the heat energy of the fuel into the mechanical
working. In fig below, the heat dispelled by the cooling system represents 25% the heat carried away by the exhaust
gases represents 40%, the mechanical work on the piston to overcome friction and pumping losses represents 5% and
the useful work at the propeller shaft represents 30% of the heat energy of the fuel.  The thermal efficiency of air engine
is the ratio of heat developed into the useful work to the heat energy of the fuel.  It may be based on either bhp or ihp
and is represented by a formula in this manner.

Indicated thermal efficiency =                                  ihp   x   33000                                            .
weight of fuel  X  Heat value burned per min. (Btu)  788

The formula for brake horse power is also same with the word “brake inserted in place of indicated on both sides
of the formula.

Volumetric Efficiency
Volumetric efficiency is the ratio of the volume of fuel air charge, burned by the engine at atmospheric pressure and
temperature to the piston displacement.  If the cylinder of an engine draws in a charge of fuel and air having a volume
at standard atmospheric pressure and temperature which is exactly equal to the piston displacement of the cylinder,
the cylinder has a volumetric efficiency of 100%.

Volumetric efficiency may be expressed as a formula then;
Volumetric efficiency = Volumetric charge at atmospheric pressure

Piston displacement.

Factors which tend to decrease volumetric efficiency are improper timing of the valves fuel air manifolds having
too small a diameter and many bends, the use of air which has been raised to a high temperature from any cause, two
high a temperature in the c.c. incomplete scavenging of the burned gases during the exhaust stroke, and excessive
speed.  One or more of these factors may exist at various times.

Basically any condition which tends to slow or reduces the flow of air into the engine will reduce volumetric
efficiency.  Improper timing of the valves affects volumetric efficiency because the in take valve must be as wide open
as possible when the piston starts the intake stroke.  The exhaust valve must be closed precisely at the contact  when
the exhaust gases stop flowing out of the c.c.

At high engine rpm the volumetric efficiency of the engine decreases because of the friction produced by the intake,
carburettor intake manifold, and valve ports.  The effect of the friction increases as the air velocity increases.  When
the throttle is partially closed, volumetric efficiency decreases in accordance with the degree of closing.

A leak in the intake manifold would tend to increase volumetric efficiency because more air would be entering the
engine, however it will also cause a lean mixture.

Maximum volumetric efficiency is obtained when the throttle is wide open and the engine is operating under a full
load.

A naturally aspirated engine always has a volumetric efficiency of less than 100% on the other hand, the
supercharged engine often is operated at a volumetric efficiency of more than 100% because the super charger
compresses the air before it enters the cylinder.  The volumetric efficiency of naturally aspirated is less than 100%
for two principal reasons.

1) The bends, obstruction and surface roughness inside the intake system cause substantial resistance to the
airflow, thus reducing air pressure below atmospheric in the intake manifold;

2) The throttle  and the carburettor venturi provide restriction across which a pressure drop occurs.

ENGINE COOLING
Aircraft engines may be cooled either by air or by liquid; however, there are few liquid-cooled engines still in operation
in the United States.  We shall therefore devote most of our discussion to the air cooled types.

Excessive heat is undesirable in any internal combustion engine for three principal reasons
1)  It adversely affects the behaviour of the combustion of the fuel-air charge.
2) It weakens and shortens the life of the engine parts, and
3) It impairs lubrication.
If the temperature inside the engine cylinder is too great the fuel mixture will be preheated and combustion will

occur before the proper time.  Premature combustion causes detonation, “knocking” and other undesirable conditions.
It will also aggravate the over heated condition and is likely to result in failure of pistons and valves.

The strength of many of the engine parts depends on their heat treatment. Excessive heat weakens such parts and
shortens their life.  Also, the parts may become elongated, warped or expanded to the extent that they freeze or lock
together and stop the operation of the engine.

Excessive heat “cracks” the lubricating oil, lowers its viscosity, and destroys its lubricating properties.
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Air Cooling
In an air-cooled engine, thin metal fins project from the outer surface of the walls and heads of the engine cylinders.
When air flows over the fins, it absorbs the excess heat from the cylinders and carries it into the atmosphere.  Deflector
baffles fastened around the cylinders direct the flow of air to obtain the maximum cooling effect.  The baffles are usually
made of aluminium sheet.  They are called pressure baffles because they direct airflow caused by ram air pressure.
The operating temperature of the engine can be controlled by movable cowl flaps located on the engine cowling. On
some airplanes, these cowl are manually operated by means of a switch which controls an electric actuating motor.
On other airplanes they can be operated either manually or by means of a thermostatically controlled actuator.

In the assembly of the engine baffling system, great care must be taken to see that the pressure baffles around
the cylinders are properly located and secured.  An improperly installed or loose baffle can cause a hot spot to develop
with the result that the engine may fail.  The proper installation of baffles around the cylinders of a twin-row radial
engine. It will be observed that the baffling maintains a high-velocity airstream close to the cylinder and through the
cooling fins.  The baffles are attached by means of screws, bolts, spring hooks, or special fasteners.

Cylinder cooling is accomplished by carrying the heat from the inside of the cylinders to the air outside the
cylinders.  Heat passes by conduction through the metal walls and fins of the cylinder assembly to the cooling airstream
which is forced into contact with the fins by the baffles and cowling. The fins on the cylinder  head are made of the
same material and are forged or cast as part of the head.  Fins on the steel cylinder barrel are of the same metal as the
barrel in most instances are machined from the same forging as the barrels. In some cases the inner part of the cylinder
is a steel sleeve and the cooling fins are made as a part of a muff or sleeve, shrunk fitted on the outside of the inner
sleeve. A large amount of the heat developed in an engine cylinder is carried to the atmosphere with the exhaust. This
amount varies from 40 to  45 percent, depending upon the design of the engine.  The proper adjustment of valve timing
is the most critical factor in heat rejection through the exhaust.

In the operation of a helicopter, the ram air pressure is usually not sufficient to cool the engine, particularly when
the craft is hovering.  For this reason, a large engine driven fan is installed in a position to maintain a strong flow of
air across and around the cylinders and other parts of the engine.  Helicopters powered by turbine engines do not
require the external cooling fan.

The principal advantages of air cooling are that
1) The weight of the air-cooled engine is usually less than that of a liquid-cooled engine of the same horsepower

because the air-cooled engine does not need a radiator, connecting hoses and lines, and the coolant liquid;
2) The air-cooled engine is less affected by cold-weather operations:
3) The air-cooled engine in military airplanes is less vulnerable to gunfire.  If an enemy bullet or bomb fragment

strikes the radiator, hose, or lines of a liquid cooled engine, it is obvious that its cooling system will leak and
soon cause a badly over heated engine.

Liquid Cooling
Liquid-cooled engines are rarely found in the United States aircraft today; however, the power plant technician should
have some understanding of the principal elements of such systems.

A liquid cooling system consists of the liquid passages around the cylinders and other hot spots of the engine,
a radiator by which the liquid is cooled, a thermostatic element to govern the amount of cooling applied to the liquid,
a coolant pump for circulating the liquid, and the necessary connecting pipes and hoses.  If the system is sealed, a
relief valve is required to prevent excessive pressure and a sniffier valve is necessary to allow the entrance of air to
prevent negative pressure when the engine is stopped and cooled off.

Water was the original coolant for liquid-cooled engines.   Its comparatively high freezing point (320F) (00C) and
its relatively low boiling point (2120 F) (1000 C), made it unsatisfactory for the more powerful engines used in military
applications.  The liquid most commonly used for liquid-cooled engines during world war II was ethylene glycol or
a mixture of ethylene glycol and water.  Pure ethylene glycol has a boiling point of about 3500F (1760C) and a slush-
forming freezing point of about 00F (-17.780 C) at sea level.  This combination of high boiling point and low freezing
point made it a satisfactory coolant for aircraft engines.

Fig.6. Cylinder with cooling baffles. Fig.7. Baffles around the cylinder of a twin row radial engine.
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FUEL USED IN PISTON  ENGINES
There are two main types of fuel used in aircraft, aviation gasoline, which is used in piston engines, and aviation
kerosene, which is used in turbo-jet and turbo-propeller engines.  It is most important that the correct type and grade
of fuel, as indicated in the appropriate maintenance manual, should be used.
Gasolene
Aviation gasoline (AVGAS) is the lighter of the two fuels, having a relative density of approximately 0.72.  The only
grade of AVGAS generally available is grade 100L, which has an octane rating of 100 and a low lead content.  Where
different grades of fuel were previously specified for use in a particular engine, the use of AVGAS 100L may necessitate
additional checks and maintenance to be carried out.  Automobile fuel must not be used instead of non-lead aviation
fuel.

Gasoline has powerful solvent properties, and it is essential that it does not come into contact with certain
components such as transparent panels and tyres.  Personal contact may also result in skin infections, and it should
be noted that some of the additives used in gasoline are poisonous.

ENGINE COMPONENTS
Bearings
Plain, ball or roller bearings may be used at various positions in an engine, depending on the magnitude and direction
of the load which they are required to accept.

Plain bearings have a greater load-bearing capacity than either ball or roller bearings, and are generally used in
a place where the radial load is high.  A plain bearing usually consists of a pair of semi-circular steel shells which are
lined with a non-ferrous alloy; this in turn may be faced with a white metal.  In most cases each half of the bearing is
pegged or otherwise located to prevent rotation in its support, and receives its oil supply through drilling in the
supporting member.  Some plain bearings, such as those fitted to the crankpins on radial engines, are completely
circular and fully-floating, and oil is supplied to both sides of the bearing, thus providing two bearings faces.  Although
plain bearings are generally fitted in positions where the load is mainly radial, plain bearings can be made capable of
accepting axial loads, and are sometimes used to transmit the propeller thrust.  In these cases the bearing has a flange
on each side, which forms a bearing face normal to the shaft axis, and limits axial movement.  Plain bearings must be
pressure lubricated in order to maintain an oil film between the mating parts, and prevent damage to their surfaces.

Ball bearings are used in many places where radial loads are light, and where axial positioning is important.  Heavy
roller bearings are used as main crankshaft bearings on radial engines, and ball bearings are frequently used as thrust
bearings on propeller shafts and on the crankshafts of direct-drive engines Ball and roller bearings do not, generally,
require pressure lubrication, and are frequently lubricated by splash; however, oil jets may be used in locations where
lubrication is particularly critical.

Crankcases
The crankcase is, usually, the largest single component of an engine.  It provides the mounting faces for the cylinders,
reduction gear, sump, and accessories, supports the crankshaft, provides oil ways for the lubricating oil, and carries
the mounting for attachment of the engine to the airframe.  A crankcase is, therefore, of complicated shape, and it is
usually cast from aluminium or magnesium alloys, which provide the strength and rigidity required, without
unnecessary weight.  Some crankcases are in two or more parts, which are bolted and dowelled together.  A typical
crankcase for a horizontally-opposed engine is illustrated in figure 8, which shows that the two halves are joined at
a vertical plane passing through the crankshaft centre line.  With radial engines the joint is on the plane normal to the
crankshaft centre line and passing through the centres of all cylinders in one bank, each portion of the crankcase
supporting one of the main bearings.

Studs are fitted to the crankcases for the attachment of all components, except that in the case of horizontally-
opposed engines with staggered cylinders, the positions of some cylinder holding-down points coincide with the main
bearing supports, and through-bolts are used at these locations.

The sump may be considered as part of the crankcase, and may be a casting in light alloy, or may be fabricated
from sheet steel.  The sump contains a drain plug, and may also house the scavenge filter.  A dip-stick, housed in the
crankcase, provides a means of checking the sump oil level.

All crankcase face joints are sealed to prevent oil leakage, but a vent at the top of the crankcase is ducted overboard
to relieve internal pressure.  In general, cylinder mounting flanges are sealed with an “O” ring, sump joint faces are
sealed with a cork or composition gasket, and other joint faces are sealed with paper gaskets or jointing compound.

Crankshafts
The crankshaft is the heaviest single component of the engine and is usually forged from an alloy steel in order to
resist the high stresses imposed during operation.  The crankshafts of in-line and horizontally-opposed engines are
machined from a single forging, with hollow crankpins and journals, and drilled webs to provide passageways for the
lubricating oil.  The crankshaft of a single-row radial engine is generally made from two forging, the separate parts
being joined at the crankpins; this is because of the difficulty of providing a split bearing capable of accommodating
all the connecting rods on a single crank pin.  Typical crankshafts are illustrated in figure 9.

Lubricating oil is ducted from the oil pressure pump, through crankcase oil passages, to each of the crankshaft
main bearing supports.  This oil passes though holes in the bearings to lubricate the journals, and through radial holes
in the journals into the hollow shaft.  From there it flows through drilling in the webs to the connecting rod big-end
bearings and then escapes from these bearings to be thrown by centrifugal force into the pistons and cylinders.  On
some engines, oil jets at the crankshaft main bearings spray oil into the cylinders.  At its front end, a crankshaft may
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have a flange or splined portion to which the propeller is attached, or it may be internally splined in order to drive the
propeller reduction gear through a quill shaft; the quill shaft is designed to twist under torsional loads so as to smooth
out the power impulses.  A gear or a quill shaft is generally attached to the rear end of the crankshaft, for the purpose
of driving the camshaft and accessories, but some of these may be driven from the propeller reduction gear.

Cylinders
A cylinder must, generally, provide the hard bearing surface on which the piston slides, must be strong enough to
resist the pressures produced by the combustion of the mixture, and must dissipate the heat produced in the
combustion chamber.  Aluminium alloy has god strength and have-dissipation properties and is generally used for
cylinder heads, but its surface is not hard enough to resist abrasive wear, and therefore the cylinder barrels are
generally made from a steel alloy.  An exception is the sleeve valve engine, in which the piston operates inside a steel
alloy sleeve, and aluminium alloy is used for the cylinder barrel.  Poppet valve guides and rocker bearings fig 10., are

Fig. 8.Crankcase and Sump Of Horizontally Opposed Engine.

Fig.9.  Typical Crankshafts.
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made from bronze or similar material, and the valve seats are made from steel in order to resist the hammering of the
valves.   Sparking plugs may be fitted into bronze inserts, which are screwed and pegged into the cylinder head, but
in some engines thread inserts are used, and are installed directly into the head.

On air-cooled engines, which invariably have individual cylinders, the cylinder head and barrel are finned to present
a large cooling surface to the airflow, the spacing and size of the fins depending on the amount of heat which must
be dissipated.  The cylinder  head is usually screwed and shrunk onto the barrel to make a permanent assembly, but
on some engines the head may be removable and bolted to the cylinder barrel or secured by studs extending from the
crankcase.  A copper gasket between the head and barrel prevents gas leakage.

On water-cooled in-line engines, the one-piece aluminium-alloy cylinder block has a detachable head, and steel
liners in which the pistons operate.  The whole assembly is attached to the crankcase by studs or bolts which pass
right through the head and block, a copper gasket preventing gas leakage between the liners and head, and a flexible
seal round each liner preventing coolant leakage from the block.  Coolant flowing round the liners, and through
passageways in the head, absorbs and removes excess heat.

Lubrication of the cylinder bores is generally by oil mist and spray from the connecting rod bearings, but oil jets
at the crankshaft bearings may be used.  Cylinder bores are often honed in such a manner as to result in a pattern of
microscopic grooves which permit the retention of small quantity of oil on the walls.

The rocker bearings (and, in the case of some in-line engines, the overhead camshaft bearings) are usually pressure-
lubricated by oil ducted from the crankcase, and the splash oil released from these bearings is used to lubricate the
valve stems, guides and springs.  In some small engines the rocker arms oscillate in roller bearings which are hand
lubricated at specified intervals, whilst on inverted engines the rocker cover may be partially filled with oil, to splash
lubricate all the cylinder head components.  A typical air-cooled cylinder is shown in figure.10.

Connecting Rods
Connecting rods convert the reciprocating motion of the pistons to the rotary motion of the crankshaft.  They require
considerable strength and rigidity, and are generally aluminium alloy or steel forging of “H” section.  On horizontally
opposed and in-line engines, the bearing at the crankpin end (big end) is usually a split plain bearing similar to those
used at the crankshaft main bearings ( figure 11.).  The connecting rod small end is usually fitted with a bronze bush
and attached to the piston with a hollow steel gudgeon pin.  On radial engines only one connecting rod (the master
rod) in each bank of cylinders is mounted directly on to the crankpin fig.12., and usually has a fully floating bearing.
The connecting rods on the other cylinders (known as articulated rods) are connected to flanges on the master rod
big-end by hollow steel wrist pins which are similar to the gudgeon pins at the connecting rod small end.  Big end
bearings are pressure lubricated through drilling in the hollow crankpins from the main oil pressure supply, and small-
end (and wrist pin) bearings are usually lubricated by splash oil through holes in the connecting rods.

Fig.10. Cylinder Assembly.
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Pistons
Pistons are subjected to high pressures and temperatures, and to rapid acceleration and deceleration.  They must,
therefore, be strong yet light, and capable of conducting away some of the heat generated in the combustion chamber;
they are generally machined from forging of high strength aluminium alloy.

Pistons are attached to their connecting rods by means of a gudgeon pin, which is often free to rotate in both the
piston and connecting rod, and may be supported in bronze bushes fitted internally on each side of the piston; axial
movement of the gudgeon pin is usually prevented by a circlip fitted at each end, or by an end pad of soft metal, which
bears against the wall of the cylinder.

Since a piston, being made from aluminium alloy, expands more than the cylinder barrel (which is normally steel
alloy), a working clearance between these components is essential, and a number of piston rings are fitted into grooves
in the piston.  These rings are generally made from cast iron or alloy steel, are split to permit assembly, and have a
gap between their ends to allow for expansion; a side clearance between the groove and ring is also essential.  Rings
are often free in their grooves, and are assembled with the gaps of alternate rings spaced 180o apart, but in some cases
rotation is prevented by a peg in case the gas leakage from the combustion chamber, and are generally fitted above
the gudgeon pin, whilst scraper rings (also known as oil control rings) are designed to remove oil from the cylinder
walls, and are generally fitted below the gudgeon pin.

Piston heads may be flat or slightly domed for strength, or may be concave in order to provide a combustion chamber
which is as nearly spherical as possible.  In some cases it may also be necessary to have recesses in the head of the
piston, to provide clearance for the open valves when the piston is at the top of the exhaust stroke.

Lubrication of the gudgeon pin bearings is provided by splash oil, through holes drilled in the gudgeon pin bosses,
and drainage of the oil removed from the cylinder walls by the piston scraper rings, is provided by radial holes drilled
through the piston from the base of the piston ring groves.

Valves
Sleeve Valves
On a few engines, the inlet and exhaust ports in the cylinder are opened and closed by means of a cylindrical sleeve
fitted between the cylinder barrel and the piston.  The sleeve, of hardened steel, is driven by a crank, which is geared
to the crankshaft, and ports in the sleeve uncover the cylinder inlet and exhaust ports at the appropriate times.  Timing
of the opening and closing of the ports in the sleeve is set by manufacturer, and no adjustments are possible at field
level. The main advantage of this method is reputed to be the increased volumetric efficiency resulting from the lack
of obstruction to the incoming and out-going gases.

Poppet Valves
These valves are in fig.10. fitted to the majority of aircraft piston engines; they operate under arduous conditions and
may be made from a variety of steel alloys. Exhaust valves, which are subjected to the highest temperatures, often
have a larger diameter stem than inlet valves, the stem being hollow and partially filled with sodium to transfer heat
away from the valve head.  Valve heads are ground to form a face which mates with the valve seat and forms a gas-
tight seal.  The ends of the valve stems are grooved to secure a split collect, which holds the spring retaining collar
in position, and are hardened at the tip to provide a bearing surface for the rocker arm.  Each valve is closed by two
or more coil springs, which are concentrically mounted and coiled in opposite directions; the fitting of two or more
springs having different vibration frequencies prevents the valve from bouncing on its seat when it closes.

Valve stems slide in valve guides fitted in the cylinder head, which are generally lubricated by splash from the rocker
gear.  The inner ends of the valve guides are often fitted with a seal, to prevent the leakage of oil into the inlet and exhaust
ports of the cylinder.

Fig.11. Connecting Rod And Piston Assembly.
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Valve Operating Mechanism
Poppet valves are opened by a mechanical linkage from the cam shaft or cam drum, and closed by the valve springs.
As the appropriate cam is rotated, its lobe pushes a tappet, which in turn activates a push rod, which transmits
movement to the rocker arm; the rocker arm pivots on its bearing and pushes on the end of the valve stem to open
the valve. When the cam has passed its points of maximum lift, the valve springs return the mechanism to its original
position and close the valve.  This type of mechanism is generally used on horizontally-opposed and radial engines,
and also on some in-line engines. On other in-line engines the camshaft is mounted on the cylinder heads, and operates
directly on the rocker arms to open the valves; these are known as “overhead camshaft” engines.

Camshafts
Camshafts are fitted to all horizontally-opposed and inline engines, and are driven through spur or bevel gearing from
the crankshaft, at half engine speed.  They are made from alloy steel and are supported in plain bearings which are
pressure lubricated from the engine oil system.  The cams are shaped and positioned so as to open and close their
associated valves at the correct time, and their faces are hardened to provide a good bearing surface.

Cam Drums
Cam drums are used in most radial engines, and have two rows of cams (one for the inlet valves and one for the exhaust
valves).  They are made from steel, and are mounted on a bearing around the front of the crankshaft and driven, by
a gear train from the crankshaft, at the required speed and in the required direction of rotation.  The cam drum bearing
is generally pressure lubricated by the engine oil system.

Tappets
The purpose of a tappet is to transfer the motion of a cam to its associated push rod.  Tappets may be fitted either
directly into the crankcase or in bronze guides in the crankcase.  They are often purely mechanical devices comprising
a rod with a hardened pad or roller at the cam end, and a hardened socket at the push rod end.  To ensure that the valves
close properly when the engine is running, in spite of expansion of the cylinder, a means of adjustment is provided
to enable a predetermined clearance to be maintained in the valve operating mechanism when the valve is closed; this
is known as tappet clearance. Most modern light aircraft engines are fitted with hydraulic tappets. (fig.13).   This type
of tappet consists basically of a body and a plunger, with an internal spring and non return valve, and a push rod socket.
During operation, pressure oil supplied to the tappet is picked up by a groove round the body when the tappet is near
the outer end of its stroke.  This oil lubricates the tappet bearing surface and enters the plunger reservoir through a
port in the plunger wall; it then passes through the push rod socket and hollow push rod to lubricate the rocker
mechanism.  If clearance is present in the valve opening mechanism when the tappet is resting on the cam dwell, the
spring in the tappet body pushes the plunger outwards to eliminate this clearance, the non-return valve opening to

Fig. 12.Radial Engine Connecting Rods.
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allow oil to pass into the body reservoir.  As the cam lobe commences to push on the tappet, the non-return valve
closes and a hydraulic lock is formed, transmitting motion to the push rod.  In this way clearance is eliminated from
the mechanism; valve closure is unaffected, since the force applied by the tappet spring is much less than that of the
valve springs.

Push Rods
Push rods are usually steel tubes, with hardened steel fittings at each end to mate with the tappet and rocker arm.  These
fittings are usually drilled to allow lubricating oil to pass to the rocker arm.  The push rods are surrounded by push
rod covers, which may be steel or aluminium alloy tubes, and which are fitted with seals at the cylinder head and
crankcase; the crankcase seal usually being spring-loaded to permit assembly.

Rockers
A rocker arm pivots on a steel shaft, which may be held in mounting in the cylinder head or in pedestals which are
bolted to the cylinder head.  Rocker arms are generally made from alloy steel, with a hardened face at the valve end,
and an adjusting screw with hardened socket at the push rod end.  On some engines, mounting and adjustment are
by means of a ball or roller pivot bearing, which is mounted in an eccentric bush.   Oil from the hollow push rod is often
fed through the drilling in the rocker arm to lubricate the rocker arm bearing.  On other engines the rockers may be splash
lubricated.

Propeller Reduction Gear
The purpose of a reduction gear is to reduce engine speed to a speed suitable for efficient operation of the propeller.
The various types of reduction gears are illustrated in  figure 14.  Epicyclic (sometimes known as “planetary) reduction
gears are always used on radial engines, and spur gear reduction gears are generally used on in-line engines, but either
type may be fitted to horizontally-opposed engines.

A propeller shaft is normally supported in roller bearings, and propeller thrust is transferred to the engine by means

Fig.13.  Hydraulic Tappet.

Fig. 14. Reduction Gear Types.
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of a ball thrust bearing.  On some small engines, however, the propeller may be supported in plain bearings, the thrust
being taken by a thrust washer placed between a flange on the propeller shaft, and one of the bearing supports.

Lubrication of plain bearings is by pressure feed from the normal engine lubrication system, and lubrication of ball
and roller bearings, and of gears, is by oil spray nozzles and splash.

Accessories
A number of components such as magnetos, oil pumps, fuel pumps, starter and engine speed indicator drive, are
required for normal operation of the engine, and , in addition, accessories such as hydraulic pumps, pneumatic pump
and electrical generators may be required to power the aircraft systems.  All these components are driven at a suitable
speed by gearing from the engine crankshaft, and are generally attached to the engine crankcase.  In some cases,
however, the aircraft system components are fitted to a remotely mounted gearbox, which is driven by an extension
shaft from the rear of the engine crankshaft.  Accessories are often coupled to their driving gears by means of a quill
shaft, which is designed to shear in the event of failure of the accessory, thus preventing damage to the engine.
Lubrication of accessory drive plain bearings is generally by lubrication system pressure, through ductings in the
crankcase, and of ball and roller bearings, by crankcase splash; remotely mounted gearboxes are generally self-
contained, the casing being partially filled with oil, and lubrication effected by splash.

Pumps
Mechanically driven pumps may be used for a number of purposes on an engine; centrifugal pumps are used to circulate
coolant, gear -type pumps are used to provide oil at high pressure for engine lubrication, and diaphragm pumps are
sometimes used to supply fuel to the carburettor.  Other types of pumps are used to power various aircraft systems.
Centrifugal Pumps
A centrifugal pump consists of an impeller, which is rotated inside a housing.   The working fluid rotates with the
impeller, and centrifugal forces acting on this fluid cause it to flow to the outside of the housing, and more fluid is
drawn into the eye of the impeller.  This provides a low pressure circulation through the system, and, since it is not
a positive displacement pump, neither a pressure relief valve nor a by-pass is required.
Gear Pumps
These pumps consist of two meshing gears, which rotate in a close-fitting housing (fig.15).   One gear is driven from
the engine, and as it rotates it carries the other gear round with it, and fluid is carried round the casing between the
gear teeth.  These pumps are known as positive displacement pumps, a definite volume of fluid being delivered for
each revolution of the gears.  Any restriction in the delivery line (such as will normally be provided by the bearings)
will result in a build-up of pressure, and a relief valve is required.  Relief valves are adjusted to maintain a predetermined
pressure on the delivery side of the pump, and any excess fluid is bypassed to the inlet side of the pump or to the sump;
in some engines a second relief valve is fitted after the main pressure relief valve, to provide a low-pressure lubrication

      Fig.15. Gear Pump.                                                     Fig.16. Diaphragm Pump.

system for certain components.  Engine oil pressure and scavenge pumps are generally driven by a common shaft and
mounted in adjoining housings, the gears of the scavenge pump being longer than those of the pressure pump to
ensure complete scavenging of the sump.
Diaphragm Pumps
In a diaphragm pump, a rotating cam in the engine acts indirectly on a diaphragm (usually of rubberized fabric), and
causes it to reciprocate.  This motion , in conjunction with lightly spring-loaded inlet and outlet valves, can be used,
for example, to pump fuel to the carburettor. In the pump illustrated in  figure 16, a spring keeps the plunger cap in
contact with the cam, and a second spring, inside the plunger, limits the delivery pressure by restricting the movement
of the diaphragm.  Construction of these pumps varies in detail, and in some pumps a filter bowl is suspended below
the pump, the inlet valve being located inside the filter; in other pumps the plunger may be operated indirectly by a
cranked lever.
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POWER CALCULATION AND MEASUREMENT
Indicated Power
The power developed in an engine cylinder can be calculated from the cylinder dimensions and the average pressure
on the piston during the power stroke. The force exerted on the piston will be the average pressure multiplied by the
area of the piston, and the work done (force x distance) will be this force multiplied by the length of the stroke. The
power developed in the cylinder can then be calculated by multiplying the work done by the number of power strokes
(N) per unit time. In the case of single cylinder engine, “N” will be the crank shaft rotational speed divided by 2, and
in the case of a multi-cylinder engine “N” will be the crankshaft rotational speed X no.of cylinders. When using Imperial
units, power is usually quoted in horse power (hp) (1 hp = 33,000 ft lbf/min) and when using SI units, power is usually
quoted in kilowatts (kw) (1 hp = 0.746 kw). Thus the Indicated Power of an engine can be calculated from the formula
:-

PLAN     hp  or               PLAN    kW
  33,000  60,000

where P = pressure on piston (lbf/in  or N/m)
L = length of stroke (ft or m)
A = area of piston (in  or  m )
N = number of power strokes /min.

For any particular engine the cylinder capacity is fixed, so that a constant (k) could be used to replace all the
invariable quantities in the formula for Indicated Power, which could then be simplified to :-

P X rev/min
k

where k is              33,000                 - or 60,000
L X A X 1/2 no.of cylinders L X A X 1/2 no.of cylinder

as appropriate.
It can then be seen that Indicated Power for a particular engine varies directly as the cylinder pressure and engine

speed, an increase in either giving an increase in Indicated Power.

Brake Power
The Brake Power, or shaft power, of an engine is the power actually delivered to the propeller, and represents the
Indicated Power reduced in quantity by the power required to overcome friction and to drive the engine accessories.
Power used internally is known as Friction Power, and the relationship between Brake Power and Indicated Power,
expressed as a percentage, is known as the Mechanical Efficiency of the engine.

The output of an engine is obtained by measuring the torque of the propeller shaft. When calculating the work
done on the piston, work was taken as force x distance (in a straight line); when measuring the work done by the
propeller shaft, the torque can be thought of as a force “F” acting at a distance “r” from the axis of the shaft. If the
system rotates once, the force can be regarded as having travelled one circumference of a circle of radius r,

i.e. work done per revolution = F2 πr
or, as torque = Fr, then work = torque X 2π

Brake Power can then be calculated if the speed of rotation is known. Using Imperial units the
Brake Power becomes :-

torque (lbf ft) X 2π X  rev/minhp
33,000

and using SI units it becomes :-

torque (N-m) X 2π X rev/min kW
60,000

Again, using a constant  (C) for the invariable quantities, Brake Power become
torque X rev/min, and it can be seen that it varies directly with torque and engine speed.

C

Mean Effective Pressure
The average pressure exerted on the piston during the power stroke is known as the Mean Effective Pressure (MEP).
The actual pressures can be measured, and are generally reproduced on an Indicator Diagram similar to the one shown
in figure17. The shaded areas represent work done on the piston during the induction and power strokes, and unshaded
areas below the curve represent work done on the piston during the compression and exhaust strokes. The sum of
the shaded areas, less the sum of the unshaded areas, represent useful work, and when this area is confined to the
power stroke, the pressure coordinate becomes the Indicated MEP (IMEP), and may be used for calculating Indicated
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Fig.17.  Indicator Diagram.

Power. IMEP, therefore, has a definite relationship to Indicated Power, and, in a similar way, is composed of
components representing Friction Power and Bake Power. These components are known as Friction MEP (FMEP) and
Brake MEP (BMEP), and can be used for calculating Friction Power and Brake Power respectively. Similarly, if Indicated
Power and rev/min are known, IMEP can be calculated

IMEP = k X  Indicated Power
rev/min

and if Brake Power and rev/min are known, then BMEP can be calculated
BMEP = k X  Brake Power

rev/min

Power Control
Engine operation must be confined within cylinder  pressure and crankshaft speed limitations, which are determined
by the manufacturer. Various combinations of these parameters could be used to produce any particular power output,
and the most economical would be the use of low rev/min to minimize friction and high cylinder pressure to produce
the power required. On most engines, since cylinder pressure is related to manifold pressure, adequate control is
provided by operating within prescribed manifold pressure and rev/min limitations, but on large engines where
economy is particularly vital, closer control of cylinder pressure becomes necessary. IMEP is related directly to peak
cylinder pressure and to Indicated Power, so that control of IMEP would ensure operating at safe cylinder pressures;
however, Indicated Power is difficult to measure and other means must be used.

FMEP varies according to peak cylinder pressure and internal power requirements (different supercharger ratios,
etc.), and can be measured throughout the engine speed range. The relationship between BMEP and IMEP can,
therefore, be determined for any operating conditions, and since Brake Power can easily be measured by fitting a torque
meter to the engine, operation at safe cylinder pressures can be achieved by imposing BMEP limitations for the various
operating conditions. Manufactures conduct tests to ascertain the BMEP which is equivalent to the maximum safe
cylinder pressure for any set of operating conditions, and also provide sets of tables showing the range of BMEP and
rev/min setting which will give particular power outputs. The pilot may then select the power settings for the power
output he requires, ensuring that the BMEP is within the limit prescribed for the particular operating conditions.
Alternatively, using the formula

BMEP = k X Brake Power
rev/min.

the pilot may calculate the rev/min necessary to achieve the power he requires at maximum permissible IMEP.
Any rapid reduction in rev/min when operating at maximum BMEP, would result in the cylinder pressure limit being

exceeded. When adjusting power, therefore, manifold pressure should be reduced before decreasing  rev/min, and
rev/min should be increased before raising manifold pressure.
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TORQUE METERS
Propeller shaft torque is generally measured at the reduction gear. As the crankshaft gear rotates, it drives the propeller
pinions, and these exert a thrust on the fixed gear teeth, tending to rotate the fixed gear in the opposite direction to
the crankshaft gear; this thrust is directly proportional to power output. To measure the thrust applied to the fixed
gear, the gear is allowed to float, and is attached to the structure through pistons and oil-filled cylinders, as shown
in figure. Engine oil pressure to these cylinders is boosted by a torque meter pump, and each cylinder is fitted with
a bleed back to the engine oil system.

Operation
At low engine power, thrust on the “fixed” gear is at a minimum and the bleed port is fully open, resulting in a low oil
pressure in the system and a low reading on the torque meter pressure gauge. As power is increased the thrust on
the “fixed” gear increases, and the pistons are forced further into their cylinders. The bleed ports are reduced in size
by movements of the pistons, and the oil pressure in the system increases  to balance the thrust on the fixed gear.
The torque meter gauge may be calibrated directly in BMEP, or in units of oil pressure.

Fig. 18.  Torquemeter System.
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CHAPTER: 2
JET ENGINES

PRINCIPLE OF JET PROPULSION
Jet propulsion is a practical application of Sir Issac Newton’s third law of motion which states that for every force  acting
on the body there is an opposite and equal reaction for aircraft propulsion, the “body” is atmosphere air that is caused
to accelerate as it passes through the engine. The force required to give this acceleration has an equal effect in the
opposite direction acting on the apparatus producing the acceleration. The jet engine produces thrust in a similar way
to the propeller/engine combination, but where as the propeller gives a small acceleration to a large weight of air, the
jet engines gives a large acceleration to small weight of air.

The familiar whirling garden sprinkler is a more practical example of this principle, for the mechanism rotates by virtue
of the reaction to the water jets.

Jet reaction is definitely an internal phenomenon and does not, as is frequently assumed, result from the pressure
of the jet on the atmosphere. In fact the jet propulsion engine, whether rocket, athodydes or turbojet is a piece of
apparatus designed  to accelerate a large stream of air and to expel it at an exceptionally high velocity. There are of course
a number of ways of doing this but in all instances the resultant reaction or thrust exerted on the engine is proportional
to the mass of air expelled by the engine and to the velocity change imparted to it. In other words, the same thrust can
be provided either by giving a large mass of air a little extra velocity or a small mass of air, a large extra velocity.

METHODS OF JET PROPULSION
The types of jet engines, whether ram jet, pulse jet, rocket gas turbine, turbo/ram jet or turbo-rocket differ only in the
way in which the thrust provider or engine, supplies and converts the energy into power for flight.

  Ram Jet
    A Ram jet engine is an athodyde or aero-
thermodynamic duct to give it its full name. It
has no major rotating parts and consists of a
duct with a divergent entry and a convergent
or convergent-divergent exit. When forward
motion is imparted to it from an external source,
air is forced into the air intake where it loses
velocity or kinetic energy and increases its
pressure energy as it passes through the
divergent duct. The total energy therefore,
increased by the combustion of fuel, and the
expanding gases accelerate to atmosphere
through the outlet duct. A ram jet is often  the
power plant for missiles and target vehicles,
but is unsuitable as an aircraft power plant
because it requires forward motion imparting
to it before any thrust is produced.

Pulse Jet
A pulse jet engine uses the principle of
intermittent combustion and unlike the ram jet
it can be run at a static condition. The engine
is formed by an aerodynamic duct similar to
the ram jet but due to higher pressure involved,
it is of more robust construction. The duct
inlet has a series of inlet valves that are spring
loaded into the open position. Air drawn
through the open valves passes into the
combustion chamber and is heated by the
burning of fuel injected into the chamber. The
resulting expansion causes the rise in pressure,
forcing the valves to close, and the expanding
gases are therefore ejected rearwards. A
depression  created by the exhausting gases
allows the valve to open and repeat the cycle.
Pulse jets have been designed for helicopter
rotor propulsion and some dispense with
inlet valves by careful design of the ducting

Fig.1. Ram Jet Engine.

Fig. 2. Pulse Jet.
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to control the changing pressure of the resonating cycle. The pulse jet is unsuitable as an aircraft power plant because
it has a high fuel consumption and is unable to equal the performance of the modern gas turbine engine.

Rocket Engine
Although a rocket engine is a jet engine, it has in that it does not use atmosphere air as the propulsive fluid, stream.
Instead it produces its own propelling fluid by the combustion of liquid or chemically decomposed fuel with oxygen,
which it carries, thus enabling it to operate outside the earth’s atmosphere. It is therefore only suitable for operation
over short periods.

TYPES OF JET ENGINES (GAS TURBINE)
The gas turbine engine is basically of simple construction although the thermal and aerodynamic problems associated
with its design are some what complex. There are no reciprocating components in the main assembly and the engine

Fig. 3. Typical Variation In Gas Turbine Design.
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is therefore essentially free from vibration. Power is produced in a continuous cycle by compressing the intake air and
passing it to the combustion chamber where fuel is added and burnt to provide heat. The expansion  of gases rearwards
through the turbine produces the power necessary to drive, the compressor, the residual energy being  used to provide
jet thrust or in the case of turbo prop engines, to drive a propeller.

Propeller efficiency falls off rapidly above approximately 350 knots so that turbo prop engines are normally used
to power comparatively low  speed aircraft faster aircraft use turbo jet engines, by pass or turbo fan engines being
favoured for high subsonic speeds because of their fuel economy and low noise level. After burning i.e. the burning
of fuel in the jet pipe to provide additional thrust, is normally used only in military aircraft due to large quantities of
fuel consumed, but it may be used on civil aircraft for take off and acceleration to supersonic flight.

LIMITATIONS
The power obtainable from the gas turbine engine is limited by the ability of the materials used in its manufacture to
withstand the high centrifugal force and high gas temperature developed within engine. The life of components in the
‘hot’ sections of the engine, i.e. combustion chamber, turbine and jet pipes, is also influenced by the number of
temperature cycles to which they are subjected. It is mainly the construction of the turbine which decides the operating
speeds and temperature of the engines and although operation within these limits is often mechanically controlled, care
must be taken to ensure that they are not exceeded either during ground running or in flight.

VARIATIONS IN GAS TURBINE DESIGNS
Fig. 3.shows a cutway of typical engines.  Fig. (a) is a cutway of typical centrifugal flow turbojets.  This particular engine
has a double-sided, compressor rotor, which means that air is admitted on both sides of the compressor.

Fig. (b) shows a cutway of single spool axial flow turbo jet engine single spool means that there is only one spool
of compressors which is the simplest type of turbojet engine.

Fig. (c) shows a cutway of Twin spool turbo jet engine.  This type of engine has been used extensively in military
fighter aircraft.  It has separate turbines for both compressor spools.

Fig. (d) shows a cutway of twin spool by pass turbo jet, it has one turbine for fan and one spool of compressor where
as separate turbine for one spool and another turbine for another  spool of compressor.  Where as part of air is by -
passed over second spool after being compressed in first spool.  Test flight with this engine indicate a remarkable
specific fuel consumption and a excellent power/weight ratios.

Fig. (e) shows a cutway of free turbine turbo prop, which has got separate turbines for the propeller and the
compressor and propeller.

Fig. (f) shows a cutaway  of free turbine turbo  prop, which has got separate turbines for the propeller and the
compressor.

Fig. (g) shows a cutaway of three spool turbo fan engine which has got fan stage and two compressor stages, each
of them having a separate turbine.

It will be noted from a study of the foregoing illustrations that a basic difference between the centrifugal-type engine
and the axial-type engine is in the airflow through the engine.  The airflow through the centrifugal engine follows a rather
tortuous route as compared with the airflow through the axial-flow engine.  Violent changes in direction of airflow remove
some of the energy from the air, and this energy is lost.

DIFFERENCES BETWEEN VARIOUS TYPES OF ENGINES

FORWARD FAN AFT FAN

1. Fan is fitted in an inlet fan 1. Fitted in the exhaust sec-
section in front of the tion aft the main turbine
compressor. at the rear of the engine

(periphery of last turbine).
2. Tip efficiency by low pressure 2. Exhaust tip efficiency by

compressor turning. better final velocity.
3. Cool air is drawn in from the 3. Cool air drawn in after

front of combustion chamber. the combustion chamber.
4. Forms conventional inlet duct. 4. Efficient exhaust duct.
5. Fan is driven by the turbine 5. Fan extended to the free

through a shaft passing inside turbine where entering
the engine. gases passes through.

6. More than two fans for better 6. Generally one turbine with
acceleration. blade

7. Fan air speeds out foreign 7. No provision to avoid
matter foreign matter.

8. Front of the engine has a 8. Rear of the engine has
large diameter for casing large diameter for casing
and simple construction. and complicated construction.
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DIFFERENCE BETWEEN TURBO JET AND TURBO PROP

TURBO JET TURBO PROP

1. No propeller in front . 1. Propeller in front.
2. Thrust is due to the engine press- 2. Thrust is due to the

ure variation and final velocity. displacement of air.
3. Simple air intake. 3. Complicated air intake.
4. More noise to single or two 4. Less noise due to large

turbine. diameter turbine.
5. Less air handled. 5. More air handled.
6. More weight. 6.  Less weight.
7. No reduction gear. 7. Has reduction gear.    8. Turbine

drives compressor 8. Turbine drives propeller
direct drive. through, splined shaft.

9. Efficient at high altitude. 9. Efficient at low altitude.
10. Ice formation at inlet 10. No ice formation, aircraft

position at high altitude. flies at low altitude.

DIFFERENCE BETWEEN TURBO PROP AND TURBO SHAFT

        TURBO PROP        TURBO SHAFT

1. Prop is fitted infront of the 1. Shaft is fitted at the
turbine section. rear of the turbine section.

2. Prop shaft is separated from 2. Shaft is bolted to the
connecting torque shaft. turbine.

3. Drives propeller in same 3. Drives the rotor shaft
engine axis or off set. 900 to the engine axis.

4. Is driven through spur or 4. The turbine speed is re-
bevel planetary gear. duced through having bevel

planetary.
5. Propeller throws the air 5. Rotor throws air towards

towards the rear. top, bottom or at angle.
6. Speed of prop is more. 6. Speed of rotor shaft is less

CONSTRUCTIONAL DETAILS OF GAS TURBINE

MAJOR COMPONENTS OF GAS TURBINE ENGINES
In many types of turbine engines, it is not possible to list all the major components and have the list apply to all engines.
There are several components and common to most turbine engines, however, and a knowledge of these will be helpful
in developing a further understanding of aviation gas-turbine engines.

The operation of any gas-turbine engine requires that provision be made for three principal functions:
i) The compression of air
ii) The expansion of the air by burning fuel and
iii) The extraction of power from the jet stream of the engine for driving the compressor and accessories.  Thus, we

may say that gas-turbine engine comprises three main sections the compressor section, the combustion  section
and the turbine section.

In addition to these three main section, there are also component which serve to  provide transition from one main
functional section to another.  The following is a list of all the major components, arranged as they would appear from
the front of  the turbine to the rear.

i) Inlet duct and guide vanes.
ii) The compressor.
iii) The diffuser, with or without air adaptor.
iv) The combustion chamber.
v) The nozzle diaphragm.
vi) The turbine.
vii) The exhaust cone.
viii) The after burners (if the engine is so equipped).
ix) The accessory section (which may be located at the front of  the engine or further to the rear).

The Inlet Duct And Guide Vanes
Turbine engine inlet duct must furnish a relatively distortion free and high energy supply of air on the required quantity
to the compressor, the uniform and steady air flow is necessary to avoid compressor stall and excessively high engine
temperature at the turbines. The high energy enables the engine to produce an optimum amount of thrust. The air inlet
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duct is considered to be an air frame part. Inlet ducts has
following functions.

(i) It must be able to recover, as much air as possible
and deliver this pressure to the front of the engine
with minimum pressure loss.

(ii) The duct must uniformly deliver air to compressor
inlet with as little turbulence and pressure variations
as possible.

There are two basic types of duct
(i) Single entry  (ii)  Divided entry.

Single Entry
This is the simplest and most effective because of the duct
inlet is located directly ahead of the engine and the aircraft
is in such a position that it scoops the undisturbed air. The
duct can be built strong and straight with relatively gentle
curvatures. In single engine aircraft installation the duct
is necessarily is relatively curved and hence some pressure
drop is possible by the long duct, but the condition is
offset by smooth air flow characteristic, although a short
inlet duct results in minimum pressure drop, the engine
often suffer from inner turbulence specially at low air
speed and high angle of attack.

Divided Entry Duct
The requirements of high speed single engine aircraft in
which pilot seat is low in the fuselage and close to the nose
render it a difficulty to employ a single entrance duct. Some
types of divided duct which takes air from either side of the
fuselage may be required. The divided ducts can be
following types (i) Scoop (ii) Flush (iii) Wing root entrances.

Variable Geometry Duct
A super sonic inlet duct progressively decreases in area
in the down streams, again it will follow  the general
configuration until the  velocity of the incoming air is
reduced to match 1 and below. The aft section of the duct
will then commence to increase in area since this part must
act as a subsonic  diffuser.

For very high speed aircraft, the inside area or
configuration of duct will be changed by a mechanical
device as the speed of the aircraft increases or decreases.
The duct of this type is usually known as variable geometry
inlet duct.

Two main methods used to diffuse the inlet air and
reduce the inlet air  velocity, at supersonic flight speed,
one method is to vary the area of geometry of inlet duct
either by using  a movable restriction such as wedge inside
the duct, another method is some short of variable air flow
by pass arrangement which extracts part of inlet air flow
from the duct ahead of the engine. Another method is by
using a shock wave in the air stream, a shock wave is a thin
region of discontinuity in a flow of air or gas during which
velocity, density temperature of gas undergo a sudden
change.

A shock wave is set up in a  supersonic flow of air
entering the duct by means of some restriction which
automatically protrudes into the duct in high flight machine.
The shock waves results in diffusion  of this airflow which
reduces the
velocity of air. In some cases both  shock waves method
and variable geometry method of casing diffusion are
used in combination.

Bell Mouth Air Inlet
Bell mouth air inlet are convergent in shape and are used

Fig.4. Various types of air inlets.

Supersonic duct with variable geometry
                     operating at design speed

Transonic ductSubsonic duct

Bellmouth inlet

Normal airflow
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on helicopter and slow moving aircraft which flies below ram recovery speed. This type of inlet reduces a large brake
factor but drag is out weighed by high degree of Aerodynamic efficiency.

Engines being calibrated on ground run test, also utilizes bell mouth anti ingestion screen. Duct loss is slight in this
design that it is considered to be zero. Engine performance data such as engine trimming while using a bell mouth engine
inlet, aerodynamic efficiency and duct loss are shown in fig.3.  It can be seen that rounded L.E. allows air stream to make
use of total inlet cross section where as effective diameter of sharp edge orifice is greatly reduced.

Air Inlet Vortex Destroyer
When the jet engine operating on ground, the engine air inlet vortex can some times be formed between the air inlet
and ground. This vortex can cause strong suction force capable of lifting foreign objects from the ground into the engine
causing serious damage. To minimize the ingestion of debris, an inlet vortex destroyer is used. This destroyer is nothing
but a small jet  stream directed downwards from the lower L.E. of the nose cowling to the ground to destroy the vortex
base. Bleed air from the engine is used as the vortex destroying stream, it is controlled by a valve located in the nose
cowl. The control valve is a two position valve which is opened by a L/G weight switch. The valve closes when the
aircraft leaves the ground and weight of aircraft is removed from the L/G.The valve opens when touches ground and
when weight switch contact is made.

Foreign Object Damage
One of the major problems encountered in the operation of axial flow engines is foreign object damage. Rocks drawn
into the air inlet during taxing cause considerable damage because they nick or scratch the compressor and turbine
blades as they pass through the engines, which can lead to fatigue failure with the result that the engine may throw
a blade in flight. This could result in loss of the aircraft or serious damage to the engine.

To prevent foreign object damage, the air inlet on the engine are screened. These screens are effective in removing
large objects from the air stream, but they will not prevent small rocks from entering the engine. Small rocks, sand and
grass can do a great amount of damage to the engine.

Air Inlet Icing
The air screen at the inlet of an axial flow engine is subject to icing, with the result that the engine may stop. The engine
nose cowling nose dome and inlet guide vanes are subject to icing, however, and it is necessary to incorporate
provisions in the engine nose cowlings to prevent the formation of ice.  Jet engine anti icing system normally make use
of a high temperature air from the diffuser section.

COMPRESSORS
In the gas turbine engine, compressor of the air before expansion through the turbine is effected by one of two basic
types of compressor, one giving a centrifugal flow and the other an axial flow. Both types are driven by the engine turbine
and are usually coupled direct to the turbine shaft.

The centrifugal flow compressor is a single or two stage unit employing an impeller to accelerate the air and a diffuser
to produce the required pressure rise. The axial flow compressor is a multi stage unit employing alternate rows of rotating
(rotor) blades and stationary (stator) blades to accelerate and diffuse the air until the required pressure rise is obtained.

With regards to the advantages and disadvantages of two types, the centrifugal compressor is usually more robust
than the axial compressor and is also easier to develop and manufacture. The axial compressor, however, compresses
more than a centrifugal compressor of the same frontal area and can also be designed for high pressure ratios much
more easily. Since the air flow is an important factor in determining the amount of thrust, this means that the axial
compressor engine will also give more thrust for the same frontal area.

The Centrifugal Flow Compressor
Have a single or double sided impeller and occasionally a two-stage, single sided impeller is used as on the Roll’s Royce
Dart. The impeller is supported in a casing that also contains a ring of diffuser blades. If a double entry impeller is used,
the airflow to the rear side is reversed in direction and a plenum chamber is required.

Principles Of Operation
The impeller is rotated at high speed by the turbine and air is continuously induced into the centre of the impeller.
Centrifugal action causes it to flow radially outwards along the vanes to the impeller tip, thus accelerating the air and
also causing a slight rise in pressure to occur. The engine intake duct may contain vanes that provides an initial whirl
to the air entering the compressor.

The air on having the impeller, passes into the diffuser section where it passages from the divergent nozzles and
converts most of the kinetic energy into pressure energy. In practice, it is usual to design the compressor so that about
half of the pressure rise occurs in the impeller and half in the diffuser.

The air mass flow through the compressor and the pressure rise depend on the rotational speed of the impeller,
therefore impellers are designed to operate at tip speed of up to 1600 ft per second. By operating at such high tip speeds,
the air velocity from the impeller is increased. So that greater energy is available for conversion to pressure. Another
factor influencing the pressure rise is the inlet air temperature, for the lower temperature of air entering the impeller the
greater the pressure, the pressure rise for a given amount of work put into the air by the compressor, is a measure of
the increase in the total heat of the air passing through the compressor.

To maintain the efficiency of the compressor, it is necessary to prevent excessive air leakage between the impeller
and the casing, this is achieved by keeping their clearances as small as possible.
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Construction
The construction of the compressor centres around the impeller diffuser and air intake systems. The impeller shaft
rotates in ball and roller bearings and is either common to the turbine shaft or split in the centre and connected by a
coupling, which is usually designed for case of detachments.

Impellers
The impeller consists of a forged disc with integral, radially disposed vanes on one or both sides forming divergent

Fig. 5. A  typical centrifugal flow compressor.

passages. The vanes may be swept back but for ease of manufacture straight radial vanes are usually employed. To
ease the change of air flow from the axial to the radial direction, the vanes in the centre of the impeller are curved in the
direction of rotation. The curved sections may be integral with the radial vanes, or formed separately for easier and more
accurate manufacture.

The choice of impeller is determined by the engine design requirements, but it is claimed that the single entry ducting
allows the air to be fed into the compressor at the best all round efficiency. It is also claimed that the single entry ducting
minimizes the chances of surging at altitude, because it makes more efficient use of the ram effect than, does the double
entry ducting. A small amount of heating also occurs on the double entry ducting.

Diffusers
The diffuser assembly may be an integral part of the compressor casing or a separately attached assembly. In each
instance it consists of a number of vanes formed tangential  to the impeller, The vanes passages are divergent to convert
the kinetic energy into pressure energy and inner edges of the vanes are in line with the direction of the resultant airflow
from the impeller . The clearance between the impeller and the diffuser is an important factor, as too small a clearance
will set up aerodynamic impulses that could be transferred to the impeller and create an unsteady airflow and vibration.

Axial Flow Compressor
An axial flow compressor consists of one or more rotor assemblies  that carry blades of aerofoil section  and are mounted
between bearings in the casings in which are located the stator blades. The compressor is a multi stage unit as the amount
of work done (pressure increase) in each stage is small, a stage consists of a row of rotating blades followed by a row
of stator blades. Some compressors have an additional row of stator blades, known as intake or inlet guide vanes, to
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           Fig. 6. Impeller working clearance and air leakage.                               Fig7. Typical  impeller for  centrifugal compressor.

 guide the air on to the first row of rotor blades. The angular setting of the vanes  can be automatically controlled to
suit the airflow requirements at various operating conditions.

From the front to the rear of the compressor, i.e. from the low to high pressure end, there is gradual reduction of
the air annulus area between the rotor shaft and the stator casing. This is necessary to maintain the axial velocity of
the air constant as the density increases through the length of the compressor. The convergence of the air annulus
is achieved by the tapering of the casing or rotor. A combination of both is also possible, with arrangement being
influenced by manufacturing problems and other mechanical design factors.

Fig.8. Airflow at entry to diffuser.
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Fig. 9. Typical Axial Flow Compressors.
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A single spool compressor  consists of one rotor assembly and stators with as many stages as necessary to achieve
the designed pressure  ratio, and all the airflow flow from the intake passes through the compressor.  The multi spool
compressor consists of two or more rotor assemblies, each driven by their own turbine at an optimum speed to achieve
higher pressure ratio and to give greater operating flexibility.

Although a  twin spool compressor can be used for a pure jet engine, it is most suitable for the by pass type of engine
where the front or low pressure compressor is designed to handle a larger mass airflow  than the high pressure
compressor. Only a percentage of the air from the low pressure compressor passes into a high pressure compressor,
the remainder of the air, the by pass flow is ducted around the high pressure compressor. Both flows mix in the exhaust
system before passing to the propelling nozzle.

A fan may be fitted to the front of a single or twin spool compressor and on these types of engines the fan is driven
at the same speed as the compressor to which it is fitted. On engines of the triple spool type, the fan is in fact the low
pressure compressor  and is driven by its own turbine separately from the intermediate pressure compressor and the
high pressure compressor. The low pressure compressor has large rotor (fan) blades and stator blades is designed to
handle a far larger mass airflow and the other two compressor, each of which has several stages of rotor blades. A large
proportion of air from the lower part of the fan and known as the cold stream, by passes the other two compressors
and is ducted to atmosphere through the cold stream nozzle. The smaller airflow, from the inner part of the fan and known
as hot stream passes through the intermediate and high pressure compressor when it is further compressed before
passing into the combustion system.

Principles Of Operation
During operation, the rotor is turned at high speed by the turbine, so that air is continuously induced into the
compressor, where it is accelerated by the rotating  blades and swept rearwards on the adjacent row of stator blades.
The pressure rise in the airflow results from the diffusion process in the rotor blade passages and from a similar process
in the stator blade passages; the latter also serves to correct the deflection given to the air by the rotor blades and to
present the air at the correct angle to the next stage of rotor blades. The last row of stator blades usually act as “air
straightner” to remove the whirl from the air so that it enters the combustion system at a fairly uniform axial velocity.
The changes in pressure and velocity that occur in the airflow through the compressor are shown in fig.10.  These
changes are accompanied by a progressive increase in air temperature as density increases.

Across each stage, the ratio of the total pressures of the out going air and inlet air is quite small, being between
1:1 and 1:2. The reason for the small pressure increase through each stage is that the rate of diffusion and the deflection
angles of the blades must be limited if losses due to air break away at the blades, and subsequent blade stall are to be
avoided. The small pressure rise through each stage together with the smooth flow path of the air, does much to
contribute to high efficiency of the axial flow compressor. For instance, the maximum air velocity through the axial
compressor corresponds to a Mach number of about 0.9 and the flow is almost of thorough. On the other hand, the

Fig.10.  Typical Triple Spool Compressor.
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Fig.11. Pressure and velocity changes through an axial
compressor.

Fig.12. Rotars of  drum and disc construction.

Fig. 13. A typical rotar blade showing twisted contour. Fig.14.  Methods of securing blades to compressor casing.
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velocity through  a centrifugal compressor is super sonic in places, reaching a Mach number of 1.2; the flow in this
instance is tortuous culminating  in a right angle bend at the outlet to the combustion chamber.

Because an axial flow compressor requires a large number of stages to produce a high compressor ratio, as the number
of stages increases it becomes more difficult to ensure that each stage will operate efficiently over a engine speed range.
An automatic system of airflow control is sometimes necessary to maintain compressor efficiency, but a more flexibly
operated engine can be achieved by having more than one compressor with each compressor being an independent
system, driven by separate turbine assemblies through coaxial shafts. The compressor, therefore be designed to operate
more efficiently  and with greater flexibility over a wide speed range.

A by pass engine invariably has a  spool compressor with the low pressure compressor supplying sufficient air for
both the by pass system and the high pressure compressor. Still greater flexibility can be obtained and higher maximum
compression ratios reached by using an automatic airflow control system for high pressure compressor, this method
is used on the Rolls Royce spey series of engines. Although  an engine may have a front or an aft fan, the front fan
is favoured by most manufactures as giving greater reliability, due to the fan operating in the cold section of the engine.
The fan can have one or more stages of large blades, both rotor and stator. The rotor blades can be fitted to the front
of a compressor or be part of a complete compressor driven by its own turbine. The air accelerated by the outer portion
of the blades forms a by pass or secondary airflow that is ducted to atmosphere, the main airflow from the inner portion
of blade passes through the remainder of the compressor and into the combustion systems. Only one stage of blades
is used on the fan of triple spool engines, because the blades are designed to operate at transonic tip speeds. This permits
the desired compression ratio to be achieved and not only reduces the weight of engine but also its noise level.

Construction
The construction of the compressor centres around the rotor assembly and casings. The rotor shaft is supported in
ball and roller bearings and is coupled to the turbine shaft. The casing assembly consists of a number of cylindrical
casings some of which are in two halves to facilitate engine assembly and inspection, these are bolted together to
completely house the rotor.

Rotors
The rotor assembly may be of a disc construction (in fig) or of drum, or a combination of both types may be used. The
drum type rotor consists of a one or two piece forging on to which are secured the rotor blades. The disc type rotor
has the rotor blades attached to separate discs, which are then splined to the rotor shaft and separated by integral or
individual spacer rings. In the former type axial thrust and radial load both are taken by the drums where as in disc type
radial load is taken by the disc and axial thrust by the black platform and spacer rings. The accumulated end thrust is
taken by the end of the or the end discs.

Rotor Blades
The rotor blades are of aerofoil section (in fig) and are usually designed to give a pressure gradient their length to ensure
that the air maintains a fairly uniform axial velocity. The higher pressure towards the tip balances out the centrifugal
action of the rotor on the airstream. To obtain thrust condition, it is necessary to twist the blade from root to tip to give
the correct angle of incidence at each point. The length of the blades varies from front to rear, the front or low pressure
blades being the longest.

Stator Blades
The stator blades are again of aerofoil section and are secured into the compressor casing or into stator blade retaining
ring, which are themselves secured to the casings. The blades are often mounted in packs in the front stages and may
be shrouded at their tips to minimize the vibrational effect of flow variation on the longer blades. It is also necessary
to lock the stator blades in such a manner that they will not rotate around the casings.

Operating Conditions
Each stage of a multi-stage compressor processes certain airflow characteristics that are dissimilar from those  of its
neighbour: thus, to design a workable and efficient compressor, the characteristics of each stage must be carefully
matched.  This is a relatively simple process to carry out for one set of conditions ( design mass flow, pressure ratio
and rotational speed), but is much more difficult if reasonable matching is to  be retained when the compressor is
operating over a wide range  of conditions such as an  aircraft engine encounters.

Outside the design conditions, the flow around the blade tends to degenerate into violent turbulence when the
smooth flow of air through the compressor is disturbed.  Although the two terms ‘stall ‘ and ‘ surge ‘ are often used
synonymously, there is a difference which is mainly a matter of degree.  A stall may affect only one stage or even a group
of stages, but a compressor surge generally refers to a complete flow breakdown through the compressor.

Compressor blades are designed to produce a given pressure rise and velocity increase over the engine speed range.
If something should disturb the pressure, velocity, rotational speed relationship the airflow across the blade profile
will break away and create eddies until eventually the blade ‘ stalls ‘.  This could occur if the airflow was reduced due
to icing or a flight manoeuvre, or if the fuel system scheduled too high  a fuel flow; damage due to ingestion could, of
course, create a similar condition.

If the stall condition of a stage or group of stages continues until all stages are stalled, then the compressor will
surge .    The transition from a stall to a surge could be so rapid as to be unnoticed;  on the other hand, a stall may be
so weak as to produce only a slight vibration or poor acceleration or deceleration characteristics.

At low engine speeds or  'off design' speeds, a slight degree of blade stalling invariably occurs in the front stages
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of  the compressor, even though a system of airflow
control may be used.  This condition is not harmful or
noticeable on engine operation.

A more severe compressor stall is indicated by a rise
in turbine gas temperature, vibration or ‘coughing’ of
the compressor.  A surge is evident by a bang of varying
severity from the engine and a rise in turbine gas
temperature.

The value of airflow and pressure ratio at which a surge
occurs is termed the ‘surge point’.   This point is a
characteristic of each compressor speed, and a line
which joins all the surge points called the ‘ surge line ‘
defines the minimum stable airflow that can be obtained
at any rotational speed.  A compressor is designed to
have a good safety margin between the airflow and the
compression ratio  at which  it will normally be operated
and the airflow and compression ratio at which a surge
will occur.

THE DIFFUSER AND AIR ADAPTOR
Diffusers
The function of the diffuser assembly is to direct air from the compressor to the combustion chambers and to change
air pressure and velocity as required for best fuel combustion.

The air discharge from a centrifugal impeller enters equally spaced diffuser passages, and at the end of each is a
Wrist type of elbow containing four vanes which turn the air 90o into the compressor discharge.  The diffuser has boxed
type of single casting, with elbows and turning vanes cast integrally. Fig.15. below illustrates at typical diffuser for a

centrifugal-flow engine.
The diffuser for an axial-flow engine serves to carry the

air from the compressor to the combustion chambers.
For an engine equipped with individual “can” type
combustion chambers, the diffuser must have a separate
outlet shaped to fit the inlet of each combustion chamber.
In some axial-flow engines, the diffuser section is called
the midframe.  It not only contains the diffuser but also
provides support for the mid bearing and mountings for
the fuel-nozzle assemblies.
Air Adapters
Air adapters on a centrifugal-flow engine carry the air
from the diffuser to the combustion chambers.  They
also provide attachment for the fuel nozzles, domes or
end caps of the  combustion chambers, air adapters aid

in slowing the air velocity and increasing the pressure as is desirable at this point of the thermodynamic cycle.
On axial-flow engines, the air adapter is actually the outlet of the diffuser section.  Usually this portion of the assembly

is not even named as the air adapter.

COMBUSTION CHAMBER
Introduction
The amount of fuel added to the air will depend upon the
maximum temperature rise required and, as this is limited
by the materials from which the turbine blades and
nozzles are made, the rise must be in the range of 700 to
12000C because the air is already heated  by the work
done during compressor, the temperature rise required
at the combustion chamber may be between 500 and
8000C. Since the gas temperature required at the turbine
varies with engine speed and in the case of turbo-prop
engine upon the power required, the comb. Chamber
must also be capable of maintaining stable and sufficient
combustion over a wide range of engine operating
condition.
Combustion Process
Air from the engine compressor enters the combustion
chamber at a very high velocity which is further diffused
and static pressure increased in the combustion chamber,
this is done because the burning of kerosine at normal
mixture ratio is only few fts/sec, and any fuel which is

Fig.15. Limits of stable airflow.

Fig. 16.Diffuser for centrifugal flow turbo jet engine.

Fig.17.A typical combustion chamber.
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burnt at high velocity  will be blown off or
away. A region of low axial velocity has
therefore to be created in the chamber so that
the flame will remain alight throughout the
range of energy separating conditions.

In normal operation the over all air/fuel ratio
of a combustion chamber can vary between
45% and 30% kerosene however will only
burn efficiently at or close to a ratio of 15:1 so
the fuel must be burnt with only part of the air
entering the chamber, in what is called a
primary combustion zone. This is achieved
by means of a flame tube (combustion liner)
that has various devices  for metering the
airflow distribution along the chamber.

Approx. 18% of the air mass flow is taken in
by the snout or entry section. Immediately down stream of the snout, are swirl vanes and a perforated flare, through
which air passes into the primary combustion zone. The swirling air induces a flow upstream of the centre of the flame
tube and promotes the desired recirculation. The air not picked up by the snout flows into the annular space between
the flame tube and the air casing.

Through the wall of the flame tube body, adjacent to the combustion zone, are a selected number of holes through
which a further 10 to 15% of the main flow of air passes into the primary zone. The air from the swirl vanes and that from
the primary air holes inter acts and creates a region of low velocity recirculation. This takes a form of a toroidal vortex
similar to a smoke ring and has the effect of stabilizing and anchoring the flame. The recirculating gases hasten the
burning of freshly injected fuel droplets by rapidly bringing them to ignition temperature.

It is arranged so that the conical fuel spray from the burner, intersects the recirculation vortex at the centre. This
action, together with the general turbulence in the primary zone, greatly assists in bringing up the fuel and mixing it
with the incoming air.

The temperature of the combustion gases released by the combustion zone is about 1,800 to 20000C which is far
too hot for entry to the nozzle guide vanes of the turbine. The air not used for combustion, which is therefore introduced
progressively into the flame tube. Approx. half of this is used to lower the gas temperature before it enters the turbine
and the other half is used for cooling the walls of the flame tube. Combustion should be completed before the dilution
air enters the flame tube, otherwise the incoming air will cool the flame and incomplete combustion will result.

An electric spark from an igniter plug initiates combustion and the flame is then self sustained.

Types Of Combustion Chamber
There are three main types of combustion chamber in use, they are multiple chamber, the turbo annular chamber and
the annular chamber.

Multiple Combustion Chamber
This type of combustion chamber is used on
centrifugal compressor engines and the earlier
types of axial flow compressor engines. It is a
direct development of the earlier type of whittle
combustion chamber. The major difference is
that whittle chamber had a reverse flow, but as
this created a considerable pressure loss, the
straight through multiple chamber was developed
by Joseph Lucas ltd.
The chambers are disposed around  the engine
(fig. 19.) and compressor delivery air is directed
by ducts to pass into the individual chamber.
Each chamber has an inner flame tube around
which, there is an air casing. The air passes
through the flame tube snout, and also between
the tube and the outer casing.
The separate flame tubes are all interconnected.
This allows each tube to operate at the same
pressure and also allows combustion to
propagate around the flame tubes during engine
starting.

Turbo Annular Combustion Chamber
The turbo annular C.C is a combination of the
multiple and annular types. A number of flame
tubes are fitted inside a common air casing. The

Fig. 18. Apportioning the air flow.

Fig.19.  Multiple combustion chamber.
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airflow is similar to that already described
and this arrangement, embodies the case
of overhaul and testing of the multiple
system with the compactness of annular
system. (fig. 20).

Annular Combustion Chamber
This type of combustion chamber
consists of a single flame tube, completely
annular in form, which is contained in an
inner and outer casing (fig 21). The air
flow through the flame tube is similar to
that previously, described, the chamber
being open at the front to the compressor
and at the rear to the turbine nozzles.
The main advantage of annular chamber

is that, for the same power output, the
length of the chamber is only 75% of that
of a turbo annular system for an engine
of the same diameter, resulting in
considerable saving of weight and
production cost. Another advantage is
that because inter connection are not
required the propagation of combustion
is improved.
In comparison with a turbo annular

combustion system, the wall area of a
comparable annular chamber is much less;
consequently the amount of cooling air
required to prevent the burning of the
flame tube wall is less, by approx. 15%.
This reduction in cooling air raises the
combustion efficiently to virtually
eliminate unburnt fuel, and oxidizes the
carbon monoxides to non toxic carbon di-
oxide, thus reducing air pollution.
A high by pass ratio engine will also

reduce air pollution since for a given
thrust the engine burns less fuel.

Turbine Nozzle And Nozzle Diaphragm
This diaphragm consists of a group of
nozzle vanes welded, between two shroud
rings. In the typical nozzle diaphragm,
the inner and outer bands contains
punched holes to receive the ends of
nozzle vanes. The nozzle vanes are usually
constructed of high temperature alloy,
and they must be highly heat resistant.
In many engines the nozzle vanes are

hollow and are formed from stainless
steel sheet. They are then welded and
ground smooth before being installed
between the shroud rings. When there is
more than one turbine wheel, additional
nozzle diaphragms are installed to direct
the hot gases from one wheel to the next.
Second third and fourth stage nozzle
vanes are often constructed of solid steel
alloy. These may be either forged or
precision cast.

Purpose
The purpose of nozzle diaphragm is two
fold : (i) it increases the velocity of the hot
gases flowing past this point and (ii) it

Fig.20. Turbo-annular combustion chamber.

Fig.21. Annular combustion chamber.
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directs the flow of gases to strike the turbine
buckets at the desired angle. The gases flowing
through the nozzle diaphragm attain their
highest velocity at this point.

The blades or vanes in the nozzle diaphragm
are of aerofoil design. In the pure reaction type
design, the nozzle blades resemble turbine
blades closely. This is particularly true of the
nozzle or stator blades (vanes) between the
turbines wheels in multi stage turbine
assemblies.

TURBINE
Introduction
The turbine has the task of providing the
power to drive the compressor and accessories
and, in the case of engines which do not make
use solely of jet for propulsion, of providing
shaft power for a propeller or rotor. It does this
by extracting energy from the hot gases released
from the combustion system and expanding
them to a lower pressure and temperature.
High stresses are involved in this process, and
for efficient operation, the turbine blade tip
may rotate at speeds up to 1300 feet per second.

To produce the driving torque, the turbine
may consists of several stages, each employing
one row of stationary nozzle guide vanes and
one row of moving blades. The no. of stages
depends on whether the engine has one shaft
or two and on the relation between the power
required from the gas flow, the rotational speed
at which it must be produced and the diameter
of turbine permitted.

The number of shafts varies with the types
of engine, high compression ratio engines
usually have two shafts, driving high and low
pressure compressors. On high bypass ratio
fan engines that feature an intermediate
pressure system, another turbine is inter posed
between the high and low pressure turbine
thus forming a triple spool system. On some
propeller or shaft engines, driving torque is
derived from a free power turbine. The shaft
driving the propeller or the output shaft to the
rotor blade of a helicopter, through a reduction
gear, may be mechanically independent of
other turbine and compressor shafts.

The bypass engine enables a smaller turbine
to be used than in a pure jet engine for a given
thrust output and it operates at a higher gas
inlet temperature, there by obtaining important
thermal efficiency and power/weight ratio.

The design of the nozzle guide vanes and
turbine blade passages is based broadly on
aerodynamic considerations, and to obtain
optimum efficiency compatible with compressor
and combustion design, the nozzle guide vanes
and turbine blades are of a basic aerofoil shape.
The relationship and juxtaposition of these
shapes are such that the turbine functions
partly under impulse and partly under reaction
condition, that is to say, the turbine blades
experience an impulse force caused by the
initial impact of the gas on the blades and a
reaction force resulting from the expansion

Fig. 22. Typical  nozzle guide  vanes showing their shape  and location.

Fig.23.  Methods of attaching blades to turbine discs.



34 L.N.V.M. Society Group of Institutes, Palam Extn., Part-1, Sec-7, Dwarka, New Delhi-45.

and acceleration of the gas through the blade passages. Normally gas turbine engines do not use either pure impulse
or pure reaction turbine blades. With an impulse turbine, the total pressure drop across each stage occurs in the fixed
nozzle guide vanes and the effect on the turbine, blades is one of momentum only ; where as with a reaction turbine,
the total pressure drop occurs through the turbine blade passages. The proportion of each principle incorporated in
the design of a turbine is therefore largely dependant on the type of engine in which the turbine is to operate, but in
general it is about 50% impulse and 50% reaction. Impulse type turbines are used for cartridges and air starters.

Construction
The basic components of the turbine are the combustion discharge nozzles, the nozzle guide vanes, the turbine discs
and turbine blades. The rotating assembly is carried on roller bearings mounted to a compressor shaft or connected
to it by a self aligning coupling.

Nozzle Guide Vanes
Are of aero foil shape, the passages between adjacent vanes forming a convergent duct. The vanes are located in the
turbine casing in a manner that allows for expansion.

The nozzle guide vanes are usually of hollow form and be cooled by passing compressor delivery air through them
to reduce the effects of high thermal stresses and gas load.

Turbine Disc
The turbine disc is a machine forging with an integral shaft or with a flange on to which the shaft may be bolted. The
disc also has around its perimeter provision for the attachment to the turbine blades.

To limit the effect of heat conduction from the turbine blades to the disc a flow of cooling air is passed across both
sides of each disc.

Turbine Blades
The turbine blades are of an aerofoil shape. The main air is to provide passages between adjacent blades that gives
a steady acceleration of the flow up to the throat where the area is smallest and the velocity reaches that required at
exit to produce the required degree of reaction.

High efficiency demands thin trailing edges to the sections but a compromise has to be made so as to prevent the
blades cracking due to temperature changes during engine starting and stopping.

The method of attaching the blades to the turbine disc is of considerable important, since the stress in the disc around
the fixing or in the blade root has an important bearing on limiting rim speed. Various methods of blade attachment are

(1) Fir tree Root (with locking plate)
(2) Fir tree Root (with shank seals).
(3) De laval By it Root (with locking screw).
(4) B.M.W.hollow blade (with retaining pins).
Now a days majority of gas turbine use fir tree root type attaching method.
To reduce the loss of efficiency due to gas leakage, across the blade tips, a shroud is often fitted this is formed by

forging small segment at the tip of each blade, so that when all the blades are fitted to the disc, the segment form a
peripheral ring around the blade tips.

On a fan engine, where the fan is aft (rear) mounted the blade forming the fan present an additional thermal problem.
This is because the outer portion of each blade operation is in a duct through which passes a cool air stream, while the
inner portion operates in the normal gas stream to extract the energy for accelerating the fan airflow.

THE EXHAUST CONE
The exhaust cone is located directly behind the turbine wheel and its main function is to collect discharge gases from
the turbine wheel and expel then at the correct velocity. The exhaust cone consists of a stainless steel outer shell and
central cone supported from the shell by four stream lined struts or fins is to straighten out the airflow from approx.
45% to an axial direction. Air flowing through this section decreases in velocity and increases in pressure.

The outer surface of the exhaust cone is insulated in most installations and many different types of insulation are
used. A typical arrangement consists of four layers of A1 foil, each separated from the next by a layer of bronze screening.
The insulation reduces the heat losses that would normally escape through the exhaust cone. The insulation also
protects adjacent aircraft structures and equipment from damage caused by heat.

When the gas-turbine engine is delivered by the  manufacturer to the ultimate consumer, the exhaust cone is the
terminating component of the basic engine.  In order to operate the engine and obtain the required performance, however,
it is necessary to use a tail pipe and exhaust nozzle.  The length of the exhaust pipe or tail pipe varies with each airplane
installation, and therefore, by necessity, the pipe must be manufactured by the air-frame manufacturer.

THE THRUST REVERSER
Jet engines installed in jet airlines are equipped with thrust reversers to provide a braking action after the airplane has
landed.  The thrust reverser blocks gas flow to the rear and directs it forward to produce reverse thrust up to 5,000 lb.
or more.  The reverse thrust is produced when the air baffle doors or " clamshells " are moved into the gas stream by
actuating cylinders controlled by the reverse thrust lever in the cockpit.  Fig.24. below is a drawing of a typical thrust
reverser unit designed for use with the General Electric CJ805 jet engine.
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ACCESSORIES SECTION
Locations
Early type of engines usually had the accessory drive sections located at the nose of the engine, where it had the effect
of limiting the available area for air intake. This was particularly true on axial flow engines.

Present designs place the main accessory drive section at the bottom of the engine, and fitted closely against the
case. The accessory drive is geared to the shift of the high pressure compressor.

Engine Driven Accessories
Includes the accessories needed for engine operation and also those required for the operation of a/c. The following
is a list of accessories commonly driven by the engine and mounted on the accessory section.

i) Engine starter  (connected to the engine during starting).
ii) Generator
iii) Fuel Pump
iv) Emergency fuel pump
v) After burner fuel pump
vi) Techo meter generator
vii) Fuel control unit
viii) Air bleed governor
ix) Oil pump and scavenge pump
x) Hydraulic pump.

Some gas-turbine engines have one
accessory power section, while others may
have more. For example, one modern engine
drives most of the accessories from a power
takeoff at the bottom of the engine but also
has an auxiliary accessory driven at the front
of the engine.  Two or threeof the smaller
accessories are driven from this front accessory
section.

AFTER BURNING
After burning (or reheat) is a method of
augmenting the basic thrust of an engine to
improve the aircraft-take off, climb and (for
military aircraft) combat performance. The
increased power could be obtained by the use
of a larger engine, but as this would increase
the weight, frontal area and specific fuel
consumption, after burning provides the best
method of thrust augmentation for sort periods.

After burning consists of the introduction
and burning of fuel between the engine turbine
and the jet pipe propelling nozzle utilizing the
unburned oxygen in the exhaust gas to support
combustion.   The resultant increase in the
temperature of the exhaust gas gives an

increased velocity of the jet leaving the propelling nozzle and therefore increases the engine thrust.
As the temperature of the after burning flame can be in excess of 1700 deg. C., the burners are usually arranged so

that the flame is concentrated around the axis of the jet pipe.  This allows a proportion of the turbine discharge gas to
flow along the wall of the jet pipe and thus maintain the wall temperature at a safe value.

The area of the after burning jet pipe is large than a normal jet pipe would be for the same engine, to obtain a reduced
velocity gas stream.  To provide for operation under all conditions, an after burning jet pipe is fitted with wither a two-
position or a variable-area propelling nozzle.  The nozzle is closed during non-after burning  operation, but when after
burning is selected the gas temperature increases and the nozzle opens to give an exit area suitable for the resultant
increase in the volume of the gas stream.  This prevents any increase in pressure occurring that would affect the
functioning of the engine and enables after burning to be used over a wide range of engine speeds.

The thrust of an after burning engine, without after burning in operation, is slightly less than that of a similar engine
not fitted with after burning equipment; this is due to the added restrictions in the jet pipe.  The overall weight of the
power plant is also increased because of the heavier jet pipe and after burning equipment.

After burning is achieved on bypass engines by mixing the bypass and turbine streams before the afterburner fuel
injection and stabilizer system is reached so that the combustion takes place in the mixed exhaust stream.  An alternative
method is to inject the fuel and stabilize the flame in the individual  bypass and turbine streams, burning the available
gasses up to a common exit temperature at the final nozzle.  In this method, the fuel  injection is scheduled separately
to the individual streams and it is normal to provide some form of interconnection between the flame stabilizers in the
hot and cold streams to assist the combustion processes in the cold bypass air.

Fig. 24. Thrust  reverser  unit. (General Electric Company)
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Operation of  Afterburning
The gas stream from the engine turbine
enters the jet pipe at a velocity of 750 to
1200 feet per seconds, but flow is diffused
before it enters the afterburner combustion
zone, i.e. the flow velocity is reduced and
the pressure is increased.  However, as
the speed of burning kerosene at normal
mixture ratios is only a few feet per second.,
any fuel lit even in the diffused air stream
would be blown away. A form of flame
stabilizers is, therefore, located
downstream of the fuel burners to provide
a region in which turbulent eddies are
formed to assist combustion in operation.

An atomized fuel spray is fed into the jet pipe through a number of burners, which are so arranged as to distribute
the fuel evenly over the flame area. Combustion is then initiated by a catalytic igniter which creates a flame as a result
of the chemical reaction of fuel/air mixture being sprayed on to a platinum-based element by  an igniter plug adjacent
to the burner, or by a hot streak of flame that originates in the engine combustion chamber; this latter method known
as hot shot ignition.  Once combustion is initiated the gas temperature increases and the expanding gases accelerated
through the enlarged area propelling nozzle to provide the additional thrust.

In view of the high temperature of the gases entering the jet pipe from the turbine, it might be assumed that the mixture
would ignite spontaneously.   This is not so, for although cool flames form at temperatures up to 700 deg. C., combustion
will not take place below 800 deg C. If , however, the conditions were such that spontaneous ignition could be effected
at sea level, it is unlikely that it could be effected at altitude where the atmospheric pressure is low.  The spark or flame
that initiates combustion must be of such intensity that a light-up can be obtained at considerable altitudes.

For smooth functioning of the system, a stable flame that will burn steadily over a wide range of mixture strengths
and gas flows is required.  The mixture must also be easy to ignite under all conditions of flight, and combustion must
be maintained with the minimum loss of pressure.

Thrust Increase
The increase in thrust due to after burning depends solely upon the ratio of the absolute jet pipe temperatures before
and after extra fuel is burnt.  For example, neglecting small losses due to the afterburner equipment and gas flow
momentum changes, the thrust increase may be calculated as follows.

Assuming a gas temperature before after burning of 640 deg. C (913 deg K) and with after burning of 1269 deg. C
(1542 deg. K) then the temperature ratio =  (1542/913 ) = 1.69

The velocity of the jet stream increases as the square root of the temperature ratio.  Therefore, the jet velocity   1.69
= 1.3.  Thus, the jet stream velocity is increased by 30 percent and the increase in static thrust, in its instance, is also
30%.

Static thrust increases of up to 70% are obtainable from bypass engines fitted with after burning equipment, and
at high forward speeds several times this
amount of thrust boost can be obtained.
High thrust boosts can be achieved on
by pass engines because of the  large
amount of exhaust oxygen in the gas
stream and the low initial temperature of
the exhaust gases.
It is not possible, however, to go on

increasing the amount of fuel that is burnt
in the jet pipe so that all the available
oxygen is used, because the jet pipe
would not withstand the high
temperatures that would be incurred.

MATERIAL FOR GAS TURBINE
ENGINES
Chemical Elements
The most commonly used elements in the
manufacture of metals and alloys for gas
turbine engines are listed here with their
symbols : Carbon (C);  Silicon (Si);
Manganese (Mn); Chromium (Cr); Nickel
(Ni);  Cobalt (Co); Molybdenum

Fig. 25. Principle of after  burning.

Fig. 26. Thrust increase and temperature ratio.
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(M)Tungsten (W); Colombian (Cb); Titanium (Ti); Nitrogen (N); Copper (Cu); Iron (Fe); Aluminium (Al).
This list is not meant to include all possible elements used in high-temperature alloys, but it indicates the types of

elements required.
The  three characteristics that metallurgists search for in the metals for high-temperature applications are Oxidation

resistance, high-temperature strength, and corrosion resistance. Probably the most vital of these three characteristics
is the capacity to resist oxidation, because structural strength is useless if a metal rapidly burns away. At jet-engine
operating temperature, ordinary steel burns like paper; and tungsten, molybdenum ; and Colombian oxidize quickly,
as do most high-melting-point metals.

For years manufacturers have worked closely with the steel mills in developing research data that would serve as
a guide to the evolution of new alloys. Today, at least 20% high-temperature alloys are used in the fabrication of
components for power plants. These metals may be classified into four groups;

(1) Chrome-nickel steels,
(2) Chrome steels,
(3) Nickel-base alloys and
(4) Cobalt-base alloys.

Chrome-Nickel Steels
The chrome-nickel steels contain these elements in approximately 18:8 ratios and are commonly referred to as “austenitic
steels”. This description refers to their crystalline structure, in which the ingredients are said to be in solid solution
so that each crystal is composed of an intimate mixture of the constituents.

This group of steels is most widely used for high-temperature applications because of its good characteristics of
oxidation and corrosion resistance and of high strength at elevated temperatures. These steels have about six times
the electrical resistance of ordinary steels and respond readily to welding techniques. However, since they expand 50
percent faster than plain steels and conduct heat only half as fast, they require special care during welding to prevent
distortion. They do not need heat-treatment after welding to develop maximum physical strength.

These steels are nonmagnetic and cannot be hardened by heat-treatment. They may be hardened by cold-working,
and then they become slightly magnetic. Cold-working enhances their structural strength at the cost of ductility. They
are difficult to machine unless they contain added amounts of sulphur or selenium.

When subjected to temperatures above 8000 F, they tend to precipitate carbides in their grain boundaries, thus
lowering their resistance to corrosion. The corrosion resistance may be restored by heating them to 1850 to 19000 F and
cooling them quickly, or they may be protected against the formation of harmful carbide precipitation by the addition
of Colombian or titanium to their formulas.

Chrome Nickel steels are suitable for parts such as high-pressure compressor casings, combustion casings, turbine
casings, and similar parts where extreme temperatures are not encountered. High-temperature stainless steels are also
employed for compressor blading, compressor disks, turbine disks, exhaust cones, thrust reversals afterburner casings,
and miscellaneous sheet metal parts. The principal disadvantage of chrome-nickel stainless steels is the weight. For
this reason, titanium alloys are often used where the temperature is not excessive for the material.

Chromium Steels
The straight alloys, containing no nickel, are either martenstic or ferritic in crystalline structure, depending upon their
hardening characteristics. Those containing upto 14% chromium harden intensely if they are allowed to cool rapidly
from high temperatures, forming a hard, relatively brittle substance called martensite. Because these alloys respond
to heat-treatment, they are capable of being given a wide range of mechanical properties such as tensile strength and
hardness.

Those chromium steels containing from 17 to 30 percent chromium do not respond to heat-treatment or cooling and
remain essentially ferritic at all times. The intermediate types, containing between 14 and 17 percent chromium, behave
in a manner that depends upon their exact chromium and carbon contents.

Chromium contents up to 4 percent do not increase corrosion resistance. Amounts from 4 to 10 percent improve
resistance to corrosion appreciably. Chromium percentages from 10 to 30 percent are designated when oxidation
resistance at high temperatures is required.

The steels with chromium contents of 5 to 30 percent are magnetic in all conditions. They exhibit distinctly inferior
creep resistance compared with the chrome-nickel stainless steels. The 17 percent chromium steels have excellent
oxidation and corrosion resistance and may be used at temperatures up to 15000F. The 25% chromium content steel is
designated for severe heat and corrosion applications and is good for applications where temperatures reach 20000 F.

All the straight chrome steels are more difficult to weld than the chrome-nickel types because the welding heat leaves
them in a brittle condition. They have about the same coefficients of expansion as ordinary steel, with several times
the electrical resistance and slightly lower melting points. They tend to become brittle from welding heat in two ways
: by slow cooling from around the 12000 F range, and by grain growth produced by holding them over 16500 F. The first
type of embrittlement may be eliminated by quick cooling from above 12000F. The second type cannot be remedied but
may be avoided by careful welding techniques.

From straight chrome steel, jet- engine case weldments and bearing-housing assemblies are built for Pratt & Whitney
turbojet engine. These are fabricated from welded alloys of Type 410. Additional jet-engine detail fittings and
components are built from Type-415 and used in applications where temperature is not a critical factor.
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Nickel Base Alloys
The nickel-base alloy contain between 70 and 80 percent nickel and cannot properly be called “steels” because of their
small quantities of iron. In this group of alloys, many of which are called “super alloys”, are the Nimonics, M-252, GMR-
235, the Hastelloys, Nichrome, Rex 400, K42 B the Inconels, Waspalloy, Rene 41, Multi-alloy, Refract alloy 26, the
Udimets, and Unitemp 1735. These alloys have been tailored for high-temperature and some offer excellent oxidation
and corrosion resistance at temperatures of over 21000F.

Inconel
These alloys can be cold-worked, hot-worked, or forged without difficulty and can also be welded and machined. Various
types of the Inconel alloys are used for combustion chambers, transition liners, turbine nozzle parts, and turbine buckets.
The Nimonic
The nimonic alloys, numbered 75, 80, 80A and 90, are of British manufacture and contain a major percentage of nickel,
with chromium as the next most important element. Nimonic 90 utilizes a large percentage of cobalt as an alloying element.
The Nimonic alloys are largely used for the hot parts of gas-turbine engines, such as combustion chambers and turbine
nozzles.

GMR-235
GMR-235 contains about 55 percent nickel, 15.5% chromium and 10 percent iron with smaller portions of molybdenum
aluminium, and titanium. It is of low strategic-alloy content, that is, it contains neither cobalt nor Colombium; hence
it can be manufactured even though these metals are not available. GMR-235 was developed by the General Motors
Corporation primarily for gas turbine wheels, buckets, and nozzle vanes operating at temperatures in excess of 14000

F. An improvement of this alloy, GMR-235, contains increased amounts of aluminium and titanium, and less iron.

The Hastelloys
Designated A, B, C,  R-235. W, and X, are nickel-base  alloys developed and manufactured by the Haynes Stellite
Company, a Division of the Union Carbide Company.  These alloys contains large % of molybdenum. These alloys are
used in various applications where high temperature and corrosion resistance are desirable.

Waspalloy
Waspalloy was originally developed by the Pratt & Whitney Aircraft Division of United Aircraft Corporation for use
in the manufacture of turbine buckets. It is traditional super alloy suitable for use in the 1200 to 1600°F range although
it retains good strength at higher temperatures. This alloy is also used for turbine disks and other heavy forging in jet
engines.

The Udimet
Alloy, manufactured by special metals, Incorporated are super alloys of high strength, corrosion resistance, and high
temperature resistance. Udimet 500 is used for turbine buckets and small integral gas turbines. Udimet 700 is suitable
for the 1400 to 1800°F range and can be used for a short time upto 2000°F. It is used for turbine buckets and for turbine
disks in advanced jet engines. Udimet N-115 is one of the strongest wrought super alloys and is used for turbine buckets
in applications requiring extended service upto 18500F.

Cobalt Base Alloys
Cobalt-base alloys, also called super alloys, are designated for use where high-temperature strength and corrosion
resistance are important. These alloys usually contain substantial  amounts of tungsten, nickel, chromium, and
molybdenum in addition to cobalt. Some of the alloys contain either tungsten or molybdenum but not both.

Haynes Stellite No.25 (HS-25) is used to build the eyelid assemblies for afterburners and afterburner flame holders.
It has excellent strength and resistance to oxidation at high temperatures. It also exhibits good ductility and can be
worked both hot and cold. It has oxidation and carburization resistance for service upto 19000 F.

Haynes Stellite Alloy no.21 (HS-25) is resistant to oxidizing and reducing atmospheres upto 21000F. It has excellent
strength which is maintained through a wide range of temperatures and thermal shock conditions. Haynes Stellite No.31
(HS-31) is a casting alloy, and has good creep, endurance, and stress-rupture properties.

Another cobalt-base alloy manufactured by the Haynes Stellite Company is Alloy No.151. This alloy has excellent
properties at high temperatures and is suitable for turbine blade applications upto 18000F.

Variations In Alloy Properties
It must be emphasized that the properties of high-temperature alloys are not imparted merely by the mixing of various
metallic elements. The elements are most important ; however, the type of heat treatment and working applied  to the
alloy is also essential.

Among some of the treatments employed for developing desired characteristics in the super alloys are solution heat
treating, precipitation hardening, strain hardening, cold-working and hot-working.  Some of these processes are time-
consuming and complicated, hence they add to the cost of the material. It is important to note, however, that without
the required treatment a particular alloy will not give the specified service.

Sintered Mesh Porous Media
A rather new material in its applications to jet engines is a sintered mesh sheet constructed of two or more layers of
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mesh manufactured from high-temperature alloys N-155 or L-605 and sinter bonded. This material is used primarily for
transpiration cooling in high temperature zones.

Transpiration cooling, as the name implies, is the cooling which results from passing a fluid, either liquid of gas,
through a porous media to remove heat from the porous surface. The porous media must have a large internal surface
area for heat transfer to permit an efficient heat removal with a minimum of coolant.

The major application in the aircraft field are found in turbojet engines. Afterburner liners as well as the liners of
combustion chambers have been fabricated media.

Another important application in turbojet engines is the fabrication of transpiration-cooled turbine blades from
porous media.

COMPARATIVE ADVANTAGES AND DISADVANTAGES OF GAS TURBINE ENGINES
In its present forms, the gas turbine, either propeller-drive or pure jet, has numerous attractive features that have been
mentioned frequently. These may be reviewed briefly as follows.
Advantages
Freedom From Vibration
This permits lighter propeller sections and mounting structure. Vibration is reduced by the elimination of reciprocating
parts such as connecting rods and pistons.
Simplicity Of Control
Only one lever is required for controlling the speed and power of the unit.
No Spark Plugs Required Except For Starting
Such surfaces add weight and drag. Very small coolers for lubricating oil are used on large jet engines and turboprop
engines.
Negligible Cooling Air Required
Conventional engines require from five to eight times as much air for cooling as is required for power production. The
acceleration of this air to airplane speed represents an appreciable loss of power, particularly in climb, even though much
of this may be recovered later by the use of carefully designed radiators.
No Spark Plugs Required Except For Starting
After combustion is once established, it is self supporting.
No Carburettors
Hence there is no carburettor icing and no mixture controls. There is some question as to this advantage, since large
gas turbines do require very complex fuel-control units. The automatic features of these units compensate for their
complexity, however.
Available Supply Of Compressed Air
This air is used for driving cabin superchargers and small turbines and for anti-icing purposes.
Decreased Fire Hazard
Fuels used for gas turbines are usually less volatile than the high-octain fuels used in reciprocating engines.
Lower Specific Weight
A gas turbine may develop several times as much power as a reciprocating engine of the same weight.
Lower Oil Consumption

DISADVANTAGES
HIGH SPECIFIC FUEL CONSUMPTION AT LOW AIRSPEEDS
This applies chiefly to pure jet engines. Turboprop engines have performance comparable to reciprocating engines in
some instances, since they have attained specific fuel consumption as low as 0.40 lb per hp per hr.
Inefficient Operation At Low Power Levels
Slow Acceleration From Minimum Speed
This condition applies chiefly to turbojet engines. Turboprop and turbofan engines are able to accelerate quite rapidly.
High Starting Power Requirements
Starting large gas-turbine engines has been a problem in the past; however, starters have been developed within the
past few years which make it relatively simple.
High Cost Of Manufacture
Although the gas turbine is much simpler in operation than the piston engine, the special materials and manufacturing
processes needed make the cost of the gas turbine much higher.
Susceptibility To Damage By Foreign Material
Such material is rapidly drawn into the air inlet.

BASIC DIFFERENCES - GAS TURBINE V/S RECIPROCATING ENGINE
The basic differences between the gas-turbine engine and the reciprocating engine may be classified into five main
groups.

Aerodynamic (Advantages)
Smaller nacelles possible; negligible cooling power required; highspeed jet is a more efficient propulsive means than
propeller at high flight speeds.

Disadvantages
A high speed jet is a less efficient propulsive means than a propeller at lower flight speeds and during takeoff. The
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development of turboprop and turbofan engines has made it possible to combine the advantages of the turbine engines
with the efficiency of the propeller for lower speeds and for takeoff.

Weight (Advantages)
Turbine engines are considerably lighter than reciprocating engines for the same power output. Turbojet engines have
been developed with a weight/power ratio of less than 0.13 lb. per lb. of thrust. Turboprop engines have attained 0.39
lb. per equivalent shaft horsepower (eshp) in comparison with reciprocating engines which usually have a weight/power
ratio of approximately 1.0 lb. per hp or more.

Fuel Consumption (Neutral Characteristics)
Best specific fuel consumption occurs near maximum output. (Best specific fuel consumption reciprocating engines
occurs at about one-half maximum power.) At a given flight speed, specific fuel consumption of the turbojet engine
tends to decrease with altitude. The specific fuel consumption for turboprop engines is comparable to that of the best
reciprocating engines. It is likely that continued development will produce a turboprop engine with much better specific
fuel consumption than any reciprocating engine. Turbojet engines have been developed to a point where specific fuel
consumption is excellent, at operating speeds and altitudes, they are more efficient than of 1:2:1 and have brought about
specific fuel-consumption figures of less than 0.70 lb. per pound of static thrust.

Disadvantages
Best fuel consumption is in general is poorer for the turbojet engine; however this disadvantage appears to be
decreasing rapidly.

Output
Operation of the gas turbine engine at varying altitudes is somewhere between that of an unsupercharged and
supercharged reciprocating engine. That is, the turbine engine is more adaptable to varying altitudes than the
unsupercharged engine and perhaps a little less adaptable than the supercharged reciprocating engine.

General (Advantages)
Low power plant vibration, relatively constant speed over a wide range of output.

Disadvantages
High engine speed (advantageous for generator drive)

PERFORMANCE COMPARISON
A comparison of the performance of aircraft powered by reciprocating turboprop, and turbojet engines indicates that
for a cruising altitude of 35,000 ft :

1) Aircraft with top speeds below 335 mph achieve their maximum range when powered by reciprocating engines.
2) Aircraft with top speeds above 610 mph achieve their maximum range when powered by turbojet engines.
3) Aircraft with speeds between those specified in the foregoing statements in general achieve their maximum range

when powered by turboprop or turbofan engines.

Axial Flow V/S Centrifugal Flow
Within the classification of turbojet engines, some engines have advantages over other. At the present stage of
development of these engines, the axial-flow type has the following advantages over the centrifugal-flow type:

Lower Specific Fuel Consumption
This advantage is quite important, since turbine powered aircraft are now designed to fly vast distances without
refuelling. The lower fuel consumption is accomplished with the axial-flow engine because the axial compressor makes
possible higher pressure ratio. This is particularly true of the turbofan engines.

Smaller Diameter Or Frontal Area
This characteristic makes the axial-flow  engine more suitable for wing installation.

The following are some of the advantages of the centrifugal flow engine over the axial-flow type :

Simple Manufacture And Fewer Parts
This reduces initial cost and maintenance.

Lower Specific Weight
A centrifugal engine with an equivalent compression ratio may be lower in weight for the amount of thrust.

Faster Installation And Removal
No close fitting ducts to engine are necessary.

More Effective Water Injection
On this type of engine the water can be injected directly into the compressor, where as in an axial flow engine, water
is injected into the C.C.
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Faster Acceleration Of The Rotor Section
The advantages of higher compressor ratios possible with the axial flow engines will make this type of engine more
desirable, especially for high performance a/c.

Turbofan or by pass engines increase air mass flow by feeding additional air into the jet stream directly to the rear
of the turbine. This results in thrust augmentation because a greater mass of air is accelerated than would be the case
with the  simple jet engine.

PERFORMANCE OF GAS TURBINE ENGINES
The performance of the turbojet engine is measured in thrust produced at the propelling nozzle or nozzles, and that of
the turbo-propeller engine is measured in shaft horsepower (s.h.p.) produced at the propeller shaft. However, both types
are in the main assessed on the amount of thrust or s.h.p. they develop for a given weight, fuel consumption, and frontal
area.

Since the thrust or s.h.p. developed is dependent on the mass of air entering the engine and the acceleration imparted
to it during the engine cycle, it is obviously influenced, as subsequently described, by such variables as the forward
speed of the aircraft, altitude, and climatic conditions. These variables influence the efficiency of the air intake, the
compressor, the turbine, and the jet pipe; consequently, the gas energy available for the production of thrust or s.h.p.
also varies.

In the interest of fuel economy and aircraft range, the thrust or s.h.p. per unit weight should be at its maximum with
the fuel consumption as low as possible. This factor, known as the specific fuel consumption (s.f.c.), is expressed in
pounds of fuel per hour per pound of net thrust of s.h.p and is determined by the thermal and propulsive efficiency
of the engine.

Whereas the thermal efficiency is often referred to as the internal efficiency of the engine, the propulsion efficiency
is referred to as the external efficiency.

The thermal and propulsive efficiency also influence, to a large extent, the size of the compressor and turbine thus
determining the weight and diameter of the engine for a given output.

ENGINE THRUST ON THE TEST BENCH
The thrust of the turbojet engine on the test bench differs somewhat from that during flight. On the test bench the thrust
is mainly the product of the mass of air passing through the engine and the jet velocity at the propelling nozzle; whereas
in flight it is mainly the product of the mass of air passing through the engine, and the jet velocity less the forward speed
of the aircraft. Algebraically, the thrust of the stationary engine is expressed as wvj/g

where
W = mass of air (lb.per.sec.)
v

j
= jet velocity at propelling nozzle (ft.per.sec.)

g = gravitational constant 32.2.
Engine running under choked nozzle condition drive additional thrust from the excess pressure acting over the

propelling nozzle and this is expressed as (p - Po) A, where
p = static pressure at propelling nozzle (lb.per.sq.in)
Po = atmospheric pressure (lb.per.sq.in.)
A = area of propelling nozzle (sq.in.)

Thus, the total thrust F = (p-Po) A+ Wvj/g

From the formula it will be seen that the thrust of the engine can be increased either by increasing the mass of air
passing through the engine or by increasing the jet velocity. Increase in mass airflow may be obtained by using water
injection and increase in jet velocity by using after burning.

As the air density changes, mass of air entering the engine for a given engine speed changes. Thus, when comparing
the performance of similar engines, a correction to the observed readings is required for any variation from the I.S.A.
conditions.

The correction for a turbojet engine is :
Thrust (lb.) (corrected) = thrust (lb.) (observed) X 29.99

po
where Po = atmospheric pressure in Hg (observed).
The observed performance of the turbo-propeller engine is also corrected to I.S.A. conditions, but due to the rating

being different. For example, s.h.p. (corrected) = s.h.p. (observed) X29.99 X 273+15
   Po 273+To

where Po = atmospheric pressure in Hg (observed).
To = atmospheric temperature deg C. (observed).

In practice there is always a certain amount of jet thrust in the total output of the turbo-propeller engine and this
must be added to the s.h.p.

The total equivalent horsepower is denoted by t.e.h.p. and is the s.h.p. plus the s.h.p equivalent to the net jet thrust.
t.e.h.p. = s.h.p. + jet thrust lb.

2.6

COMPARISON BETWEEN THRUST AND HORSEPOWER
Because the turbojet engine is rated in thrust and the turbo-propeller engine in s.h.p. no direct comparison between
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the two can be made without a power conversion factor. However, since the turbo-propeller engine receives its thrust
mainly from the propeller, a comparison can be made by converting the horsepower developed by the engine to thrust
or the thrust developed by the turbojet engine to t.h.p., that is, by converting work to force or force to work. For this
purpose, it is necessary to take into account the speed of the aircraft.

The t.h.p. is expressed is FV/ 550 ft.per.sec.
where F = lb.of thrust.

V = aircraft speed (ft.per.sec.)

Since one horsepower is equal to 550 ft.lb.per.sec. and 550 ft.per.sec. is equivalent to 375 miles per hour, it can be
seen from the above formula that one lb.of thrust equals one t.h.p. at 375 m.p.h. It is also common to quote the speed
in knots (nautical miles); one knot is equal to 1.1515 m.h.p. or one pound of thrust is equal to one t.h.p. at 325 knots.

Thus if a turbojet engine produces 5,000 lb. of net thrust at an aircraft speed of 600 m.p.h. the t.h.p. would be

5,000 X 600 = 8,000
375

However, if the same thrust was being produced by a turbo-propeller engine with a propeller efficiency of 55 per
cent at the same flight speed of 600 m.p.h., then the t.h.p. would be

8,000 X 100 = 14,545
55

ENGINE THRUST IN FLIGHT
Since reference will be made to gross thrust, momentum drag, and net thrust it may be helpful at this stage to define
these terms.

The gross or total thrust is the reaction to the momentum of the jet velocity, expressed as (p -Po) A + Wvj. The
momentum or intake drag is the drag due to the momentum of the air passing into the engine relative to aircraft velocity,
expressed as WV/g .

The net thrust or resultant force acting on the aircraft in flight is the difference between the gross thrust and the
momentum drag.

It was stated that the thrust of a stationary engine is mainly the product of the mass of air passing through the engine
and the jet velocity at the propelling nozzle. This is expressed algebraically as (p - Po) A +Wvj/g  i.e. gross or total thrust.
Under flight conditions, momentum drag must be taken into account and subtracted from gross thrust. Therefore,
simplifying, net thrust can be expressed as (p - Po) A + W (vj -V)/g.

EFFECT OF AFTER BURNING ON ENGINE THRUST
At take-of conditions, the momentum drag of the air flowing through the engine is negligible, so that the gross thrust
can be considered to be equal to the net thrust. If after burning is selected, an increase in takeoff thrust in the order
of 30 per cent is possible with the pure jet engine and considerably more with the bypass engine. This augmentation
of basic thrust is of greater advantage for certain specific operating requirements.

Under flight conditions, however, this advantage is even greater, since the momentum drag is the same with or
without after burning and, due to the ram effect, better utilization is done of every pound of air pumped through the
engine.

Assuming an aircraft speed of600 m.p.h.(880ft.per sec.,then,
momentum drag 880= 27.5 lb. (approximately).

32.2

This means that very pound of air per second pumped through the engine and accelerated up to the speed of the
aircraft caused a drag of about 27.5 lb.

Suppose each pound of air pumped through the engine gives a gross thrust of 77.5 lb. Then the net thrust given
by the engine per lb. of air per second is 77.5 - 27.5  =50 lb.

When after burning is selected, the gross thrust will be 1.3 X 77.5 = 107.5 lb. Thus, under this condition, the net thrust
per pound of air per second swill be 107.5 - 27.5 = 80 lb. Therefore the ratio of net thrust due to after burning is 80 = 1.60.
In other words, a 30 percent increase in thrust under static conditions becomes a 60 percent increase in thrust at 600
m.p.h.

This larger increase in thrust is invaluable for obtaining higher speeds and higher altitude performance. The total
and specific fuel consumption are high, but not unduly as for such as increase in performance.

The limit to the obtainable thrust is determined by the after burning temperature and the oxygen in the exhaust gas
stream. Because no previous combustion heating takes place in the duct of a bypass engine, these engines with their
large residual oxygen surplus are particularly suited to after burning and static thrust increases, of upto 70 percent are
obtainable. At high forward speeds several times this amount is achieved.

EFFECT OF FORWARD SPEED
Ram Ratio
Ram ratio is the ratio of the total air pressure at the engine compressor entry to the static air pressure at the air intake
entry.
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Mach Number
Mach number is an additional means of measuring speed and is defined as the ratio of the speed of a body to the local
speed of sound. Mach 1.0 therefore represents a speed equal to the local speed of sound.

From the thrust equation
T = (p-Po) A + W (v

j 
- V)

It is apparent that if the jet velocity remains constant,
independent of aircraft speed, then as the aircraft speed
increases the thrust would decrease in direct proportion.
However, due to the ‘ram ratio’ effect from the aircraft
forward speed, extra air is taken into the engine so that
the mass airflow and also the jet velocity increase with
aircraft speed. The effect of this tends to offset the extra
intake momentum drag due to the forward speed so that
the resultant net thrust is partially recovered as the
aircraft speed increases. A typical trend curve illustrating
this point is shown in fig.27.  Obviously, the ‘ram ratio’
effect, or the return obtained in terms of pressure rise at
entry to the compressor in exchange for the unavoidable
intake drag, is of considerable importance to the turbojet
engine, especially at  high speeds. Above speeds of
Mach 1.0 and as a result of the formation of shock waves
at the air intake, this rate of pressure rise will rapidly
decrease unless a suitably designed air intake is provided
with an efficient air intake, ram ratio effect at supersonic
speeds can be significantly increased.

As aircraft speed  increases into the supersonic
region, the ram air temperature rapidly rises consistent
with the basic gas laws. This temperature rise effects the
compressor delivery air temperature proportionately
and, in consequence, to maintain the required thrust,
the engine must be subjected to higher turbine entry
temperature. Since the maximum permissible turbine
entry temperature is determined by the temperature limitations of the turbine materials and the cooling techniques of
blades and stators are increasingly involved.

With an increase in forward speed, the increased mass airflow due to the ‘ram ratio’ effect must be matched by the
fuel flow and the result is an increase in fuel consumption. Because the net thrust tends to decrease with forward speed
the end result is an increase in specific fuel consumption, as shown by the trend curves for a typical turbojet engine.

At forward speeds at low altitudes the ‘ram ratio’ effect causes very high stresses on the engine and, to prevent
over stressing, the fuel flow is automatically reduced to limit the engine speed and airflow.

In the case of turboprop engine, the net jet thrust decreases, s.h.p. increases due to the ‘ram ratio’ effect of increased
mass flow and matching fuel flow. Because it is standard practice to express the s.f.c. of a turbo-propeller engine relative
to s.h.p. an improved s.f.c. is exhibited. However, this does not provide a true comparison with the curves, for a typically
turbojet engine, as s.h.p. is absorbed by the propeller and converted into thrust and, irrespective of an increase in s.h.p,
propeller efficiency and therefore, net thrust deteriorates at high subsonic forward speeds. In consequence, the turbo-
propeller engine s.f.c. relative to net thrust would, in general comparison with the turbojet engine, show an improvement
at low forward speeds but a rapid deterioration at high speeds.

EFFECT OF ALTITUDE
With increasing altitude the ambient air pressure and temperature are reduced. This affects the engine in two interrelated
ways :

The fall in pressure reduces the air density and hence the mass airflow into the engine for a given engine speed. This
causes the thrust or s.h.p to fall. The fuel control system adjusts the pump output to match the reduced mass airflow,
so maintaining a constant engine speed.

The fall in air temperature increases the density of the air, so that the mass of air entering the compressor for a given
engine speed is greater. This causes the mass airflow to reduce at a lower rate and so compensates to some extent for
the loss of thrust due to the fall in atmospheric pressure.

EFFECT OF CLIMATE
On a cold day the density of the air increases so that the mass of air entering the compressor for a given engine speed
is greater, hence the thrust or s.h.p is higher. The denser air does, however, increase the power required to drive the
compressor or compressors; thus the engine will require more fuel to maintain the same engine speed or will run at a
reduced engine speed if no increase in fuel is available.

On a hot day the density of the air decreases, thus reducing the mass of air entering the compressor and,
consequently, the thrust of the engine for a given r.p.m. Because less power will be required to drive the compressor,

Fig.27.



44 L.N.V.M. Society Group of Institutes, Palam Extn., Part-1, Sec-7, Dwarka, New Delhi-45.

the fuel control system reduces temperature, as appropriate; however, because of the decrease in air density, the thrust
will be lower. Some sort of thrust augmentation, such as water injection are sometimes used.

PROPULSIVE EFFICIENCY
Performance of the jet engine is not only concerned with the thrust produced, but also with the efficient conversion
of the heat energy of the fuel into kinetic energy, as represented by the jet velocity, and the best use of this velocity
to propel the aircraft forward, i.e. the efficiency of the propulsive system. A turbo-propeller engine gives a small
acceleration to a large mass of air, whereas a pure turbojet gives a large acceleration to a small mass of air.

The efficiency of conversion of fuel energy to kinetic energy is termed the thermal or internal efficiency and, like
all heat engines, is controlled by the cycle pressure ratio and  combustion temperature.

The efficiency of conversion of kinetic energy to propulsive work is termed the propulsive or external efficiency and
this is affected by the amount of kinetic energy wasted by the propelling mechanism. Waste energy displaced in the
jet wake, which represents a loss, can be expressed as( 1\2 mv2)/g where V is the waste velocity (v

j 
- V). It is therefore,

apparent that at the aircraft lower speed range the pure jet stream wastes considerably more energy than a propeller
system and consequently is less efficient over this range. However, this factor changes as aircraft speed increases,
because although the jet stream continues to issue at a high velocity from the engine its velocity relative to the
surrounding atmosphere is reduced and, in consequence, the waste energy loss is reduced.
Briefly, propulsive efficiency may be expressed as:

η
Propulsive

= work done on the aircraft / Energy imparted to engine airflow or simply
η

Propulsive
= work done / Work done + work wasted in exhaust

Work done is the net thrust multiplied by the  aircraft speed.
Propulsive efficiency =
[v { ( p-po) A + w (v

j
 - v)/g }] / [v { (p-Po) A + w (v

j
 -v)/g }+{ ½w(v

j 
 - v)2 /g}]

In the instance of an engine operating with a non choked nozzle the equation become  :

[WV (vj -v)] /[ WV (v
j
 - v ) + ½ (v

j
 - v)2 ] Simplified to: 2v / V+ v

j
e.g. assuming an aircraft speed (V) of 375 m.p.h. and a jet velocity (v

j
) of 1,230 m.p.h. the efficiency of a turbojet is:

η  = 2x375/ 375 + 1,250 = approx 47 per cent

On the other hand, at an aircraft speed of 600 m.p.h. the efficiency is :

η  =    2X 600  . = approx 66 per cent.
600+1230

propeller efficiency at these values of V is approximately 82 and 55 percent.

The disadvantage of the propeller  at the higher aircraft speeds is its rapid fall off in efficiency, due to shock waves
created around the propeller as the blade tip speed approaches Mach 1.0.

To obtain good propulsive efficiency without the use of a complex propeller system, the bypass principle is now
used in various forms. With this principle, some part of the total output is provided by a jet stream other than that which
passes through the engine cycle  and this is energized by a fan or a varying number of L.P. compressor stages. This
bypass air is used to lower the main jet temperature and velocity either by exhausting through a separate propelling
nozzle, or by mixing with the turbine stream to exhaust through a common nozzle.

The propulsive efficiency equation for a high bypass ratio engine exhausting through separate nozzles is given
below, where W

1
 and vj

1
  relate to the bypass function and W

2
 and vj

2
 to the engine main function.

Propulsive efficiency = [W
1 
V (vj

1
-v) + W

2
V (vj

2
-v)]/[W

1 
V (vj

1
-v) + W

2
V (vj

2
-v) + ½W

1 
(vj

1 
- V)2 + ½ W

2
(vj

2
-v)2]

A graph illustrating the various propulsive efficiency with aircraft speed is shown in fig. 28.

FUEL CONSUMPTION AND POWER-TO-WEIGHT RELATIONSHIP
Primary engine design considerations, particularly for commercial transport duty, are those of low specific fuel
consumption and weight. Considerable improvement has been achieved by use of the bypass principle, and by
advanced mechanical and aerodynamic features, and the use of improved materials. With the trend towards higher
bypass ratios, in the range of 5:1, the triple-spool engine enables the pressure and bypass ratios to be achieved with
short rotors, using fewer compressor stages, resulting in a lighter and more compact engine.

S.f.c. is directly related to the thermal and propulsive efficiency; that is, the overall of the engine. Theoretically, to
provide a high thermal efficiency only a high pressure ratio is required, although in practice normal inefficiencies in the
compression and expansion processes also necessitate a high turbine entry temperatures. In a pure turbojet engine this
increase in temperature would increase the jet velocity and consequently lower the propulsive efficiency. However,
by using the bypass principle,  high thermal and propulsive efficiency can be effectively combined by bypassing a
proportion of the L.P. compressor or fan delivery air to lower the mean jet temperature and velocity. With advanced
technology engines of high bypass and overall pressure ratios, a further pronounced improvement in s.f.c. is obtained.

The turbines of the pure jet engine are heavy because they deal with the total airflow, whereas the turbines of the
bypass engine deal only with part of the flow; thus the H.P. compressor, combustion chambers and turbines, can be
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scaled down.  The increased power per lb. of air at the
turbines, to take advantage of their full capacity, is
obtained by the increase in pressure ratio and turbine
entry temperature. It is clear that the bypass engine
is lighter, because not only has the diameter of the
pressure rotating assemblies been reduced but the
engine is shorter for a given power output. With a
low bypass ratio engine, the weight reduction
compared with a pure jet engine is in the order of 20
per cent for the same air mass Flow.

With a high bypass ratio engine of the triple spool
configuration, a further significant improvement in
specific weight is obtained. This is derived mainly
from advanced mechanical and aerodynamic design,
which, in addition to permitting a significant reduction
in the total number of parts, enables rotating
assemblies to be more effectively matched and to
work closer to optimum conditions, thus minimizing
the number of compressor and turbine stages for a
given duty. The use of higher strength lightweight
materials is also a contributory factor.

For a given mass flow, however, less thrust is
produced by the bypass engine due to the lower exit
velocity. Thus, to obtain the same thrust, the bypass
engine must be scaled to pass a larger total mass
airflow than the pure turbojet engine. The weight of
the engine, however, is still less because of the

reduced size of the H.P. section of the engine. There, in addition to the reduced specific fuel consumption, an
improvement in the power-to-weight ratio is obtained.

BRAYTON  CYCLE
A simple gas turbine power plant is shown in fig.29.  Air is first compressed adiabatically in process a-b, it then enters
the combustion chamber where fuel is injected and burned essentially at constant pressure in process b-c, and then
the products of combustion expand in the turbine to the ambient pressure in process c-d and are thrown out to the
surroundings. The cycle is open. The state diagram on the p-v coordinates is shown in fig.

The Brayton cycle is the air standard cycle for the gas turbine power plant. Here air is first compressed reversibly
and adiabatically, heat is added to it reversibly at constant pressure, air expands in the turbine reversibly and
adiabatically and heat is then rejected from the air reversibly at constant pressure to bring it to the initial state. The
Brayton cycle, therefore, consists of

Two reversible isobars and two reversible adiabatics.

The flow, p-v, and T-s diagrams are shown in fig below for m kg of air.
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The efficiency of the Brayton cycle, therefore, depends upon either the compression ratio or the pressure ratio. For
the same compression ratio, the Brayton cycle efficiency is equal to the Otto cycle efficiency.

COMPARISON BETWEEN BRAYTON CYCLE AND OTTO CYCLE
Brayton and Otto cycles are shown superimposed on the p-v and T-s diagrams. For the same r

k 
and work capacity, the

Brayton cycle (1-2-5-6) handles a larger range of volume and a similar range of pressure and temperature than does the
Otto cycle (1-2-3-4).

Fig. 28.Propulsive efficiencies and aircraft speeds.
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In the reciprocating engine field, the Brayton cycle is not suitable. A reciprocating engine cannot efficiently handle
a large volume flow of low pressure gas, for which the engine size π/4  D2L becomes large, and the friction losses also
become more. So the Otto cycle is more suitable in the reciprocating engine field.

In turbine plants, however, the Brayton cycle is more suitable than the Otto cycle. An internal combustion engine
is expressed to the highest temperature (after the combustion of fuel) only for a short while, and it gets time to become
cool in the other processes of the cycle. On the other hand, a gas turbine plant, a steady flow device, is always exposed
to the highest temperature used. So to protect material, the maximum temperature of gas that can be used in a gas turbine
plant cannot be as high as in an internal combustion engine. Also, in the steady flow machinery, it is more difficult to
carry out heat transfer at constant volume than at constant pressure. Moreover, a gas turbine can handle a large volume
flow of gas quite efficiently. So we find that the Brayton cycle is the basic air standard cycle for all modern gas turbine
plants.

ROCKET ENGINES
A rocket is a reaction engine used for thrust  buildup, energy source and working medium source installed on the vehicle
to be propelled.

The main advantage of the rocket engine over the air-breathing jet engine is its ability to work and develop thrust
at any speed and at any flight altitude. Rocket engine thrust remains constant during a change in flight velocity and
is little affected by the altitude of the flight.

The rocket engine is usually used in aviation as an auxiliary engine for different types of aircraft. It is widely used
in rocket technology and is the basic type of engine in modern cosmonautics.

At the present time heat rocket engines are used in aviation, rocket technology and cosmonautics, using the chemical
energy of a liquid or solid propellant. In the first case the engine is called liquid-propellant rocket engine, in the second
a solid-propellant rocket engine.

LIQUID-PROPELLANT ROCKET ENGINE &SOLID-PROPELLANT ROCKET ENGINE
The main element of the liquid-propellant rocket engine is the chamber, consisting of head, combustion chamber , nozzle,
cooling jacket and flame igniter (device for ignition) .
In the chamber there takes place combustion of the propellant being fed into it (with the aid of a pump or pressure feed
system) from tanks and considerable part of the enthalpy of the combustion products is converted into kinetic energy.

During the expansion of the combustion products in the nozzle the pressure is lowered and the speed substantially
increases. With gas velocity increase at the nozzle exit and economy of the engine improves. The greater the velocity
and the mass of gas exiting from the nozzle per unit of time the higher the thrust of the liquid-propellant rocket engine.

To obtain a high velocity of combustion products at the nozzle exit a propellant is required to possess large calorific
value and a considerable effective pressure ratio in the nozzle. Therefore, in the combustion chamber a fairly high
pressure is maintained. The engine operates on a propellant consisting of liquid oxygen (oxidizer) and hydrocarbon
fuel.

In liquid-propellant rocket engines we frequently use a hydrocarbon fuel as kerosene. More effective is hydrogen,
which in burning liberates almost three times the heat from  the same quantity of kerosene by weight .

For engines that operate on a propellant consisting of liquid oxygen and liquid hydrogen the gas velocity at the
nozzle exit in flight at a great distance from the earth reaches approximately 4.2 to 4.4 km/sec.

As for the aircraft gas turbine engine, or a liquid-propellant rocket engine, during operation a flame igniter is not
required. The flame in the combustion chamber created when starting the engine is maintained by a continuous feed
of propellant components into the chamber. To light a flame for starting we use a pyrotechnic or electric flame igniter
and other means.

Fig. 29. Fig. 30.
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Some liquid-propellant  rocket engine, including some space engines, operate on a hypergolic propellant, i.e. on
a propellant that ignites on contact between oxidizer and fuel is a result of the chemical reaction developed by their
interaction. In this case a flame igniter is not required.

Cooling of the engine chamber, necessary because of the high temperature of the combustion products (3,0000C
and above), is usually achieved with the aid of one of the propellant components. It first cools the chamber walls from
the outside and then enters the combustion chamber through the head. Frequently the chamber walls cool not only
from the outside but also from the inside. For this we lower the temperature of the layer of combustion products near
the wall by same means or other. Some other methods
of cooling the engine chamber are also used.

The main elements of solid-propellant rocket engine
are combustion chambers, the propellant charge 3
placed in it, nozzle 2 and igniter 4.

The construction of a solid-propellant rocket
engine and its maintenance during operation and
storage are simpler than for liquid-propellant rocket
engines. Its special advantage is constant readiness
for operation and simplicity of starting. By Comparison
with the liquid-propellant rocket engine the solid-
propellant rocket engine makes possible a big reduction
in the time needed to prepare the rocket for starting.
It allows storage of rockets charged with propellant
and ready for launching for a long time and at the same time considerably lowers the cost.

The main disadvantages of the solid-propellant rocket engine  are a lower specific thrust by comparison with the
liquid-propellant rocket engine and also severe difficulties in control of the engine thrust value. The specific thrust (or
specific impulse) of a rocket engine using chemical propellant is consumption per second.

Of great interest is the sectional solid-propellant rocket engine. It consists of parts (sections) separately manufactured,
controlled and transported to the launching pad.
The front (nose) section is the front part of the combustion chamber of the engine, the rear (tail) section terminates with
a jet nozzle, and the intermediate standard sections are interchangeable.

The engine can be assembled for the front, rear and a variable number of intermediate sections, which makes it
possible in a simple way to change the total (sum) impulse of the engine and parameters of the flight vehicle within wide
limits, for example the range or payload.

The total impulse of a solid-propellant rocket engine is the product of the
average thrust (during the engine’s operating time) it develops and the time
of operation of the engine, corresponding to complete burn-up of the propellant
charge.

Liquid-propellant rocket engines and solid-propellant rocket engines are
able to develop very high thrust force with low weight and small overall size.
Under terrestrial static conditions and especially in flight at altitudes over 10
to 20 km the specific weight of these engine is many times less than for a
turbojet engine.

They have great advantages over the turbojet engine with respect
of the thrust being developed in one unit, its invariability with
change in flight speed, small change during climb and lightness
and small size. However, their service life is such shorter and the
fuel economy at the speeds and altitudes of contemporary aviation
is much worse than for turbojet engine.

� � �

Fig. 31.

Fig. 32.

Fig. 33. Solid Propellent Rocket.



48 L.N.V.M. Society Group of Institutes, Palam Extn., Part-1, Sec-7, Dwarka, New Delhi-45.

CHAPTER: 3
STARTING AND IGNITION SYSTEMS

(TURBINE ENGINES)

INTRODUCTION
Two separate systems are required to start a turbine engine, a means to rotate the compressor turbine assembly and
a method of igniting the air/fuel mixture in combustion chamber. Ideally the process is automatic after the fuel supply
is turned on and the starting circuit brought into operation.

METHODS OF STARTING
The starting procedure for all jet engines is basically the same, but can be achieved by various methods. The type and
power source for the starter varies in accordance with engine and aircraft requirements. Some use electrical power, others
use gas, air, or hydraulic pressure, and each has its own merits. For example, a military aircraft requires the engine to
be started in the minimum time and, when possible to be completely independent of external equipment. A commercial
aircraft, however, requires the engine to be started with the minimum disturbance to the passengers and by the most
economical means.

The starter motor must produce a high torque and transmit it to the engine rotating assembly in a manner that provides
smooth acceleration from rest upto a speed at which the gas flow through the engine provides sufficient power for the
engine turbine to take over.

Electric
Electric starting is used on some turboprop and turbojet engines. The starter is usually a direct current (D.C.) electric
motor coupled to the engine through a reduction gear and ratchet mechanism or clutch, which automatically disengages
after the engine has reached a self-sustaining speed.

The electrical supply may be of a low or high voltage, and it is passed through a system of relays and resistance
to allow the full voltage to be progressively built up as the starter gains speed. It also provides the power for operation
of the ignition system. The electrical supply is automatically cancelled when the starter load is reduced after the engine
has satisfactorily started or when the time cycle is completed.

Cartridge
Cartridge starting is sometimes used on military engines and provides a quick independent method of starting. The
starter motor is basically a small impulse-type turbine that is driven by high velocity gases from a burning cartridge.
The power output of the turbine is passed through a reduction gear, and an automatic disconnect mechanism to rotate
the engine. An electrically fired detonator initiates the burning of the cartridge charge. As a cartridge charge provides
the power supply for this type of starter, the size of the charge required may well limit the use of cartridge starters.

Iso-Propyl Nitrate
Iso-propyl-nitrate starting provides a high power output and gives rapid starting characteristics, but is dependent upon
supplies of iso-propyl-nitrate.

This starter motor also has a turbine that transmits power through a reduction gear to the engine. In this instance,
the turbine is rotated by high pressure gasses resulting from the combustion of iso-propyl-nitrate. This fuel is mono-
fuel i.e., it requires no air to sustain combustion. The fuel is sprayed into a combustion chamber which forms part of
the starter, where it is electrically ignited by a high-energy ignition system. A pump supplies the fuel to the combustion
chamber from a storage tank, and an air pump scavenges the combustion chamber of fumes before each start Operation
of the fuel and air pumps, ignition systems, and cycle cancellation, is electrically controlled by relays and time switches.

Air Starter
Air starting is used on most modern commercial and some military jet engines. It has many advantages over other starting
systems, as it is comparatively light, simple and economical to operate.

An air starter motor has a turbine rotor that transmits power through a reduction gear and clutch to the starter output
shaft that is connected to the engine.

The starter turbine is rotated by air pressure taken from an external ground supply, from an auxiliary power unit
(A.P.U.) carried in the aircraft, or from an engine that is running. The air supply to the starter is controlled by an electrically
operated control and pressure reducing valve that is opened when an engine start is selected and is automatically closed
at a predetermined starter speed. The clutch also automatically disengages as the engine accelerates upto  idling r.p.m.
and the rotation of the starter ceases.

A combustion starter is sometimes fitted to an engine incorporating an air starter, and is used to supply power to
the starter when an external supply of air is not available. The starter unit has a small combustion chamber into which
high pressure air, from an aircraft-mounted storage bottle, and fuel, from the engine fuel system, are introduced. Control
valves regulate the air supply, which pressurizes a fuel accumulator, to give sufficient fuel pressure for atomization,
and also activates the continuous ignition system. The fuel/air mixture is ignited in the combustion chamber, and the
resultant gas is directed on to the turbine of the air starter. An electrical circuit is provided to shut off the air supply,
which in turn terminates the fuel and ignition systems on completion of the starting cycle.
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Some turbojet engines are not fitted with starter motors, but use air impingement onto the turbine blades as a means
of rotating the engine. The high pressure air is obtained from an external source or from an engine that is running, and
is directed, through non-return valves and nozzles, onto the turbine blades.

Gas Turbine
A gas turbine starter is used for some jet engines and is completely self-contained. It has its own fuel and ignition system,
starting system (usually electric or hydraulic) and self-contained  oil system. This type of starter is economical to operate
and provides a high power output for a comparatively low weight.

The starter consists of a small, compact gas turbine engine, usually featuring a turbine-driven centrifugal
compressor, a reverse flow combustion system, and a mechanically independent free-power turbine. The free-power
turbine is connected to the main engine via a two-stage epicyclic reduction gear, automatic clutch and output shaft.

On initiation of the starting cycle, the gas turbine starter is rotated by its own starter motor unit it reaches self-
sustaining speed, when the starting and ignition systems are automatically switched off. Acceleration than continues
upto a controlled speed of approximately 60,000 r.p.m. At the same time as the gas turbine starter engine is accelerating,
the exhaust gas is being directed, via nozzle guide vanes, onto the free turbine to provide the drive to the main engine.
Once the main engine reaches self-sustaining speed, a cutout switch operates and shuts down the gas turbine starter.
As the starter runs down, the clutch automatically disengages from the output shaft, and the main engine accelerates
upto idling r.p.m. under its own power.

Hydraulic
Hydraulic starting is used for starting some small jet engines. In most applications, one of the engine-mounted hydraulic
pumps is utilized and is known as a pump/starter, although other applications may use a separate hydraulic motor.
Methods of transmitting the torque to the engine may vary, but a typical system would be a reduction gear and clutch
assembly. Power to rotate the pump/starter is provided by hydraulic pressure from a ground supply unit, and is
transmitted to the engine through the reduction gear and clutch. The starting system is controlled by an electrical circuit
that also operates hydraulic valves so that on completion of the starting cycle the pump/starter functions as a normal
hydraulic pump.

IGNITION OF THE JET ENGINES
The ignition system of a turbine engine must provide the electrical discharge necessary to ignite the air/fuel mixture
in the combustion chamber during starting and must also be capable of operating independently from  the starter system
in the event of flame extinction through adverse flight conditions. (fig 1)

The electrical energy  required to ensure ignition of the mixture varies with atmospheric and flight conditions, more
power being required as altitude increases. However, under certain flight conditions, such as icing or take off in heavy
rain or snow, it may be necessary to have the ignition system continuously operating to give an automatic relight should
flame extinction occur. For this conditions, a low volt output (e.g. 3 to 6)  is favourable because it results in longer life
of the ignition plug and ignition unit. Two independent 12 joule systems are normally fitted to each engine to provide
a positive light up during starting but some engines have now 12 joule and 3 joule system. The 3 joule system is kept
in continuous operation to provide automatic relighting.

Where continuous operation of one system is not desirable, a glow plug is sometimes fitted in the combustion
chamber where it is heated by the combustion process and remains incandescent for a sufficient period of time to ensure
automatic re-ignition.

HIGH ENERGY IGNITION UNIT
A 12 joule unit receives electrical power from the aircraft d.c. supply either in conjunction with starter operation or
independently through the “relight” circuit. An induction coil or transistorized H.T. generator repeatedly charges a
capacitor in the unit until the capacitor voltage is sufficient to break down a sealed discharge gap. The discharge is
conducted through a choke and H.T. lead to the igniter plug where the energy is released in a flashover on the semi-
conducting face of the plug. The capacitor is then recharged and the cycle repeated approximately twice every second.
A resistor connected from the output to earth ensures that the energy stored in the capacitor is discharged when the
d.c. supply is disconnected.

NOTE: A 3 joule unit is usually supplied with LT alternating current but its function is similar to that described above.
The electrical energy stores in the high energy ignition unit is potentially lethal and even though the capacitor is

discharged when the d.c. supply is disconnected, certain precautions are necessary before handling the components.
The associated circuit breaker should be tripped, or fuse removed as appropriate, and at least one minute allowed to
elapse before touching the ignition unit, high tension lead or igniter  plug.

Ignition units are attached to the aircraft structure by anti-vibration mounting and the rubber bushes should be
checked for perishing at frequent intervals. It is also important that the bonding cable is securely attached, making good
electrical contact and of sufficient length to allow for movement of the unit on its mounting.

At the intervals specified in the appropriate Maintenance Schedule the unit should be inspected for signs of damage,
cracks or corrosion. Bonding leads securely attached and locked.

IGNITER PLUG
The igniter plug consists of a central electrode and outer body, the space between them being filled with an insulating
material and terminating  at the firing end in a semi-conducting  pellet. A spring-loaded contact button is fitted at the
outer end of the electrode. During operation a small electrical leakage from the ignition unit is fed through the electrode
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to the plug body and produces an ionized path across the surface of the pellet. The high intensity discharge takes place
across this low-resistance path.

IGNITION LEAD
The high energy ignition lead is used to carry the intermittent high voltage outputs from the ignition unit to the
associated igniter plug. A single insulated core is encased in a flexible metal sheath and terminates in a spring-loaded
contact button at each end. The end fittings usually incorporate a self locking attachment nut.

RELIGHTING
The jet engine requires facilities
for relighting should the flame
in the combustion system be
extinguished during flight.
However, the ability of the
engine to relight will vary
according to the altitude and
forward speed of the aircraft.
A typical relight envelope,
showing the flight conditions
under which an engine will
obtain a satisfactory relight, is
shown in Fig.3.  Within the
limits of the envelope, the
airflow through the engine will
rotate the compressor at a speed
satisfactory for relighting; all
that is required therefore,
provided that a fuel supply is
available, is the operation of
the ignition system. This is
provided for by a separate
switch that operates only the
ignition system.

SEQUENCE OF STARTING OF A GAS TURBINE ENGINE

GROUND  RUNNING
The life of a turbine engine is affected both by the number of temperature cycles to which it is subjected and by operation
in a dusty or polluted atmosphere.  Engine running on the ground should therefore be confined to the following
occasions:

a. After engine installation.
b. To confirm a reported engine fault.
c. To check an aircraft system.
d. To prove an adjustment or component change.
e. To prove the engine installation after a period of idleness.

Safety Precautions
Turbine engines ingest large quantities of air and eject gases at high temperature and high velocity, creating danger
zones both in front of and behind the aircraft. The extent of these danger zones varies considerably with engine size
and location and this information is given in the appropriate aircraft Maintenance Manual.  The danger zones should
be kept clear of personnel, loose debris and equipment whenever the engines are run.  The aircraft should be positioned
facing into wind so that the engine intakes and exhausts are over firm concrete with the jet efflux directed away from
other aircraft and buildings.  Silencers or blast fences should be used whenever possible for runs above idling power.
Additional precautions, such as protective steel plates or deflectors, may be required when testing thrust reversers
or jet lift engines, in order to prevent ground erosion.

Air intakes and jet pipes should be inspected for loose articles and debris before starting the engine and the aircraft
main wheels chocked fore and aft.  It may be necessary to tether vertical lift aircraft if a high power check is to be carried
out.

Usually on large aircraft one member of the ground crew is stationed outside the aircraft and provided with a radio
headset connected to the aircraft intercom system.  This crew member is in direct communication with the flight deck
and able to provide information and if necessary warnings on situations not visible from inside the aircraft.  Due to the
high noise level of turbine engines running at maximum power, it is advisable for other ground crew members to wear
ear muffs.

Fig.2.  Igniter Plug.

Fig.3. A typical flight relight envelope.
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A suitable CO
2
 or foam fire extinguisher must be located adjacent to the engine during all ground runs.  The aircraft

fire extinguishing system should only be used in the event of a fire in an engine which is fully cowled.

Starting
There are many different types of turbine engine starters and starting systems, therefore it is not possible to give a
sequence of operations exactly suited to all aircraft.  The main requirements for starting are detailed in the following
paragraphs.

An external electrical power supply is often required and should be connected before starting.  Where a ground/
flight switch is provided this must be set to ‘ground’ and all warning lights checked for correct operation.

Where an air supply is required for starting this should be connected and the pressure checked as being sufficient
to ensure a start.

NOTE:  If the electrical and air supplies are not adequate for starting purposes it is possible for a light-up to occur at insufficient speed
for the engine to accelerate under its own power.  This could result in excessive turbine temperatures and damage to the engine.

The controls and switches should be set for engine starting, a check made to ensure that the area both in front of
and behind the engine is clear and the starter engaged.  When turbine rotation becomes apparent the HP cock should
be opened and the engine instruments monitored to ensure that the starting cycle is normal.  When light-up occurs and
the engine begins to accelerate under its own power, switch off the starter.  If it appears from the rate of increase in exhaust
or turbine gas temperature that starting limits will be exceeded the HP cock should be closed immediately and the cause
investigated (see under ‘Trouble Shooting’ in the appropriate Maintenance Manual).

Once engine speed has stabilised at idling, a check should be made that all warning lights are out, the external power
supplies disconnected and the ground/flight switch moved to ‘flight’.

Testing
When a new engine has been installed a full ground test is necessary, but on other occasions only those parts of the
test necessary to satisfy the purpose of the run need be carried out.  The test should be as brief as possible and for
this reason the aircraft Maintenance Manual specifies a sequence of operations which should always be observed.
Records of the instrument readings obtained during each test should be kept to provide a basis for comparison when
future engine runs become necessary.

Each aircraft system associated with engine operation should be operated and any warning devices or indicators
in the cockpit checked against physical functioning.  It may be necessary in certain atmospheric conditions to select
engine anti-icing throughout the run and this should be ascertained from the minimum conditions quoted in the
Maintenance Manual.

The particular tests related to engine operation are idling speed, maximum speed, acceleration, and function of any
compressor airflow controls which may be fitted.  Adjustments to correct slight errors in engine operation are provided
on the engine fuel pump, flow control unit, and airflow control units.  Observed results of the tests must be corrected
for ambient pressure and temperature, tables or graphs being provided for this purpose in the aircraft Maintenance
Manual.  Adjustments may usually be carried out with the engine idling unless it is necessary to disconnect a control.
In this case the engine must be stopped and a duplicate inspection of the control carried out before starting it again.
An entry must be made in the engine log book quoting any adjustments made and the ambient conditions at the time.

Stopping
After completion of the engine run the engine should be idled until temperatures stabilise and then the HP cock closed.
The time taken for the engine to stop should be noted and compared with previous times, due allowance being made
for wind velocity (e.g. a strong head wind will appreciably increase the run-down time).  During the run-down fuel should
be discharged from certain fuel component drains and this should be confirmed.  A blocked drain pipe must be rectified.
When the engine has stopped, all controls and switches used for the run must be turned off and the engine inspected
for fuel, oil, fluid and gas leaks.

After a new engine has been tested the oil filters should be removed and inspected and after refitting these items
the system should be replenished as necessary.

� � � � � � � �
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CHAPTER: 4
STARTING AND IGNITION SYSTEMS

(PISTON ENGINES)

TYPES OF STARTING SYSTEMS
Types of starting system in piston engines are

(1) Direct hand cranking
(2) Direct cranking, either hand or electrical
(3) Hand inertia
(4) Combination hand and electric inertia.

First two may be described as direct cranking systems and second two may be referred to as inertia type cranking
systems.

DIRECT CRANKING SYSTEMS
Direct Hand Cranking Starter
The direct hand-cranking starter is sometimes described as a hand-turning gear-type starter. It consists of a worm-gear
assembly that operates an automatic engaging and disengaging mechanism through an adjustable-torque overload -
release clutch. It has an extension shaft that may be either flexible or rigid, depending on the design. To prevent the
transmission of any reverse motion to the crank handle in case the engine “kicks” backward while it is being cranked,
a ratchet device is fitted on the hand crankshaft.

This type of starter can be used with a gear ratio of 6:1 for any engine rated at 250 hp or less. It has a comparatively
low weight, and it is simple to operate and maintain. It was extensively used on early airplanes which had low horsepower
engines and no source of electric power for starting. On seaplanes, where it was very difficult to start the engine by
swinging the propeller, it was especially popular. However, it has been entirely supplanted by more efficient design.

Direct Cranking Electric Starter
When the direct-cranking method is used, there is no preliminary storing of energy in the flywheel as there is in the
case of the inertia-type starters. The starter of the direct type, when electrically energized, provides instant and
continuous cranking. The starter fundamentally consists of an electric motor, reduction gears, and an automatic
engaging and disengaging mechanism, which is operated through an adjustable torque overload-release clutch. The
engine is therefore cranked directly by the starter.

The motor torque is transmitted through the reduction gears to the adjustable torque overload-release clutch, which
actuates a helically splined shaft. This, in turn, moves the starter jaw outward, along its axis, and engages the engine-
cranking jaw. Then, when the starter jaw is engaged, cranking starts.

When the engine starts to fire, the starter automatically disengages. If the engine stops, the starter automatically
engages again if the current continues to energize the motor.

The automatic engaging and disengaging mechanism operates through the adjustable torque overload-release
clutch, which is a multiple-disk clutch under adjustable spring pressure. When the unit is assembled, the clutch is set
for a predetermined torque valve. The disks in the clutch slip and absorb the shock caused by the engagement of the
starter dogs. They also slip if the engine kicks backward. Since the engagement of the starter dog is automatic, the starter
disengages when the engine speed exceeds the starter speed.

The most prevalent type of starter used for light and medium engines is a series electric motor with an engaging
mechanism. In all cases, the gear arrangement is such that there is a high gear ratio between the starter motor and the
engine. That is, the starter motor turns many times the rpm of the engine.

INERTIA STARTERS
There are two types of inertia starters :

(1) The hand-cranking type, commonly called the hand inertia starter, in which the flywheel is accelerated by hand
only ; and

(2) The electric type, commonly called the combination inertia starter and sometimes referred to as the combination
of hand and electric inertia starter. In which the flywheel is accelerated by either a hand crank or an electric motor.

Principles Governing The Operation Of The Inertia Starter.
Newton’s first law states : Every body continues in its state of rest or uniform motion in a straight line unless it is
compelled to change that state by some external force. This is also known as a statement of the property of inertia.

The cranking ability of an inertia starter for airplane depends on the amount of energy stored in a rapidly rotating
flywheel. The energy is stored in the flywheel slowly during the energizing process, and then it is used very quickly
to crank the engine rapidly, thus obtaining from the rotating flywheel a large amount of power in a very short time.

Under ordinary conditions, the energy obtained from the flywheel is great enough to rotate the engine crankshaft
three or four times at a speed of 80 to 100 rpm. In this manner, the inertia starter is used to obtain the starting torque
needed to overcome the resistance imposed upon the cranking mechanism of the engine by reason of its heavy and
complicated construction.
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Fig.1.  Hand  Inertia Starter.

Fig.2. Starter  engaging  jaw  and mechanism.

Fig.3. Schematic diagram of a series motor circuit.

The speed at which the engine crankshaft is rotated may be less than the coming-in speed for the magneto, which
is the minimum crankshaft speed at which the magneto will function satisfactorily. Therefore, if the engine uses
magnetos for ignition, as practically all modern engines do, an ignition booster of some type must be provided. It is
usually installed on or near the engine and operated while the inertia starter is cranking the engine.

Hand Inertia Starter
In using the hand inertia starter, when a hand crank is placed in the crank socket and the crank rotated, a gear relationship
between the crank and the flywheel makes it possible for a single turn of the hand crank to cause the flywheel to turn
many times. For example, one revolution of the hand crank may cause the flywheel to revolve 100 or more times,
depending on the make, model, etc., of the starter. The speed of all movable parts is gradually increased with each
revolution of the hand crank, and most of the energy imparted to the crank is stored in the rapidly rotating wheel in the
form of kinetic energy.

Fig.1. is a sectional diagram of a hand inertia starter. The crank socket, flywheel, engaging lever, mounting flange,
starter driving jaw, torque overload-release clutch, springs, disks, and barrel are shown.

One type of clutch consists of one set of disks fastened to the shaft and another set of disks, made of a different
kind of metal, fastened to the barrel. The disks are pressed together by springs. The retaining ring compresses the

springs and can be adjusted to set the value of the slipping torque.
This feature is important because the normal operation of the
clutch is to slip momentarily after the starter and engine jaws are
meshed. During the process of slipping, a torque is exerted on the
crankshaft until the initial resistance of the engine is overcome and
the clutch is again able to hold. The maximum holding torque is
called the break away. This break away and the slipping torque
depend on the size of the engine being cranked.

Combination Hand And Electric Inertia Starters
A combination hand and electric inertia starter may consist of a
hand inertia starter with an electric motor attached, and the gear
and clutch arrangement may be like that of the hand inertia starter.
The flywheel may be accelerated by either a hand crank or the
electric motor. When the starter is energized by hand cranking, the
motor is mechanically disconnected and no longer operates. When
the motor is operated, a movable jaw on a helically splined shaft
engages the motor directly to the inertia starter flywheel in one type
of inertia starter called a jaw = type starter motor-engaging
mechanism, illustrated in figure.2.

On some starters of this general type, the starter jaw tends
to remain at rest when the motor armature starts to rotate, but as
the shaft turns, the jaw moves forward along the splined shaft until
it engages the flywheel jaw. Ordinarily, there is no trouble with this
type of mechanism, but if the jaw binds on the shaft, it will not
engage the flywheel, and thus the motor races. When the engine
fails to start, the operator must not continue to attempt cranking
otherwise, the teeth may be stripped on either the flywheel for the
motor jaw or both. The correct procedure is  to wait until the starter
flywheel comes to rest before energizing the motor in a second
attempt to crank. This avoids both the racing of the motor and the
stripping of the teeth.

Electric Motors For Inertia Starters
The typical electric motor used on inertia starter are series motors
operated on 12 or 24 V D.C. and with a low resistance winding. It
was a low resistance, because there is a great amount of current
flow in order to provide a powerful starting torque. When the motor
gain speed, the induced electromotive force (emf) in a reverse
direction causes the smaller amount of current to flow i.e. a counter
emf is established when the motor gain speed.

An inertia starter motor is never operated at full voltage unless
there is a load imposed upon it. If there is no load, and if the motor
has a small amount of internal friction, it will race and the armature
may fly apart (“burst”) because of the centrifugal stresses.

Fig. 3. is a simple schematic diagram of a series motor. The field coils are connected in series with the armature. Since
all the current used by the motor must flow  through both the field and the armature it is apparent that the flux of both
the armature and the field will be strong.

The greatest flow of current through the motor will take place when the motor is being started; hence, the starting
torque is high. Series-wound motors are used wherever the load is continually applied to the motor and is heavy when
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the motor first starts. In addition to starting motors, motors used to operate landing gear, cowl flaps, and similar
equipment are of this type.

IGNITION SYSTEM FOR PISTON ENGINES
During ignition event of a piston engine, the electric spark jumps between the electrodes (points) of a spark plug that
is installed in the cylinder head or combustion chamber of the engine cylinder. The ignition system furnishes sparks
periodically to each cylinder at a certain position of piston and valve travel.

Essential Parts Of An Ignition System
The essential parts of an ignition system for a reciprocating engine are a source of high voltage, a timing device to cause
the high-voltage source to function at the set position of piston travel, a distributing mechanism to route the high voltage
to the various cylinders in the correct sequence, spark plugs to carry the high voltage into the cylinders of the engine
and ignite the fuel air mixture, control switches, and the necessary wiring. The source of the high voltage may be either
a magneto driven by the engine or an induction coil connected to a battery or a generator.

All parts of the aircraft ignition system are enclosed in either flexible or rigid metal covering called shielding. This
metal covering “receives” and “grounds out” radiation from the ignition system, which would otherwise cause
interference (noise) in the radio receiving equipment in aircraft.

Magneto Ignition
Magneto ignition is superior to battery ignition because it produces a hotter spark at high engine speeds and it is a
self contained unit, not dependent on any external source of electric energy. Magneto produces electric current in
pulsations of high voltage for purpose of ignition. When an aircraft engine is started, the engine turns over too slowly
to permit the magneto to operate; hence, it is necessary to use a booster coil, vibrating interrupter (induction vibrator),
or impulse coupling for ignition during starting.

When two magnetos fire at the same or approximately the same time through two sets of spark plugs, this is known
as double or dual, magneto ignition system. The principle advantage of dual magneto ignition are as follows :-

(1) If one magneto or any part of one magneto system fails to operate, the other magneto system will furnish ignition
until the disabled system functions again.

(2) Two sparks, igniting the fuel-air mixture in each cylinder simultaneously at two different places, give a more
complete and quick combustion than a single spark; hence, the power of the engine is increased.

On radial engines, it has been a standard practice to use the right-hand magneto for the front set of spark plugs and
the left-hand magneto for the rear set of spark plugs.

Dual-ignition spark plugs may be set to fire at the same instant (synchronized) or at slightly different intervals
(staggered). When staggered ignition is used, each of the two sparks occurs at a different time. The spark plug on the
exhaust side of the cylinder always fires first because the slower rate of burning of the expanded and diluted fuel-air
mixture at this point in the cylinder makes it desirable to have an advance in the ignition timing.

POLARITY OR DIRECTION OF SPARKS
Fundamentally the magneto is a special form of AC generator, modified to enable it to deliver the high voltage required
for ignition purposes. The high rate of change of flux linkages are responsible for the high voltage which produces the
strong spark. Flux change are in downward and upward direction, alternating in direction at each opening of the contacts.
Since the direction of an induced current depends on the direction of the flux change which produced it, the sparks
produced by the magneto are of alternate polarity, that is, they jump one way and then the other.

HIGH-TENSION IGNITION SYSTEM
Figure4. illustrates a complete high-tension ignition system for a four-cylinder aircraft engine.

One end of the primary winding is grounded to the magneto, and the other and is connected to the insulated contact
point. The other contact point is grounded. The capacitor is connected across the contact points.

The ground terminal on the magneto is electrically connected to the insulated contact point. A wire called the P lead
connect the ground terminal on each magneto with the switch. When the switch is in the OFF position, this wire provides
a direct path to the ground for the primary current, that is, the breaker points are short-circuited. Therefore, when the
contact points open, the primary current is not interrupted, thus preventing the production of high voltage in the
secondary winding.

One end of the secondary winding is grounded to the magneto, and the other and terminates at the high-tension
insert on the coil. The high-tension current produced in the secondary winding is then conducted to the central insert
of the distributor finger and across a small air gap to the electrodes of the distribution block. High-tension cables in
the distributor block then carry it to the spark plugs where the discharge occurs in the engine cylinder.

The distributor
The distributor finger of  fig 4 is secured to the large distributor gear which is driven by a smaller gear located on the
drive shaft of the drive shaft of the rotating magnet. The ratio between these gears is always such that the distributor
finger is driven at one-half engine-crankshaft speed. The ratio of the gears ensures the proper distribution of the high-
tension current to the spark plugs in accordance with the firing order of the particular engine.

In general, the distributor rotor of the typical aircraft magneto is a device that distributes the high-voltage current
to the various connections of the distributor block. This rotor may be in the form of a finger, disk, drum, or other shape,
depending on the judgement of the magneto manufacturer. In addition, the distributor rotor may be designed with either
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Fig. 4. High tension ignition system.

One or two distributing electrodes. When there are two distributing electrodes, the leading electrode, which obtains
high voltage from the magneto secondary, makes its connection with the secondary through the shaft of the rotor, while
the trailing electrode obtains a high-tension voltage from the booster by means of a collector ring mounted either on
the stationary distributor block or on the rotor itself.

Distributor with the trailing finger are used on older aircraft. The modern engines utilizes booster magnetos or high
tension booster coil to provide a strong spark when starting the engine.

Magneto sparking order
Almost all piston-type aircraft engines operate on the four-stroke five-event-cycle principle. For this reason, the

number of sparks required for each complete revolution of the engine is equal to one-half the number of cylinders in
the engine. The number of sparks produced by each revolution of the rotating magnet is equal to the number of its poles.
Therefore the ratio of the speed at which the rotating magnet is driven to the speed of the engine crankshaft is always
one half the number of cylinders on the engine divided by the number of poles on the rotating magnet.

The numbers on the distributor block show the magneto sparking order and not the firing order of the  engine. The
distributor-block position marked 1 is connected to no 1 cylinder and no 2 to no 2 cylinder and so on.

Some distributor blocks or housing are not numbered for all high tension leads. In these cases the lead socket for
the no. 1 cylinder is marked and the others follow in order according to direction of rotation.

Coming in speed of magneto
To produce sparks, the rotating magnet must be turned at or above a specified number of revolutions per minute, at
which speed the rate of change in flux linkages is sufficiently high to induce the required primary current and the resultant
high-tension output. This speed is known as the coming-in speed of the magneto; it varies for different types of
magnetos but averages about 100 to 200 rpm.

Harness assembly
Harness assembly consists of flexible shielding from the magneto housing to the rigid manifold that is suitably installed
on the crankcase of the engine and flexible shielded leads from the manifold to the spark plugs. Thus the complete system
is shielded to prevent the emanation of electromagnetic waves which would cause radio interference.

In a system of this type, the lower extremities of the manifold must be provided with drain holes to prevent the
accumulation of moisture. In some systems, the manifold is completely filled with a plastic insulating material after the
ignition cables are installed. This seals the cables completely away from any moisture.

Ignition harnesses for opposed engines consist of individual high-tension leads connected to the distributor plate
or cap and routed to each spark plug in proper order.

Ignition switch and the primary circuits
The usual electric switch is closed when it is turned ON. The magneto ignition switch is closed when it is turned OFF.
This is because the purpose of the switch is to short-circuit the breaker points of the magneto and prevent collapse
of the primary circuit required for production of a spark.
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The ignition switches for modern aircraft have the appearance of automobile starter switches mounted on the dash
board. The aircraft switch is operated by a key and has positions for OFF, RIGHT, BOTH and START. The switch has
a connection for battery power which is used in the START position to actuate the starter contactor or relay. In some
cases, the start-ignition switch also includes the master power switch for the aircraft.

TYPES OF MAGNETO
Types of magnetos are (1) low tension, high tension (2) rotating-magnet or inductor-rotor, (3) single or double and (4)
base-mounted or flange-mounted.

Low tension and high tension magnetos
A low-tension magneto delivers current at a low voltage by means of the rotation of an armature, wound with only

one coil, in the field of a permanent magnet. Its low-voltage current must be transformed into a high tension (high-voltage
current by means of a transformer.

A high tension magneto delivers a high voltage and has both a primary winding and a secondary winding. An outside
induction coil is not needed because the double winding accomplishes the same purpose. The low voltage generated
in the primary winding induces a high-voltage current in the secondary winding when the primary circuit is broken.

Rotating magnetos and inductor rotor magnetos
In a magneto of the rotating-magnet type, the primary and secondary winding are wound upon the same iron core.

This core is mounted between two poles, or inductor, which extend to “shoes” on each side of the rotating magnet.
The rotating magnet is usually made with four poles, which are arranged alternately north and south in polarity.

The inductor-rotor type of magneto has a stationary coil (armature) just as the rotating-magnet type does. The
difference lies in the method of inducting a magnetic flux in the core of the coil. The inductor-rotor magneto has a
stationary magnet or magnets. As the rotor of the magneto turns, the flux from the magnets is carried through the
segments of the rotor to the pole shoes and poles, first in one direction and then in the other.

Single and double type magnetos
Two single type magnetos are commonly used on piston type engines. The single-type magneto is just what its name
implies-one magneto.

The double-type magneto is generally used on different models of several types of engines, when made for radial
engines, it is essentially the same as the magneto made for in-line engines except that two compensated cams are
employed.

The double type magneto is essentially two magnetos having one rotating magnet common to both. It contains two
sets of breaker points, and the high voltage is distributed either by two distributors mounted elsewhere on the engine
or by distributors forming part of the magneto proper.

Base mounted and flange mounted magnetos
A base-mounted magneto is attached to a mounting bracket on the engine by means of cap screws, which pass through
holes in the bracket and inter tapped holes in the base of the magneto.

A flange-mounted magneto is attached to the engine by means of a flange on the end of the magneto. The mounting
holes in the flange are not circular; instead, they are slots that permit a slight adjustment, by rotation, in timing the
magneto with the engine.

The single-type magneto may be either base-mounted or flange-mounted. The double-type magneto is always flange
mounted.

IGNITION BOOSTERS
It is impossible under certain conditions to rotate the engine crankshaft fast enough to  produce the coming-in speed
of the magneto, a source of external high-tension current is required for starting purposes. The various devices used
for this purpose are called ignition boosters.

An ignition booster may be in the form of a booster magneto, a high-tension coil to which primary current is supplied
from a battery, or a vibrator which supplies in intermittent direct current from the battery directly to the primary of the
magneto. Another device used for increasing the high-tension voltage of the magneto for starting is called a impulse
coupling. It gives a momentary high rotational speed to the rotor of the magneto during starting.

THE BOOSTER COIL
A booster coil is a small induction coil. Its function is to provide a shower of sparks to the spark plugs until the

magneto fires properly. It is usually connected to the starter switch. When the engine has started the booster coil and
the starter are no longer required; hence they can be turned off together.

When voltage from a battery is applied to the booster coil, magnetism is developed in the core until the magnetic
force on the soft-iron armature mounted on the vibrator overcomes the spring tension and attracts the armature toward
the core. When the armature moves toward the core, the contact points and the primary circuit are opened. This
demagnetizes the core and permits the spring again to close the contact points and complete the circuit. The armature
vibrates back and forth rapidly, making and breaking the primary circuit as long as the voltage from the battery is applied
to the booster coil.

Booster coils were used on older aircraft. Most of the modern aircraft employ the induction vibrator or an impulse
coupling.
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THE INDUCTION VIBRATOR
A circuit for an induction vibrator is used with a high tension magneto is shown in figure5. This circuit applies to one
engine only, but it is obvious that a similar circuit would be used with each engine of a multi engine airplane. The
induction vibrator is energized from the same circuit which energizes the starting solenoid. It is thus energized only
during the time that the engines are being started.

One advantage of the induction vibrator is that it reduces the tendency of the magneto to “flash over” at high
altitudes, since the booster finger can be eliminated. The function of this induction vibrator is to supply interrupted
low voltage for the magneto primary coil, which induces a sufficiently high voltage in the secondary for starting.

The vibrator sends an interrupted battery current through the primary winding of the regular magneto coil. The
magneto coil then acts like a battery ignition coil and produces high tension impulses, which are distributed through
the distributor rotor and distributor block, and cables to the spark plugs. These high-tension impulses are produced
during the engine time that the magneto contact points are open. When the contact points are closed, sparks cannot
be generated, although the vibrator continues to sand interrupted current impulses through the magneto contact points
without harm to the vibrator or any part of the circuit.

When the ignition switch is in the ON position and the engine starter is engaged, the current from the battery is sent
through the coil of a relay which is normally open. The battery current causes the relay points to close, thus completing
the circuit to the vibrator coil and causing the vibrator to produce a rapidly interrupted current.

The rapidly interrupted current produced by the vibrator is sent through the primary winding of the magneto coil.
By induction, high voltage is created in the secondary winding of the magneto coil, and this high voltage produces
high-tension sparks which are delivered to the spark plugs through the magneto distributor-block electrodes during
the time that the magneto contact points are open.

The process is repeated each time that the magneto contact points are separated, because the interrupted current
once more flows through the primary of the magneto coil. The action continues until the engine is firing because of
the regular magneto sparks, and the engine starter is released. It should be understood that the vibrator starts to operate
automatically when the engine-ignition switch is turned to the ON position and the starter is engaged. The vibrator
stops when the starter is disengaged.

LOW-TENSION IGNITION

Reasons for development of low tension ignition
There are several very serious problems encountered in the production and distribution of the high-voltage electricity
used to fire the spark plugs of an aircraft engine. High voltage electricity causes corrosion of metals and deterioration
of insulating materials. It also has a marked tendency to escape from the routes provided for it by the designer of the
engine.

There are four principal causes for the troubles experienced in the use of high-voltage ignition systems: (1) Flashover,
(2) Capacitance, (3) Moisture, and (4) High-voltage corona.

Flashover:
Is a term to describe the jumping of the high voltage inside a distributor when an airplane ascends to a high altitude.
The reason for this is that the air is less dense at high altitudes and hence has less dielectric, or insulating, strength.

Capacitance
Is the ability of a conductor to store electrons. In the high-tension ignition system, the capacitance of the high-tension
leads from the magneto to the spark plugs causes the leads to store a portion of the electric charge until the voltage
is built  sufficiently to cause the spark to jump the gap of a spark plug. When the spark has jumped and established
a path across the gap, the energy stored in the leads during the rise of voltage is dissipated in heat at the spark-plug
electrodes since this discharge of energy is in the form of a relatively low voltage and high current, it causes burning
of the electrodes and shortens the life of the spark plug.

Moisture
Whenever it exists, increases conductivity. Thus it may provide new and unforeseen routes for the escape of high-
voltage electricity.
High voltage corona
Is a phrase often used to describe a condition of stress which exists across any insulator (dielectric) exposed to high
voltage. When the high voltage is impressed between the conductor of an insulated lead and any metallic mass near
the lead, and electrical stress is set up in the insulation. Repeated application of this stress to the insulation will
eventually cause failure.

Operation of low tension ignition system
The low tension ignition system consists of (1) a low tension magneto (11) a carbon brush distributor and (111) a
transformer for each spark plug.

During the operation of the low-tension system, surges of electricity are generated in the magneto generator coil.
The peak surge voltage is never in excess of 350V and probably is nearer 200 V on most installations. This comparatively
low voltage is fed through the distributor to the primary of the spark-plug transformer.

At the instant of opening of the breaker contacts which are connected across the magneto generator coil, a rapid
flux change takes place in the generator coil core, causing a rapid rise of voltage in this coil. As has already been
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explained, it is the capacitor connected across the breaker points which actually stops the flow of current when the
breaker opens.

The primary capacitor and magneto generator coil of a low-tension system are connected through the distributor
directly across the primary winding of the transformer coil,  Therefore, during the time that the voltage across the primary
capacitor is rising, as the breaker points open, the natural tendency is for current to start flowing out through the
distributor and the primary of the transformer coil.

When this condition has been achieved, we have the situation of a primary capacitor charged to nearly 2000V
connected across the primary of the transformer. The result in a very rapid rise of current in the primary, accomplished
by a very rapid change in flux linkages (magnetic field) in both coils. The rapid change in the flux linkages in the secondary
induces the voltage which fires the spark plug. As soon as the spark gap has been “broken down” (broken through
and ionized), current also starts to flow in the secondary circuit.

Duration of the spark in a high-tension system is several times that of a comparable low-tension system. The high
resistance of the transformer primary winding, which is characteristic of all low-tension transformer coils, helps to bring
the primary current to a stop after the spark has been produced.

It should be clear that the spark voltage is produced by the growth of magnetic field in the transformer core and not
by the collapse of the field as is the case in conventional ignition coils. This fact sometimes raises the question about
why the subsequential collapse or decay of the field in the transformer does not produce a second spark at the spark
plug. The reason for this is that the rate of decay of the magnetic field in the transformer is determined by the rate decay
of the primary current. It has already been pointed out that the primary current results from the discharge of the primary
capacitor and that this current tapers off at a rather slow rate after the secondary current stops. Since the rate of decay
of the magnetic field is the same as that of the primary current, it is too slow to produce enough voltage for a second
spark at the plug.

� � �

Fig.5. Circuit for induction vibrator.
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CHAPTER: 5
LUBRICATION SYSTEM : GAS TURBINE ENGINE

INTRODUCTION
The lubrication requirements of an aircraft gas turbine engine are generally not too difficult to meet, because the oil
does not lubricate any parts of the engine that are directly heated by combustion. Because of this, the loss of oil from
the system is small compared with that from a piston engine.

The requirements of a turbo-propeller engine are a little more-severe than those of a turbojet engine, because of the
heavily loaded propeller reduction gears and the need for a high pressure oil supply to operate the propeller pitch control
mechanism.

Most gas turbine engines use a self-contained recirculatory oil system, in which the oil  is distributed and returned
to the oil tank by pumps. Some turbojet engines, however, use another system known as the total loss or expendable
system in  which the oil is spilled overboard after the engine has been lubricated. Recirculatory are divided into two
types they are (i) Pressure Relief Valve (ii) Full flow systems, the major difference between them being in the control
of the oil flow to the bearings.

LUBRICATION SYSTEMS

Recirculatory system
Pressure relief valve system
In pressure relief valve system the oil flow to the bearings of the rotating assemblies is controlled by limiting the maximum
pressure in the feed line. This is achieved by a system relief valve in which feed oil pressure is opposed by a spring
pressure plus atmospheric pressure via the oil tank. On some installations bearing housing pressure or an equivalent
of this is used in place of atmospheric pressure. Above a specific engine speed, feed oil pressure overcomes the
opposing pressure and the excess oil spills back to the tank, thus maintaining the pressure and flow to the bearings
constant at higher engine speeds.

Operation
The pressure pump draws the oil from the tank through strainer which protects the pump gears from any debris which
may have entered the tank. Oil is then delivered through a pressure filter to a relief valve (system relief valve) that controls
the maximum pressure of the oil flow to the rotating assemblies. On some engines an additional relief valve (pump relief
valve) is fitted at the pressure pump out let. This valve is set to open at a much higher pressure than the system relief
valve and opens only to return the oil to the inlet side of the pump should the system become blocked. To prevent oil
starvation when the oil is very cold or the pressure filter is partially blocked, a bypass valve that operates at a preset
pressure difference is fitted across the inlet and outlet of the pressure filter.

On the turbojet system the pressure oil from the relief valve is delivered, through transfer tubes and passages, to
lubricate the bearings and gears. Twin-spool engines are provided with a separate metering pump that supplies a
controlled amount of oil to the front bearing of the low pressure compressor. This prevents flooding during the initial
stage of the starting cycle when only the high pressure compressor is rotating. As the low pressure compressor starts
to rotate, oil is supplied to the front bearing, the flow being centred in relationship to compressor speed.

On the turbo-propeller system, the pressure oil is divided after leaving the relief valve, to feed the rotating assembly
bearings, propeller pitch control supply system, reduction gear and torque-meter system.
The rotating assembly bearings and some of the heavier loaded gears in the gearboxes are lubricated by oil jets and
these are often protected by thread-type filters. The remaining bearings and gears are splash lubricated. Bearings at
‘hot’ end of the engine receive the maximum oil flow because, in addition to lubricating the bearings, the oil assists in
heat dissipation.

On some engines, to minimize the effect of the dynamic loads transmitted from the rotating assemblies to the bearing
housing, ‘squeeze film’ type bearings are used. These have a small clearance between the outer track of the bearing
and the housing, the space being filled with feed oil. The film modifies the radial motion of the rotating assembly and
the dynamic loads transmitted to the bearing housing, thus reducing the vibration level of the engine and the possibility
of damage by fatigue.

To prevent the flooding of the bearing housing, it is necessary to use more than one pump to return or scavenge
it to the oil tank. This is achieved by using a pack of pumps, each of which returns the oil from a particular section of
the engine. To protect the pump gears, each return pipe is provided with a strainer that, during inspection, can reveal
the failure or impending failure of a component.

Centrifugal breather
To separate the air from the oil returning to the tank, a de-aerating device and a centrifugal breather are incorporated.
The return air/oil mixture is fed on to the de-aerator where partial separation occurs, the remaining air/oil mist then passes
into the centrifugal breather for final separation. The rotating vanes of the breather centrifuge the oil from the mist and
the air is vented overboard through the hollow drive shaft.
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Oil coolers
On all engines using the recirculatory type of oil system, heat is transferred to the oil from the engine and it is, therefore,
common practice to fit an oil cooler. The cooling medium may be fuel or air and, in some instances, both fuel-cooled
and air-cooled coolers are used.

If fuel is used as a cooling medium, either low pressure or high pressure fuel may be used, for in both instances the
fuel temperature is much lower than the oil temperature. Whether the cooler is located in the feed side or the return side
of a lubrication system depends upon the operating temperature of the bearings.

A turbo-propeller engine may be fitted with an oil cooler that utilizes the external airflow as a cooling medium. This
type of cooler, however, incurs a large drag factor and, as kinetic heating of the air occurs at high forward speeds, it
is unsuitable for turbojet engines.

Magnetic plugs
Magnetic plugs or chip detectors be fitted in the return oil side of a system to provide a warning of impending failure

without having to remove and inspect the scavenge strainers. Some of these detectors are designed so that they can
be removed for inspection without oil loss occurring; others may be checked externally by a lamp and battery or even
connected to a crew compartment warning system to give an in-flight indication.

FULL FLOW SYSTEM
The full flow system is different from a pressure relief valve system, in that the flow of oil to the bearings is determined
by the speed of the pressure pump, the size of the oil jets and the pressure in each bearing housing. The system also

incorporates a metered spill of feed oil back to
the tank and this spill, together with the oil
jets, is calibrated to match the pump output.
This arrangement ensures that the oil flow
requirements of the bearings are met at all
engine speeds. The function of the relief
valve in the relief valve system  to the open
only to prevent excessive oil pressure occurring
in the feed side of the system.

A pressure filter bypass valve is not normally
fitted, but the pressure drop across either the
filter or the system is sensed by a differential
pressure switch. An increase in the pressure
difference is shown on the indicating system,
thus giving advance warning of a blocked
filter.

The full flow system, like the pressure relief
valve system, draws oil from a tank and delivers
it in a similar way, via a pressure filter, to
various parts of the engine from where it is
returned by scavenge pumps, via oil coolers,
to the tank. Likewise, air is separated from the
oil by a de-aerator and centrifugal breather.

Magnetic chip detectors are also fitted in the return oil lines, and squeeze film bearings are used to reduce engine
vibration; indications of pressure and temperature are also displayed in the crew compartment. On some engines an
anti-syphon jet is provided to prevent oil in the feed line draining through the pressure pump into the gearbox when
the engine is stationary, the oil being diverted into the oil tank.

TOTAL LOSS (EXPENDABLE) SYSTEM
The total loss oil system is generally used only on engines that run for periods of short duration, such as vertical lift
and booster engines.  The system is simple and incurs low weight penalties, because it requires no oil cooler, scavenge
pump or filters. On some engines oil is delivered in a continuous flow to the bearings by a plunger type pump, indirectly
driven from the compressor shaft; on others it is delivered by a piston-type pump operated by fuel pressure. On the
latter, the oil supply is automatically selected by the high pressure shut-off valve (cock) during engine starting and
is delivered as a single shot to the front and rear bearings. On some engines provision is made for a second shot to
be delivered to the rear bearing only, after a predetermined period.

After lubricating the fuel unit and front bearings., the oil from the front bearing drains into a collector tray and is
then ejected into the main gas stream through an ejector nozzle. The oil that has passed through the rear bearing drains
into a reservoir at the rear of the bearing where it is retained by centrifugal force until the engine is shut down. This
oil then drains overboard through a central tube in the exhaust unit inner cone.

TYPICAL LUBRICATION SYSTEM OF A TURBO FAN ENGINE: P&W JT 8D ENGINE
The JT8D gas turbine engine has a ‘hot tank’ system.  The term refers to the technique of returning hot secavanged
oil directly from bearing compartments to the de-areator located in the oil tank.

In a cold tank system, the secavanged oil is passed through the oil cooler before being returns to oil tank.  The
advantage of ‘hot tank’ system is more efficient removal of entrapped air.

Fig.1.  A magnetic chip detector.
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Pressure system
The oil is gravity fed from the tank to the main oil pump by a transfer tube and cored passage in the accessories gear
box.  Pump discharge pressure is then directed to main oil filter.  A by pass valve provided in filter provides oil if main
filter becomes obstructed.

External pressure taps are provided to sense before and after filter.  This permits in-flight monitoring of main oil filter
via a differential pressure switch and annunciator light on flight deek.

Oil from filter, regulated to provide operating pressure after the fuel oil cooler, directed to oil cooler and further
delivered to engine bearings, components and accessories gear box at desired pressure and temperature.

Pressure regulated valve is located in a cored passage and regulate oil pressure.  The surface area of oil cooler is
adequate to provide sufficient cooling when flow is the mid to high range, thus, the thermostat control is eliminated.
The higher oil temperature at prolonged idling can be controlled by moving the power lever to higher speed periodically.
Secavange System
After the oil has lubricated the engine and accessories box bearings, it is returned to oil tank by the secavange system.

The main collection points for secavanging oil located in the Numbers. 1,4,5,and 6 bearings compartment and
accessories gear box.  A gear type of pump is located in each compartment.  Secavange oil from No.1 bearing is returned
directly to gear box, number 2 and 3 secavange to gear box by gravity and breather flow throw tower shaft housing.
Gear box  lube oil along with the oil secavanged from 1,2 and 3 supports is returned to oil tank by gear box secavange
pump.

Secavange oil from No.6 bearing area is pumped to no 4(1/2) bearing area through transfer tubes located in low
pressure turbine shaft.  Centrifugal force causes the oil to be ejected from the no 4(1/2) bearing out through the high
pressure turbine shaft secavanging holes to No 4 and 5 bearing compartments.  The secavange pump located in No.4
and 5 bearing compartment directly return the oil to the oil tank.
Breather System
To ensure proper oil flow and to maintain satisfactory secavange pump performance, the pressure in the bearing cavities
is controlled by the breather system.  The breather air from all the main bearings is vented to the accessory gear box
as follows:-

a The No.1 bearing breather air is vented to the accessories box via external tubing.
b. The No.2 and 3 bearings are vented internally to the accessory gear box through tower shaft housing.
c. The No. 4(1/2) and 6 bearing breath through the secavange system into No. 4 and 5 collection point.
d. The combined breather air from No. 4, 4(1/2), 5 and 6 bearings is vented to the accessory gear box through an

external line.  A de-oiler located in the accessory gear box serves to remove oil particles from in the breathing
air before it is discharged into airframe waste tube.

Magnetic plugs and chip detectors are located in oil system to indicate the presence of metallic chips in lubricating
oil in subsequence of any internal failure of bearings.

TYPICAL  LUBRICATION  SYSTEM OF A TURBO  PROPELLER  ENGINE: ALLISON 501-D13
For this engine, oil storage and cooling provisions are made in aircraft and provides independent oil supply for power
section and reduction gear assembly.
Power Section Lubrication System
It contain an independent lubrication system with the exception of airframe furnished parts common to power section
and reduction gear.
Main Oil Pump
It includes the pressure pump, a secavange pump and the pressure regulating valve
Oil Filter
It houses a check valve, filter element and the by pass valve for the filter is located in gear box housing.
Three Secavange Pumps
Located in diffusor, turbine inlet casing and turbine rear bearing support
Secavange Relief Valve
Located in the accessory drive housing assembly
Breather
Located on top of the air inlet housing.

Oil is supplied from the aircraft tank to the inlet of the pressure pump, after pressurisation flows through the filter,
the system pressure is regulated to 50 to 70 psi by the pressure regulating valve.  A by pass valve provide oil supply
in the event of blockage of filter and a check valve prevents oil flow when engine is stoped.

The secavange pump which is incorporated in the main oil pump and the three independent secavange pumps are
so located that they will secavange oil from the power section in any normal attitude of aircraft flight.

The secavange pump located in the main oil pump, secavange oil from the accessory gear box, the other three
secavanges oil from diffuser and front and rear side of turbine.  The out put of diffuser and front turbine secavange
pump join that of the main secavange pump.

The out put of the rear turbine secavange pump is delivered to the interior of the turbine to compressor tie bolts
and compressor rotor tie bolt.  This oil is directed to the splines of turbine coupling shaft assembly and to the splines
for extension shaft of compressor.  Thus the out put of rear turbine secavange pump must be resecavanged by the other
three secavange pumps.

A secavange relief valve is located, so that it will prevent excessive pressure build up in the power section secavange
system.  The combined flows of secavanged oil from the power section and reduction gear secavange system must be
cooled and returned to supply tank.
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A magnetic plug is located on the bottom of accessory gear box and another on secavange line on the forward side
of gear box.
Reduction Gear Lubricating System
The reduction gear lubricating system includes the following:
Pressure Pump
Located on left rear side of reduction gear.
Filter
Located in pump body assembly alongwith by - pass valve and check valve.
Two Secavange Pumps
One located in the bottom of the rear case, the other in the front case below the propeller shaft.
Two Pressure Relief Valves
One for the pressure system and other for secavange system.

Oil flows from the pressure pump through a filter and to all parts with in the reduction gear that requires lubrication.
In addition the oil pressure is also used as hydraulic pressure in propeller brake assembly.  By pass valve ensures
continuous oil supply in the event of filter get contaminated and check valve stops oil flow to reduction gear when engine
is stoped.  Relief valve limits pressure to 250 psi.

The out put of secavange pumps returns the oil to oil tank by common outlet to the aircraft system.  A relief valve
limits the secavange pressure, as system pressure, and limits to 250 psi.

A magnetic plug located on the bottom rear of the reduction gear assembly provides a means of draining it.

LUBRICATION OILS
Gas turbine engines use a low viscosity (thin) synthetic lubricating oil that does not originate from crude oil. The choice
of a lubricating oil is initially decided by the loads and operating temperatures of the bearings and the effect that the
temperature will have on the viscosity of the oil. Special laboratory and engine tests are then done to prove the suitability
of a particular oil for a specific engine and assess the extent to which it deteriorates and the corrosive effects it may
have on the engine.

The viscosity of a fluid is its resistance to flow and is measured in stokes, a hundredth part of which is a centistoke.
This measurement gives a relationship between the specific gravity of the fluid and the force required to move a plane
surface of one square centimetre area over another plane surface at the rate of one centimetre per second, when the
two surface are separated by a layer of the test fluid one centimetre thick.

The turbojet engine is able to use a low viscosity oil due to the absence of reciprocating parts and heavy duty gearing.
This reduces the power requirement for testing, particularly at low temperatures.

Turbo-propeller engines, however, require a slightly higher viscosity oil due to the reduction gear and propeller pitch
change mechanism.

All gas turbine oils must retain their lubricating properties and be resistant to oxidation at high temperatures. There
are many types of synthetic gas turbine oil and these are manufactured to rigid specifications, but only those specified
by the engine manufacturer must be used .
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Fig.2.  Turbo Jet Lubrication.
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CHAPTER: 6
PISTON ENGINE LUBRICATION SYSTEM

CLASSIFICATION OF LUBRICANTS
Definition
A lubricant is any natural or artificial substance having greasy or oily properties which can be used to reduce friction
between moving parts or to prevent rust and corrosion on metallic surfaces, lubricants may be classified according to
their origins as animals, vegetable, minerals or synthetic.

Animal lubricants
Examples of Animal lubricant oil are tallow oil, lard oil, spermoil and porpoise jaw oil. These are highly stable at normal
temperature, so that they can be used to lubricate fire arms, and other light machinery and devices. Animal lubricant
cannot be used for internal combustion engines because they produce fatty acids at high temperature.

Mineral lubricants
Mineral lubricants are used to a large extent in the lubrication of aircraft internal combustion engines they may be
classified as solids, semisolids and fluids.

Solid lubricants, such as mica, soapstone and graphite are fairly satisfactory in a finely powered form on slow speed
machines, but they do not dissipate heat rapidly enough for high speed machines. They fill the low spots in the metal
on atypical bearing surface to form a perfect smooth surface, and at the same time they provide a slippery film that reduces
friction.  When a solid lubricant is finely powdered and is not too hard it may be used as a mild abrasive to smooth the
surface previously roughened by excessive wear or by machine operation in a factory. Some solid lubricants can carry
heavy loads, and hence they are mixed with certain fluid lubricants to reduce the wear between adjacent surfaces
subjected to high unit pressures.

Synthetic lubricants
Because of high temperature required in the operation of gas turbine engines, it becomes necessary for the industry
to develop lubricants which would retain their characteristics at temperature that will cause petroleum lubricants to
evaporate and break down into heavy hydro carbons. These new lubricants are called synthetic because they are not
made from natural crude oil. Typical synthetic lubricants are Type I, alkly diester oils (MIL-L-7808) and Type II poly-
ester oil (MIL-L-23699).

Semisolid lubricants
Extremely heavy oils and greases are examples of semi solid lubricants. Grease is a mixture of oil and soap. It gives good
service when applied periodically to certain units, but its consistency is such that it is not suitable for circulating or
continuous-operating lubrication systems.

Fluid lubricants
Fluid lubricants (oil) are used as the principal lubricant in all types of internal combustion engines because they can
be pumped easily and sprayed readily and because they absorb and dissipated heat quickly and provides a good
cushioning effect.

LUBRICANT REQUIREMENTS AND FUNCTIONS
Characteristic of aircraft lubricating oil

1. It should have the proper body (viscosity) at the engine operating temperature usually encountered by the
airplane in which it is used; It should be distributed readily to the lubricated parts and it must resist the pressure
between the various lubricated surfaces.

2. It should have high anti friction characteristics to reduce the frictional resistance of the moving parts when
separated only by boundary films. An ideal fluid lubricant provides a strong oil film to prevent metallic friction
and to create a minimum amount of oil friction or oil drag.

3. It should have maximum fluidity at low temperature to ensure a ready flow and distribution when starting at
low temperature. Some grades of oil become practically solid in cold weather, causing high oil drag and impaired
circulation.

4. It should have minimum changes in viscosity with changes in temperature to provide uniform protection where
atmosphere temperature very widely. The viscosity of oils is greatly affected by temperature changes. e.g.
at high operating temperature, the oil may be so thin that the oil film is broken and the moving parts wear rapidly.

5. It should have high anti wear properties to resist the wiping action that occurs wherever microscopic boundary
film are used to prevent metallic contact. The theory of fluid lubrication by an oil film, is as long as oil film is
not broken, the external friction (fluid friction) of the lubricants takes place of the metallic sliding friction which
other wise would exists.

6. It should have maximum cooling ability to absorb as much heat as possible from all lubricated surfaces and
especially from the piston head and skirt. One of the reasons for long using liquid lubricants is that they are
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effective in absorbing and dissipating heat. Another reason is that liquid lubricant can be readily pumped or
sprayed. Many engine parts, especially those carrying heavy load with high rubbing velocities are lubricated
by oil under direct pressure. Where direct-pressure lubrication is not practical a spray or mist of oil provides
the required protection. Regardless of the method of application, the oil absorbs the heat and later dissipates
it through the coolers.

7. It should offer maximum resistance to oxidation thus minimizing harmful deposits on the metal parts.
8. It should be non corrosive to the metals in the lubricated parts.

Functions
1. It lubricates, thus reducing the friction between moving parts.
2. It cools the various parts of the engine.
3. It tends to seal the combustion chamber by filling the walls, thus preventing the loss of compression past the

piston rings.
4. It tends to clean the engine by carrying sludge and residue away from the moving engine parts and depositing

them in the oil filter.

COMPONENTS AND CHARACTERISTICS OF LUBRICATING SYSTEMS
The lubrication oil is distributed to the various moving parts of a typical internal combustion engine by one of three
methods:- (1) Pressure (2) Splash (3) A combination of pressure and splash.

Pressure lubrication
In a typical lubrication system, a mechanical pump supplies oil under pressure to the bearings. The oil flows into the
inlet or suction side of the pump, usually located higher than the bottom of the oil sump so that sediment which falls
into the sump will not be drawn into the pump. The pump may by either the eccentric vane type or the gear type, but
the gear type is most commonly used. It forces oil into an oil manifold, which distributes the oil to the crankshaft bearings.
A pressure relief valve is usually located near the outlet side of the pump.

Oil flows into the main bearings through holes drilled in crankshaft to the lower connecting rod bearings. Each of
these holes through which the oil is fed is located so that the bearing pressure at that point will be as low as possible.

Oil reaches a hollow camshaft through a connection with the end bearings or the main oil manifold and then flows
out of the hollow camshaft to the various camshaft bearings and cams.

The engine cylinder surfaces receive oil sprayed from the crankshaft and also from the crankpin bearings. Since oil
seeps slowly through the small crankpin clearances before it is sprayed on the cylinder walls, considerable time is
required for enough oil to reach the cylinder walls, especially on a cold day when oil flow is more sluggish. This situation
is one of the chief reasons for diluting the engine oil with engine fuel for starting in very cold weather.

SPLASH LUBRICATION AND COMBINATION SYSTEM
Pressure lubrication is the principle method of lubrication used on all aircraft engines. Splash lubrication may be used
in addition to pressure lubrication on aircraft engines, but it is never used by itself. Hence aircraft engine lubrication
system are always of either the pressure type or the combination pressure-and-splash type.

Principle components of a lubrication system
An aircraft engine lubrication system includes pressure oil pump, an pressure relief valve, an reservoir/either as part
of the engine or separate from the engine) an oil pressure gauge, and oil temperature gage, oil filters, and the necessary
piping and connections. In addition many lubrication system include oil coolers and/or temperature regulating devices.
Oil dilution system are included when they are deemed necessary for cold weather starting.

Typical lubrication system
In this system, oil is contained in a separate tank and is forced under pressure from a pressure pump through a hollow
crankshaft to lubricate the engine, the oil is then drained into the sump from which it is pumped by a scavenge pump,
which has a 20% greater capacity then a pressure pump, to ensure that the oil does not accumulate in the engine and
it passes through an oil cooler and is returned to the tank.

The by pass around the filter is provided to prevent damage in case of failure to clean the filter. In this event dirty
oil is considered definitely a lesser evil than no oil at all. The by pass is also a safety device allowing the oil to return
to the tank without damaging the parts such as the filter in case the pressure should become excessive. The pressure
relief valve provides a means of regulating the oil pressure, the oil pressure is monitored by the means of an oil pressure
gage on the instrument panel of the aircraft.

� � �
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CHAPTER: 7
VENTILATION AND COOLING SYSTEM

PISTON ENGINE
Aircraft engines may be cooled either by air or by liquid, Excessive heat is undesirable in any internal-combustion engine
for three principal reasons: (1) It adversely affects the behaviour of the combustion of the fuel-air charge, (2) it weakens
and shortens the life of the engine parts, (3) it impairs lubrication.

If the temperature inside the engine cylinder is too great, the fuel mixture will  be preheated and combustion will occur
before the proper time. Premature combustion causes detonation “knocking,” and other undesirable conditions. It will
also aggravate the overheated condition and is likely to result in failure of pistons and valves.

The strength of many of the engine parts depends on their heat treatment. Excessive heat weakness such parts and
shortens their life. Also, the parts may become elongated, warped, or expanded to the extent that they sieze or lock
together and stop the operation of the engine.

Excessive heat “cracks” the lubricating oil, lowers its viscosity, and destroys its lubricating properties.

COOLING
Approximately one third of the energy produced by burning fuel in the engine cylinders manifests itself as heat which
is not converted to power. If this heat were not dissipated failure of some of the engine components indirect contact
with the combustion process would take place, and the engine would fail. Some of the heat is rejected with the exhaust
gases but the remainder must be dissipated so as to maintain the working parts of the engine at a temperature which
will ensure that the materials are not adversely affected. However a minimum temperature must be maintained to assist
proper lubrication and to provided good fuel evaporation. There are two main methods of cooling, by liquid or by air,
but some internal parts are also cooled by heat transfer through the medium of the lubricating oil.

Liquid cooling
In liquid cooled engines the cylinders are surrounded by a water jacket, through which liquid (normally a mixture of
ethylene glycol and water) is passed to absorb and remove excess heat. The jackets are parts of a closed system, which
also includes an engine driven pump and a radiator which projects into the airstream. Some systems are provided with
thermostatically controlled radiator shutter, by means of which a suitable coolant temperature is maintained during
flight. Liquid cooling has been used mainly on military aircraft engines, but a few examples may still be for on civil aircraft.

Air cooling
With air cooled engines, all those parts of the engine which needs to be cooled (mainly the cylinders) are provided with
fins, the purpose of which is to present a larger cooling surface to the air flowing round them. The size of the fins is
related directly to the quantity of heat to be dissipated, thus the fins on the cylinder head gave a greater area than those
on the cylinder barrel. Baffles and deflecters are fitted round the cylinders to ensure that all surfaces are adequately
cooled and the whole engine is cowled to direct airflow past the cylinder to reduce drag. The exit path from the cowling
is generally provided with gills or flaps, by means of which the mass air flow may be adjusted to control cylinder
temperature. Because air cooling is simple and little maintenance is required, air cooled engines are used in the majority
of piston engine aircraft.

AIR-COOLING OF TURBINE ENGINES
Introduction
An important feature in the design of a gas turbine engine is the need to ensure that certain parts of the engine, and
in some instances certain accessories, do not absorb heat from the gas stream to an extent that is detrimental to their
safe operation. This is achieved by allowing a controlled amount of air from the compressors to flow around these
components. The internal cooling airflow is also used to cool the oil, and to pressurize the main bearing housing and
various drive shaft seals to maintain the efficiency of the lubrication system by preventing oil leakage. External cooling
of the engine power plant is also essential to prevent the transfer of heat to the aircraft structure.

Internal cooling
The heat transferred by the turbine blades from the main gas stream to the turbine discs, the bearings of the rotating
assemblies, and the engine main casings, is absorbed and dispersed by directing a flow of comparatively cool air over
these components. High and low pressure airflows are provided by taking air from both compressors; on completion
of its function, the air is either vented overboard or joins the exhaust gas flow.

On the type of engine shown in figure, low pressure (L.P.) air is directed forward to cool the L.P. compressor shaft,
and rearward to cool the high pressure (H.P.) compressor shaft L.P. air is also taken from the by-pass duct and fed to
the rear of the engine to cool the turbine shafts; the separate L.P. airflows then mix and are ducted overboard after cooling
the outer surface of the H.P. turbine shaft. An intermediate H.P. compressor flow is used to cool the rear half of the H.P.
compressor shaft and the rear face of the final compressor disc before passing through tubes into the bypass duct.

The H.P. compressor outlet air is directed rearwards onto the turbine discs and, because the flow moves outwards
across the discs into the exhaust gas flow, the hot exhaust gases, being of a lower pressure, are prevented from the
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Fig. 1. General internal airflow pattern.

flowing inwards. The outward flow of cooling air is controlled by inter stage air seals of multi-groove construction that
provide the faces of the turbine discs with an adequate cooling airflow. The inter stage air seals are formed in two
sections; the front section forms the least restriction, the pressure difference across it being less than that across the
rear section. This prevents any inward flow of exhaust gases across the seals.

Due to the high temperature of the gas stream at the turbine inlet, it is often necessary to provide internal air cooling
of the nozzle guide vanes and, some instances, the turbine blades. Turbine blade life will depend not only on the form
of the cooled blade, but also the method of cooling; therefore, the flow design of the blade internal passages is important.
Recent development of turbine blade cooling is to provide an efficient axial flow of cooling air directly into the blade
instead of a pressure feed through the inter stage; this is known as pre-swirl feed.
A variation in temperature of the cooling air will give some indication of engine distress, either by a thermal switch
operating a warning indicator at a predetermined temperature of through a thermocouple system to a temperature gauge.

Accessory cooling
A considerable amount of heat is produced by some of the engine accessories, of which electrical generator is an
example, and these may often require their own cooling circuit. Air is sometimes ducted from intake louvres in the engine
cowlings or it may be taken from a stage of the compressor.

When an accessory is cooled during flight by atmospheric air passing through louvres, it is usually necessary to
provide an induced circuit for use during static ground running, when there would be no external air flow. This is
achieved by allowing compressor delivery air to pass through nozzles situated in the cooling air outlet duct of the
accessory. The air velocity through the nozzles creates a low pressure area which forms an ejector, so inducting a flow
of atmospheric air through the intake louvres. To ensure that the ejector system operates only during ground running,
the flow of air from the compressor is controlled by a pressure control valve. This valve is electrically opened by a switch
that is operated when the weight of the aircraft is supported by the undercarriage.

External cooling and ventilation
The engine bay or pod is usually cooled by atmospheric air being passed around the engine and then vented over board.
Conventional cooling during ground running may be provided by using an internal cooling outlet vent as an ejector
system. An important function of the cooling air flow is to purge any inflammable vapours from the engine compartment.

By keeping the airflow minimal, the power plant drag is minimized and, as the required quantity of fire extinguishant
is in proportion to the zonal airflow .  Any fire outbreak would be of low intensity.
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Fig.2. A typical cooling and ventilation system.

Fig. 3.Cooling and  ventilation-fan  engine.
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A fireproof bulkhead is also provided to separate the ‘cool’ area or zone of the engine, which contains the fuel, oil,
hydraulic and electrical systems, from the ‘hot’ area surrounding, the combustion, turbine and exhaust sections of the
engine. Differential pressures can be created in the two zones by calibration of the inlet and outlet apertures to prevent
the spread of fire from the hot zone.

� � �
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CHAPTER: 8
PISTON ENGINE CARBURATION SYSTEM

INTRODUCTION
This Chapter deals with piston-engine fuel requirements, and the methods used to provide a satisfactory supply of
combustible mixture to the cylinders under all operating conditions.

FUEL
The fuel used in piston engines is a hydrocarbon fuel, with a composition of approximately 85% carbon and 14%
hydrogen by weight.  When the fuel is mixed in suitable proportions with air, and ignited, the carbon and hydrogen
combine with the oxygen in the air and form carbon dioxide and water vapour; the nitrogen in the air, being an inert gas,
is chemically unchanged, but performs the useful function of slowing down the combustion process and maintaining
acceptable combustion temperatures.

The most important qualities required in a fuel are outlined in paragraphs to below.

Anti-Knock Rating
This is an indication of the resistance afforded by the fuel to the onset of detonation.  It is explained earlier, that an
increase in power can be obtained by increasing cylinder pressure, but that can cause detonation.  It is important,
therefore, that the fuel has good resistance to detonation in order to enable satisfactory engine power to be developed.
Calorific Value
This is a measure of the amount of heat which can be obtained from a given weight of fuel.  This is important in an aircraft,
since the weight of fuel carried will limit the payload.  The calorific value of a given volume of fuel is also of significance,
as in some cases the fuel tank capacity may be a limiting factor.
Volatility
This is the tendency of a fuel to evaporate.  Volatility should be high enough to permit easy starting under cold
atmospheric conditions, but not so high that vapour will form in the pipelines and pumps at high temperatures and/
or low pressures, and interrupt fuel flow or upset the metering system.
Corrosive Effects
A fuel must not be corrosive to any components in the engine or fuel system.

Although fuels of various grades have been available in the past, and have been specified for use in particular
engines, there is a tendency for fuel companies to reduce the number of grades available, to standardize on Grade 100L
(dyed green) or Grade 100LL (dyed blue), which both contain a small quantity of tetraethyl lead to assist in preventing
detonation and are covered by Specifications D Eng RD 2485 and 2475 respectively.  The problems associated with the
use of these fuels in engines which were designed for use with non-leaded fuel, or fuel with a lower lead content, are
outlined in CAA Airworthiness Notice No. 70.

MIXTURE  REQUIREMENTS
Air and fuel vapour will burn if mixed in the ratios of between approximately 8:1 and 20:1 by weight.  However, complete
combustion will only occur at a ratio of approximately 15:1 (i.e. all the hydrogen and carbon in the fuel, and all the oxygen
in the air will be used up), and this is known as the chemically-correct, or stoichiometric, mixture, which produces the
highest combustion temperatures.  With weaker mixtures (i.e. those containing less fuel), and richer mixtures (i.e. those
containing more fuel), the excess air or fuel will absorb some of the heat of combustion and lower the temperature of
the burning gases.

Although the chemically-correct mixture strength would theoretically produce the highest temperature, and
therefore power, in practice mixing and distribution are less than perfect and this results in some regions being richer
and others being weaker than the optimum strength; this variation may exist between one cylinder and another.  A slight
excess of fuel does not have much effect on power since all the oxygen is still consumed and the excess of fuel simply
serves to reduce slightly the effective volumetric efficiency; in fact its cooling effect can be to some extent beneficial.
Weak mixtures, however, rapidly reduce power since some of the inspired oxygen is not being utilized, and this power
reduction is much greater than that resulting from slight richness.  It is, therefore, quite common to run engines (when
maximum power rather than best fuel economy is the objective) at somewhat richer than chemically-correct mixtures
(i.e. about 1205:1) to ensure than no cylinder is left running at severely reduced power from being unduly weak.

A mixture which is weaker than the chemically-correct mixture, besides burning at lower temperatures, also burns
at a slower rate (because of the greater proportion of inert gas in the cylinder).  Power output thus decreases as the
mixture is weakened, but, because of the increase in efficiency resulting from cooler burning, the fall in power is relatively
less than the decrease in fuel consumption.  Thus the specific fuel consumption (i.e. the weight of fuel used per
horsepower  per hour) decreases as mixture strength is weakened below 15:1.  For economical cruising at moderate power,
air/fuel ratios of 18:1 may be used, an advance ignition timing being necessary to allow for the slower rate of combustion.
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Fig.1. Typical Mixture Requirements.

At high power settings, the increase in engine speed and cylinder pressure results in an increase in mixture
temperature, and this could lead to detonation.  Cooling may be provided by using excess fuel, an air/fuel ratio as low
as 10:1 often being used at maximum power.  The excess fuel, other than acting as a coolant, is otherwise wasted, because
there is no oxygen available to burn it.

Fig.2. Fuel Consumption and Power.
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A richer mixture is also required at low engine speeds.  The valves are timed to provide efficient operation at high
engine speeds, and at low speeds the exhaust gas velocity is much less, with the result that exhaust gases are left in
the cylinder during the period of valve overlap.  This residual gas results in dilution of the incoming mixture, which must
be progressively enriched as speed is decreased, in order to maintain smooth running.

The mixture requirement is, therefore, dependent upon engine speed and power output.  A typical air/fuel mixture
curve is shown in Fig.1, and Fig.2 illustrates the relationship between fuel consumption and power.

Fuel is supplied to the engine as a liquid, but must be burnt as a mixture of fuel vapour and air; a number of engine
and carburettor design features are, therefore, aimed at producing thorough atomization and mixing of the charge.

Initial atomization of the fuel in a float-chamber carburettor is achieved in a diffuser or discharge nozzle, by mixing
the air and fuel before they pass into a venturi, but in other carburation systems the fuel is forced through a discharge
nozzle under positive pressure, and better atomization is achieved.

Vaporization is often assisted by warming the induction passages, by designing the engine so that much of the
induction manifold is either submerged in hot oil in the engine sump, or is surrounded by an exhaust-heated jacket.

On some engines the fuel/air mixture passes through a distribution impeller, which is attached to the crankshaft and
rotates at engine speed.  This has the effect of thoroughly mixing the fuel and air, and assisting in vaporization.

The carburation system must control the air/fuel ratio in response to throttle setting, at all selected power outputs from
slow-running to full throttle, and during acceleration and deceleration ; it must function at all altitudes and temperatures
in the operating range, must provide for ease of starting and may incorporate a means of shutting off the fuel to stop
the engine.  The float-chamber carburettor is the cheapest and simplest arrangement and is used on many light aircraft;
it is very prone to carburettor icing, however, and may be affected by flight manoeuvres.  The injection carburettor is
a more sophisticated device and meters fuel more precisely, thus providing a more accurate air/fuel ratio ; it is also less
affected by flight manoeuvres, and is less prone to icing.  The direct- (or port-) injection system provides the best fuel
distribution and is reputed to be the most economical ; it is unaffected by flight manoeuvres and is free from icing.

Any of these carburettor types may be fitted with a manual mixture control, by means of which the most economical
cruising mixture may be obtained.  However, in order to assist the pilot in selecting the best mixture, some aircraft are
fitted with fuel flowmeters, exhaust gas temperature gauges or exhaust gas analysers.

FLOAT-CHAMBER  CARBURETTORS
In a float-chamber carburettor (Fig.3), airflow to the engine is controlled by a throttle valve, and fuel flow is controlled
by metering jets.  Engine suction provides a flow of air from the air intake, through a venturi in the carburettor, and thence
to the induction manifold ; this air speeds up as it passes through the venturi, and a drop in pressure occurs.  Fuel is
contained in a float chamber, which is supplied by gravity, by an electrical booster pump or by an engine-driven fuel
pump, and a constant level is maintained in the chamber by the float and needle-valve.  Where fuel pumps are used,
a fuel pressure gauge is included in the system to provide an indication of pump operation.  Air intake or atmospheric
air pressure acts on the fuel in the float chamber, which is connected to a fuel discharge tube located in the throat of
the venturi.  The difference in pressure between the float chamber and the throat of the venturi, provides the force
necessary to discharge fuel into the airstream.  As airflow through the venturi increases so the pressure drop increases,
and a higher pressure differential acts on the fuel to increase its flow in proportion to the airflow.  The size of the main
jet in the discharge tube determines the quantity of fuel which is discharged at any particular pressure differential, and
therefore controls the mixture strength.  The simple carburettor illustrated in Fig.3 contains all the basic components
necessary to provide a suitable air/fuel mixture over a limited operating range.  A number of alterations are necessary,
however, in order to provide for all the requirements of an aircraft engine, and these are discussed in following paragraph.

Fig.3.  Simple Carburettor.
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Main Metering System
As engine speed and airflow through the venturi increase, the proportion of fuel to air rises as a result of the different
flow characteristics of the two fluids.  To overcome this effect, some carburettors are fitted with a diffuser such as is
illustrated in Fig.4.  As engine speed is progressively increased above idling, the fuel level in the diffuser well drops,
and progressively uncovers more air holes.  These holes allow more air into the discharge tube, and by reducing the
pressure differential prevent enrichment of the air/fuel mixture.  The process of drawing both air and fuel through the
discharge tube also has the effect of vaporizing the fuel more readily, particularly at low engine speeds.  On carburettors
not fitted with a diffuser, air at atmospheric pressure is bled into the discharge tube, and produces similar results ; the
air bleed method is illustrated in Fig.5.

Idling
When the engine is idling, the air velocity through the venturi is too low to provide an adequate discharge of fuel.
However, the air passing through the gap between the throttle valve and the wall of the throttle body has sufficient
velocity to provide the necessary reduction in pressure.  One or more small holes are drilled through the wall at this
position, and ducted to the float chamber ; an air bleed is in-corporated in this duct, to provide a mixture of air and fuel
to an idling jet.  On some carburettors the idling mixture is adjusted by varying the total quantity of mixture discharged
into the airstream, whilst on others a fuel metering jet is placed in the idling duct, and adjustment is obtained by varying
the air bleed.   A cut-off valve may be fitted to the duct, to enable the engine to be stopped.  A typical idling system
is shown in Fig.6.

   Fig.4.  Diffuser.                                                              Fig.5.   Air Bleed

   Fig.6.  Idling System.                                                              Fig.7.  Needle-Type Mixture Control.



74 L.N.V.M. Society Group of Institutes, Palam Extn., Part-1, Sec-7, Dwarka, New Delhi-45.

Mixture Controls
The pressure drop at the venturi is a measure of air mass flow and is proportional to d  X  v2 (where d is air density and
v is air velocity).  Fuel mass flow resulting from the pressure drop in the venturi is proportional to D X V2 (Where D is
fuel density and V is fuel velocity).  At constant density therefore, v2 and V2 are both proportional to the pressure drop,
and changes in fuel mass flow will be proportional to changes in air mass flow (engine speed), except at idling.  At
constant air velocity however, the pressure drop in the venturi is directly proportional to changes in air density, whilst

fuel mass flow, being of constant density, remains proportional to pressure drop ; changes in air density therefore,
produce less than proportional changes in fuel flow.  This results in a progressive increase in richness with increased
altitude, which would be unacceptable for economic operation.  Float-chamber carburettors are normally fitted with a
manual mixture control, which is used for correcting the enrichment resulting from decreased air density, and also for
leaning (weakening) the mixture for economical cruising.  The carburettors fitted to some large engines have automatic
mixture control for altitude.

With a needle-type mixture control, such as is illustrated in Fig.7, a cockpit lever is connected to a needle valve in
the float chamber.  Movement of the cockpit lever raises or lowers the needle and varies fuel flow through an orifice
to the main jet.  The position of the needle, therefore, controls the mixture strength, and in the fully-down position will
block fuel flow to the main jet, thus providing a means of stopping the engine.

The mixture control shown in Fig.8 operates by controlling the air pressure in the float chamber, thus varying the
pressure differential acting on the fuel.  A small air bleed between the float-chamber and the venturi tends to reduce
air pressure in the float-chamber, and a valve connected to a cockpit lever controls the flow of air into the float chamber.
When this valve is fully open the air pressure is greatest, and the mixture is fully rich ; as the valve is closed the air
pressure decreases ; thus reducing the flow of fuel and weakening the mixture.  In the carburettor illustrated the valve
also includes a pipe connection to the engine side of the throttle valve ; when this pipe is connected to the float-chamber
by moving the cockpit control to the ‘idle cut-off’ position, float-chamber air pressure is reduced and fuel ceases to
flow, thus stopping the engine.

Fig.8.  Air Bleed Mixture Control.
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An  automatic mixture control usually consists of an aneroid capsule, which controls the position of a valve admitting
atmospheric pressure into the mixture discharge tube; this action alters the pressure difference between the venturi
and the float-chamber, thus varying fuel flow.  Fig.9. illustrates a mixture control which uses engine oil pressure to
position the mixture control valve according to atmospheric pressure.  The aneroid-capsule chamber is open to
atmosphere, and, as altitude increases, the capsule expands and lowers the piston valve.  The piston valve directs oil
to the lower side of the servo piston, which moves upwards in the servo unit; oil from above the servo piston returns
through the piston valve to the scavenge line.  The servo piston is connected to the mixture control valve and to the
top of the aneroid capsule, and while opening the control valve also raises the aneroid capsule and piston valve, until
the piston valve regains its neutral position and blocks oil flow to the servo unit.  The reverse situation occurs as
atmospheric pressure increases.  The linkage is set by the manufacturer so that movement of the servo piston is
proportional to changes in atmospheric pressure, and opening of the mixture control valve is proportional to fuel flow
requirements.

In this system, the mixture normally supplied is in accordance with the rich curve shown in Fig.1.  Economical cruising
is obtained by resetting the neutral position of the piston valve, so that the servo piston adopts a higher position in
the servo unit, irrespective of altitude.  A sleeve around the piston valve is provided with two sets of holes, so that
when the sleeve is rotated 900 (by movement of a two-position cockpit control), a second pair of holes is brought into
line with the ducts leading to the servo unit.  These holes are so formed that when their outlet points are lined up with
the servo unit ducts, their inlet points (inside the sleeve) are situated higher up the sleeve, as shown in the small sketch
in Fig.9.  The piston valve must, therefore, be moved to a higher position before it can block the servo unit ducts, and
this results in an upward movement of the servo piston, which alters the position of the mixture control valve to give
a weaker mixture.

The cockpit controls are so arranged that, as power is increased above the cruising range, the mixture lever is
automatically moved to the rich setting.
Power Enrichment
At power settings above the cruising range, a richer mixture is required to prevent detonation.  This rich mixture may
be provided by an additional fuel supply, or by setting the carburettor to provide a rich mixture for high power and then
bleeding off float-chamber pressure to reduce fuel flow for cruising.

Fig.10. illustrates a carburettor with an additional needle valve, which may be known as a power jet, enrichment jet,
or economizer.  The needle valve, which is connected to the throttle control, is fully closed at all throttle settings below
that required to give maximum cruising power at sea-level, but as the throttle is opened above this setting the needle

Fig.9.  Automatic Mixture Control.
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Fig.12.  Accelerator Pump.

   Fig.10.  Power Jet.                                                              Fig.11.  Back-Suction Economizer.
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valve opens progressively until, at full throttle, it is fully open.  On some engines the power jet is operated independently
of the throttle, by means of a sealed bellows which is actuated by manifold pressure.  In this way high-power enrichment
is related to engine power rather than to throttle position.

An air-operated economizer (known as a back-suction economizer) is illustrated in Fig.11.  When the throttle valve
is at a high power setting, the pressure of air flowing past the valve is only slightly below atmospheric pressure, and
will have little effect on air pressure in the float chamber; thus a rich mixture will be provided.  As the throttle is closed
to the cruising position, air flowing past the throttle valve creates a suction, which is applied to the float-chamber
through the economizer channel and air jet.  The reduced float-chamber pressure reduces fuel flow through the main
jet to provide the economical mixture required for cruising.
Acceleration
If the throttle valve is opened quickly, airflow responds almost immediately and a larger volume of air flows through
the carburettor.  The fuel metering system, however, responds less quickly to the changing conditions, and a temporary
weakening of the mixture will occur before fuel flow again matches airflow.  This condition is overcome by fitting an
accelerator pump, which is linked directly to the throttle and forces fuel into the venturi whenever the throttle is opened.
In some pumps a controlled bleed past the pump piston allows the throttle to be opened slowly without passing fuel
to the engine; in other pumps an additional delayed-action plunger is incorporated to supply an additional quantity
of fuel to the engine for a few seconds after throttle movement has ceased.  The latter type of pump is illustrated in Fig.12.

INJECTION  CARBURETTORS
These carburettors do not have a vented float-chamber, and do not rely on venturi suction to discharge fuel into the
airstream; they provide a pressurized, closed system, which meters fuel according to airflow and mixture strength
requirements, and sprays it into the induction manifold, downstream of the throttle valve.  The various components
in the system normally include an air throttle valve, an engine-driven pump, a pressure regulator, a fuel control unit,
an automatic mixture control, an accelerator pump and a discharge nozzle; these components combine to provide for
all the air/fuel mixture requirements of the engine.  A typical injection carburettor is illustrated in Fig.13.
Throttle Body
This unit contains the throttle valve, discharge nozzle, accelerator pump, venturis and automatic mixture control, and
provides various connections to the regulator and fuel control unit.
Throttle Valve
Unlike the throttle valve on a float-chamber carburettor, the throttle valve on an injection carburettor controls only the
airflow to the engine.  Since no fuel passes the throttle valve, there is less likelihood of carburettor icing.
Discharge Nozzle
The discharge nozzle contains a spring-loaded valve and diaphragm.  The valve opens when metered fuel pressure
acting on the diaphragm is sufficient to overcome spring pressure, and acts as a relief valve to hold the pressure in the
discharge line relatively constant, regardless of fuel flow.
Accelerator Pump
The accelerator pump is automatic in operation, and supplies additional fuel during rapid throttle opening.
Venturis
The throttle body contains two venturis, the smaller, or ‘boost’, venturi discharging into the throat of the main venturi.
This arrangement provides a larger pressure drop than could be obtained with a single venturi.  A number of impact
tubes are arranged around the top of the main venturi, and provide air-intake pressure to the regulator.  The purpose
of the venturis is to measure airflow through the throttle body.
Automatic Mixture Control
This unit contains a sealed bellows, which responds to changes in air pressure and temperature.  It is connected to a
tapered needle in the duct supplying air intake pressure to the regulator, and provides the means of automatically
varying fuel flow with changes in air density.
Fuel Pumps
The engine-driven fuel pump is generally a positive-displacement type pump, with a capacity in excess of the maximum
fuel requirements of the engine.  Since the carburettor relies on fuel being supplied at a positive pressure, an electrically-
operated booster pump is also included in the fuel system, both to supply fuel in the event of failure of the engine-driven
pump and for use during engine starting.  A fuel pressure gauge is fitted to provide an indication of pump operation.
Regulator
The regulator is attached to the throttle body, and is designed to regulate the pressure drop across the jets in the fuel
control unit according to airflow through the throttle body.  It consists of two pairs of chambers, each pair being
separated by a flexible diaphragm.  Referring to Fig.13, chamber A is ducted to air-intake pressure, chamber B is ducted
to boost-venturi suction, chamber C is ducted to metered fuel pressure and chamber D is supplied by unmetered fuel
pressure.  The air and fuel diaphragms, and the sealing diaphragm between chambers B and C, are all attached to the
stem of the fuel valve, which is opened or closed by the air and fuel forces in the four chambers.  Fuel is delivered from
the fuel pump to chamber E of the regulator, which also contains a filter and vapour vent valve.  The vent valve allows
any vapour in the fuel to escape and return to the aircraft tanks, thus preventing it from upsetting the balance of the
carburettor.
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Fig.13.  Typical Injection Carburettor.
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Fuel Control Unit
The fuel control unit is attached to the regulator, and contains all the metering jets and valves.  The manual mixture-
control lever is connected to a rotary mixture-control valve, which determines which jets are in operation.  The valve
consists of a stationary member, with ducts leading to the auto-rich and auto-lean jets, and a rotating member which
covers or uncovers the ducts according to its position.  A pressure-operated valve opens the passage from the power
jet, and a plunger connected to the pilot’s throttle, adjusts fuel flow in the idling range.  It should be noted that if two
holes or jets are connected in series, it is the smaller jet or hole which, combined with the pressure drops across the
jets, controls fuel flow.  Operation of the mixture control is illustrated in Fig.14.

With the manual mixture control lever in the ‘idle cut-off’ position, all the fuel passages in the rotary valve are blocked,
and no fuel flows to the engine.

With the manual mixture control lever set to ‘auto-lean’, the largest passage in the rotary valve is partially uncovered,

and fuel flows past the idling plunger, through the auto-lean jet and mixture control valve to the discharge nozzle.  Fuel
flow depends on the size of the auto-lean jet, and on the difference in pressure between the metered and the unmetered
fuel.

With the manual mixture control lever set in the ‘auto-rich’ position, all the fuel passages through the mixture control
valve are uncovered, and fuel flows past the idling plunger, through both the auto-lean and auto-rich jets, through all
holes in the rotary valve and to the discharge nozzle.  When the power valve is opened, additional fuel flows through
the power jet and the large hole in the mixture control valve.  Fuel flow in this setting depends on which jets are in
operation, and on the difference in pressure between the metered and unmetered fuel.
Basic Operation
The difference in pressure between chambers A and B in the regulator, is dependent upon the difference between intake
pressure and boost-venturi suction.  This pressure difference will increase with airflow through the engine, and will
result in movement of the air diaphragm and opening of the fuel valve.  With the fuel valve open, fuel will flow into
chamber D, through the metering jets in the fuel control unit, back to chamber C in the regulator, and thence to the
discharge nozzle.  When pressure in chamber C and the discharge line reaches a predetermined value, the discharge
nozzle valve will open and fuel will be discharged into the induction manifold.  The unmetered fuel pressure in chamber
D will always be greater than the metered fuel pressure in chamber C, because of the restriction of the jets, and the fuel
diaphragm will move in opposition to the air diaphragm to close the fuel valve.  However, the pressure in chamber D
will decrease as the fuel valve closes, and a balanced condition will be reached when air and fuel forces are equal.  In
this condition, fuel flow through the jets will be in proportion to the difference in pressure between chambers C and
D.  Since the pressure difference across the fuel diaphragm is equal to the pressure difference across the air diaphragm,
fuel flow will be proportional to, and governed by, the airflow through the throttle body, and the engine will be supplied
with correct basic air/fuel mixture at all engine speeds.

Alteration of the mixture control setting will change the fuel flow, and alter the pressure drop across the jets.  The
diaphragm and fuel valve assembly will reposition to maintain the pressure drop established by the particular airflow,
resulting in a change in mixture strength according to the size of the jets in operation.  Similarly, any change in fuel pump
pressure or fuel pressure at the discharge nozzle would affect the balanced condition of the diaphragm assembly and
would be followed by a corrective movement of the fuel valve.
Idling
At very low engine speeds, airflow through the throttle body is insufficient to provide an effective pressure drop
through the boost venturi, and is unable to regulate fuel flow.  To overcome this problem, a spring is attached to the
fuel valve stem in chamber D, and holds the fuel valve off its seat at idling speeds.  Fuel may then flow through chamber
D to the fuel control unit, where the idling plunger, which is connected to the pilot’s throttle, meters fuel flow for the
first few degrees of throttle opening.  At larger throttle openings the idling plunger is withdrawn from the fuel passage
and has no effect on fuel flow.

Fig.14.  Rotary Mixture Control Valve.
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Fig.15.  Fuel Injection System.
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Mixture Control
The manually-operated mixture control varies fuel flow according to engine operating conditions and was described
earlier.  Automatic correction of fuel flow for changes in air density (temperature and pressure) is provided by the
automatic mixture control.  A small air bleed between chambers A and B in the regulator causes a slight but continuous
flow of air from the impact tubes to the boost venturi, thus providing the means of controlling the pressure in chamber
A, and thereby regulating fuel flow.  At sea level the bellows is fully compressed and the tapered needle is withdrawn
from the air passage leading to chamber A ; full intake pressure acts on the air diaphragm, so that fuel valve opening
and fuel flow are at the maximum for the particular airflow condition.  As the aircraft climbs and atmospheric pressure
decreases, the bellows expands and inserts the tapered needle into the air passage, thus restricting the flow of air into
chamber A, and reducing the differential pressure across the air diaphragm.  As a result the fuel valve closes slightly
and fuel pressure is adjusted to match air pressure, thus reducing fuel flow through the jets to maintain the required
mixture strength.
Acceleration
A number of different fully-automatic accelerator pumps may be used with injectors; a single-diaphragm pump is
illustrated in Fig.13, and operation of this type is explained below.

Air pressure on the engine side of the throttle valve varies according to throttle position, being lowest when the
throttle is at the idling position and progressively increasing as the throttle is opened.  This air pressure is ducted to
the rear of the accelerator-pump diaphragm.  At small throttle openings air pressure and fuel discharge-nozzle pressure
are sufficient to overcome the force of the spring and withdraw the diaphragm, allowing the pump fuel chamber to fill.
When the throttle is opened, the air pressure increases and the spring is able to force the diaphragm forward, discharging
fuel to the nozzle.  This fuel, added to the normal metered fuel flow, is sufficient to overcome any temporary weakening
of the mixture.

DIRECT  FUEL  INJECTION
Direct fuel injection is often employed on aircraft piston engines, but is of the low-pressure, continuous-flow type rather
than the intermittent-flow type commonly used on diesel engines, in which calibrated quantities of fuel are injected into
the cylinders at a particular time in the operating cycle.  In the low-pressure, continuous-flow method, fuel is sprayed
continuously into the inlet port of each cylinder; the advantages claimed for the method are low operating pressure,
good fuel distribution, freedom from icing problems and the ability to use a pump which does not have to be timed to
the operating cycle.  Some fuel injectors operate on similar principles to the injection carburettor described earlier, with
a distribution system replacing the discharge nozzle, but a different method of operation is used on some engines, and
this latter method is described in paragraphs below.

In this system, the size of a variable orifice is controlled according to the position of the air throttle valve, and the
pressure of fuel passing through this orifice is controlled according to engine speed.  Mixture strength is varied by a
manually-operated control, which adjusts the fuel pressure for altitude or operating conditions, as necessary.  Because
of the method of operation of the injector, no special idling arrangements are required and a separate priming system
for engine starting is unnecessary.  The main components in the system are a fuel pump, a fuel/air control unit, a fuel
manifold (distribution) valve, and discharge nozzles for each cylinder.  In addition, a normal throttle valve controls
airflow to the engine, and a fuel pressure gauge is fitted to enable mixture adjustments to be made.  The system is
illustrated in Fig.15.
Fuel Pump
The fuel pump is a positive-displacement, vane-type pump, which is driven by gearing from the engine crankshaft; total
pump output is, therefore, proportional to engine speed.  The pump supplies more fuel than is required by the engine,
and a recirculation path is provided; a calibrated orifice and relief valve in this path ensure that the pump delivery
pressure is also proportional to engine speed.  Fuel enters the pump through a swirl chamber in which vapour is separated
from liquid fuel; the vapour is ejected from the pump by a jet of pressurized fuel, and returned to the fuel tank.  When
the pump is not operating, a spring-loaded valve in the base of the swirl chamber allows fuel under positive pressure
to by-pass the pump, so allowing an electrically-operated booster pump to be used for engine starting and in an
emergency.  The booster pump is often a two-speed pump, providing a low pressure for normal back-up use, and a high
pressure for use in the event of main fuel pump failure.
Fuel/Air Control Unit
This unit is mounted on the intake manifold and contains three control elements.

The air throttle assembly contains the air throttle valve, which is connected to the pilot’s throttle lever and controls
airflow to the engine.  The intake manifold has no venturi or other restriction to airflow.

The fuel control unit is attached to the air throttle assembly, and controls fuel flow to the engine by means of two
rotary valves.  One valve, the metering valve (Fig.16), is connected to the air throttle, and by means of a cam-shaped
end face controls fuel flow to the fuel manifold valve according to the position of the air throttle; thus fuel flow is
proportioned to air flow and provides the correct air/fuel ratio.  The second valve, the mixture valve (Fig.17), is connected
to the pilot’s mixture control lever, and by means of a contoured end face, bleeds off fuel pressure applied to the metering
valve.  Thus the air/fuel ratio can be varied from the basic setting of the metering valve, as required by operating
conditions.  A fuel pressure gauge in the system indicates metered fuel pressure, and, by suitable calibration, enables
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Fig.17.  Mixture Valve.

Fig.16.  Metering Valve.
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the mixture to be adjusted according to altitude and power setting.
Fuel Manifold Valve
This valve is located on the engine crankcase, and is the central point for distributing metered fuel to the engine.  It
contains a spring-loaded diaphragm to which a valve is attached.  When the engine is stopped, the spring forces the
diaphragm down, and seats the valve in the bore of the valve body; all the outlet ports are closed, and no fuel can flow
to the engine.  As fuel pressure builds up (as a result of engine rotation or booster pump operation) and overcomes
spring force, the valve lifts and opens all the ports to the discharge nozzles simultaneously.  The ball valve ensures
that the ports are fully open before fuel starts to flow.
Discharge Nozzle
A fuel discharge nozzle is located in each cylinder head, with its outlet directed into the inlet port.  A nozzle, with a
calibrated orifice, fits into the nozzle body and directs fuel through a central bore.  Radial holes in the body allow air
to be drawn in through a cylindrical filter which surrounds the body (at ambient air pressure on a normally-aspirated
engine and at manifold pressure on a supercharged engine), and this air is mixed with the fuel before it sprays into the
inlet port.  Nozzles are calibrated in several ranges, and are fitted to individual engines as a set, each nozzle in a set having
the same calibration.
Pressure Gauge
A pressure tapping is taken from the metered fuel pressure line to operate a fuel pressure gauge.  Since the mixture
strength depends on the pressure of the fuel passing through the metering valve, the gauge reading is proportional
to fuel flow and may be used when adjusting mixture strength to suit flight conditions.

Fig.18 illustrates a fuel pressure gauge which is marked for use with a normally-aspirated engine, and has two ranges
of pressures.  The take-off segment is used for take-off and climb, and is calibrated in thousands of feet of altitude; the
cruise segment is marked with maximum and minimum lines for each of a range of power settings.  The fuel pressure

is adjusted by means of the mixture control lever, and during take-off is set according to the airfield height, and this
compensates for reduced air density.  During cruising flight, fuel pressure is first set to the highest line for the power
being used, and this gives best power; when engine temperatures have stabilized, the fuel pressure is then reduced
to the minimum line, and this increases the air/fuel ratio to give economical cruising.  For ground running, the mixture
lever is left in the fully-rich position.

With a turbocharged engine, fuel flow at any particular power setting remains constant at all altitudes, so that the
fuel pressure gauge is calibrated solely in units of pressure or flow.  The correct mixture strength is obtained by adjusting
the mixture control to give the fuel pressure or flow recommended for the particular flight conditions.

ENGINE  ICING
Icing encountered on aircraft piston engines may be classified into two distinct types, impact icing and carburettor icing.
These are formed in different ways but may occur in ambient temperatures between + 25oC and - 15oC; below - 15oC any
ice which forms is too dry to adhere to the intake or throttle-body wall.  Engine icing may be encountered when an aircraft
is flying in cloud, rain or snow, or even in clear air provided that the humidity is sufficiently high; it may also be
encountered when running an engine on the ground in similar atmospheric conditions.  An air-intake temperature gauge
is often fitted to provide a warning of icing conditions.

Fig.18.  Fuel Pressure Gauge.
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Impact Icing
This is caused by water droplets freezing on impact with the intake, throttle-body wall or impact tubes, and is most likely
to occur at temperatures of 0oC to - 7oC.  Ice can build up round the air intake and disturb airflow to the carburettor, thus
upsetting the air/fuel ratio and causing loss of power and even complete stoppage of the engine.  Protection against
this form of icing is provided by fitting a gapped ice-guard, or by providing an alternative air intake which is sheltered
from the direct airflow.

A gapped ice-guard consists of a coarse wire-mesh screen mounted in front of the air intake, the gap between the
screen and intake providing a passage for air should the screen become blocked with ice or snow.

Where a permanent mesh screen or air filter is fitted in the intake an alternative intake is usually provided.  This may
be manually operated or in the form of a spring-loaded door in the intake duct, which opens into the engine compartment.
If the intake or filter becomes blocked with ice, engine suction opens the door automatically, and warm air is drawn into
the engine.
Carburettor Icing
The restriction to airflow caused by the venturi and throttle valve, by increasing the velocity and reducing the pressure
of the air, also reduces its temperature (Boyles Law).  In addition, vaporization of the fuel also cools the air and throttle-
body walls, and further reduces the temperature.  When the temperature of the air passing through the carburettor is
reduced below 0oC, any moisture in the air forms into ice and builds up on the venturi and throttle valve.  This ice further
reduces the area through which the air must pass, and thus worsens the situation.  Rough-running, loss of power,
jamming of the throttle valve and eventual stoppage of the engine may result.  Carburettor icing may develop in any
type of carburettor in air temperatures below +25oC, but is less likely to occur with direct fuel injectors since the fuel
is injected downstream of the throttle valve and venturi.  Protection against carburettor icing is usually effected by
supplying warm air to the carburettor, or by heating the carburettor.

A hot-air intake may be provided, through which air, taken from regions adjacent to heated parts of the engine, e.g.
an exhaust muff, is ducted to the carburettor.  The pilot’s control may be a two-position control selecting  the source
of air, or may be a multi-position control which progressively bleeds more hot air into the intake duct.

On some earlier carburettors, the throttle-body wall and throttle valve are hollow, and form passages through which
engine oil is pumped.  This warms the carburettor sufficiently to prevent icing, and assists in fuel vaporization.

Use of a manually-selected hot-air intake is usually restricted to operation below 80% power; the prolonged use of
hot air at higher power settings could result in detonation.

AIR  FILTERS
Dust and grit in the atmosphere could cause serious damage to a  piston engine by entering the engine through the
air intake and being drawn into the cylinders, thus causing excessive wear to the cylinder walls and pistons.  Dust and
grit could also collect in the carburettor and upset the air/fuel mixture by clogging air and fuel passages.  To prevent
this from happening, most engines have an air filter in the air intake, through which all air is drawn during normal
operation.  Air drawn in through the alternative air intake in icing conditions is not filtered, but because of the sheltered
position of the intake, the air is less likely to be contaminated.

On some older aircraft the normal engine air intake has no filter, so that full advantage may be taken of ram effect
to increase engine power.  In these cases a separate filtered intake may be provided, and is used during flight at low
altitude to prevent dust and grit from affecting the engine.  A flap in the intake duct controls the source of air and is
operated by a control in the cockpit.

PRIMING  SYSTEM
To avoid unnecessary cranking when starting a cold engine, a quantity of neat fuel is supplied to the induction manifold
so that a rich fuel/air mixture is drawn into the cylinders as soon as the engine begins to rotate.  The fuel may be supplied
in a number of ways, depending on the type of carburettor.

Some carburettors are fitted with a means of overfilling the float chamber, and this often takes the form of a manually-
operated plunger, which presses down on the float.  This action allows the fuel level to rise, and results in fuel flowing
from the discharge nozzle into the induction manifold.

On carburettors which are fitted with a throttle-operated accelerator pump (Fig.12), the action of opening the throttle
will result in fuel being sprayed into the induction manifold, thus priming the engine.

In many cases separate priming system is installed on the engine.  This comprises a priming pump (hand-or
electrically-operated), which draws fuel from one of the fuel tanks, and discharges it through a system of priming pipes
and nozzles to a number of points in the induction manifold.

With fuel injection systems no separate priming system is generally required.  By switching on the fuel booster pump,
fuel is sprayed into the cylinder inlet ports as soon as the mixture lever is moved out of the idle cut-off position.

In order to avoid flooding an engine with neat fuel, a drain is fitted to the lowest point in the induction manifold or
supercharger casing, to drain off any surplus fuel which may have collected.
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PISTON ENGINE SUPERCHARGERS

GENERAL
The power output of an engine depends basically on the weight of mixture which can be burnt in the cylinders in a given
time, and the weight of mixture which is drawn into each cylinder on the induction stroke depends on the temperature
and pressure of mixture in the induction manifold.  On a normally aspirated engine the pressure in induction manifold
at full throttle is slightly less than atmospheric pressure because of intake duct losses, and the manifold pressure
decreases with any increase in altitude. Power output, therefore, decreases with altitude, although some of the loss is
recovered in better scavenging of the cylinders as a result of reduced back pressure on the exhaust. In order to increase
engine  power for take-off and initial climb, and/or to maintain engine power at high altitude, the manifold pressure must
be raised artificially, and this is done by supercharging.

Where supercharger is used to increase sea-level power, rather than to maintain normal power up to a high altitude
the engine will need to be strengthened, in order to resist the higher combustion pressure. For superchargers capable
of producing maximum power at high altitude, a control system is necessary to prevent excessive pressure being
generated within the engine at low altitude.

Centrifugal impellers (fig.19) are used for superchargers on aircraft engines and may be driven by either internal or
external means; in some installations a combination of both is used.  Internally-driven superchargers are driven by
gearing from the engine crankshaft, and  externally-driven superchargers (known as turbo-superchargers or turbochargers)
are driven by a turbine which is rotated by the exhaust gases. The methods of operation and control of these two types
are quite different, and are dealt with separately.

Fig.19. Supercharger Impellers.

CENTRIFUGAL IMPELLERS
Centrifugal impellers are used because they are comparatively light, are able to run at high speed, will handle large
quantities of air, and are reliable.

A centrifugal impeller,  is in effect, a fan which, when rotated at high speed, causes the air between the vanes to be
flung outwards under centrifugal force. The air receives kinetic energy as it flows outwards between the vanes, and,
as the cross-section of its path increases some of this energy is converted into pressure energy. The proportion of
pressure gained in the impeller depends on the impeller’s diameter, speed of rotation, and the shape of the vanes.
The air leaves the impeller with considerable tangential and radial velocity and passes into a diffuser, which consists
of a number of vanes fixed between the walls of the supercharger casing. The angle of the diffuser vanes is initially parallel
to the path taken by the air leaving the impeller  and the curvature of the vanes guides the air into a volute casing, or
manifold ring, in such a way as to minimize turbulence, which would impede the flow and increase temperature. The
diffuser vanes form divergent passages, which decreases the velocity and increase the pressure of the air passing
through them.

The action of compressing the air rapidly increases its temperature, and reduces some of the increase in density which
results from the increased pressure; this loss of density may be partially recovered either by passing the air through
a heat exchanger or by spraying the fuel into the eye of the impeller so that vaporization will reduce air temperature.
Other losses are caused by friction, air leakage, and buffet at the inlets to the impeller and diffuser. Friction losses may
be reduced by using a shrouded impeller (fig.19B) and buffet losses may be reduced by using curved inlet vanes on
the impeller, and by careful design of impeller tip clearance to suit the impeller’s speed of rotation. Air leakage is causes
by the pressure difference across the impeller tending to produce a reverse flow of air; this is minimized by ensuring
that clearances between stationary and rotating parts are kept as small as possible, but leakage cannot be completely
eliminated.
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At a particular speed of rotation a centrifugal supercharger increases the pressure of air passing through the impeller
in a definite ratio. Physical constraints limit the speed of rotation and size of an impeller, and so limit the compression
ratio and , consequently, the power output or maximum operating altitude of the engine to which it is fitted. Compression
ratios between 1.5:1 and 3:1 are generally obtainable, and any further compression necessary would have to be obtained
by fitting two impellers in series.

INTERNALLY-DRIVEN SUPERCHARGERS
Internally-driven superchargers are generally used on medium and high-powered piston engines (approximately 250
bhp and above), and are fitted downstream of the throttle valve. In the past the superchargers of high-powered engines
have often been driven at two speeds in order to save power at low altitudes, and have also been fitted with two impellers
working in series in order to raise the over all compression ratio; some of these engines are still in use, but current engines
generally employ a single impeller driven at a fixed ratio to the crankshaft (usually between 6:1 and 12:1). This type of
supercharger is usually capable of maintaining sea level manifold pressure up to an altitude of 5000 to 10,000 feet,
depending on the gear ratio, at Rated Power settings, In Fig.20 the power curves of a single-speed,single-stage
supercharged engine are compared with a normally-aspirated but otherwise identical engine.

The power developed by the normally-aspirated engine is at a maximum at sea-level and progressively decreases
as altitude is increased. The power
developed by the supercharged but
otherwise identical engine, at the same
speed and manifold pressure, is less than
that of the normally-aspirated engine at
sea-level and this power loss represents
the power required to drive the
supercharger. However, as height is
increased, the power developed by the
supercharged engine at constant throttle
setting increases as a result of the decreased
temperature of the  atmosphere. The
decreased temperature increases the
density of the air, and thus a greater
weight of air is pumped into the cylinders
for the same manifold pressure. Decreased
air pressure also causes less back pressure
on the exhaust, thus improving scavenging
of the cylinders.
At sea-level the throttle valve in the

supercharged engine must be partially
closed, so as to restrict manifold pressure
and prevent excessive cylinder pressures,
but as the aircraft climbs the throttle valve

must be progressively opened (either manually or automatically) to maintain this manifold pressure. Eventually a height
is reached where the throttle is fully open, and this is known as full-throttle height, above this height power will fall
off as with the normally aspirated engine.  Since the effect of super charger depends on the speed of rotation of the
impeller, each power setting will have a different full throttle height according to the engine speed and manifold pressure
used; the full-throttle height at Rated power settings is known as Rated Altitude.

Supercharger Drives
A shaft, splined into the rear of the crankshaft, provides the initial drive to the supercharger impeller and often also
drives a number of accessories and transmits the drive from the starter motor to the engine.  Such a shaft may incorporate
a spring-driven unit, which transmit the drive through intermediate gears to the impeller pinion, and the impeller pinion
may also include a centrifugal clutch.

Supercharger controls
Since a supercharger is designed to compress air and provide sea-level pressure, or greater, in the induction manifold
when atmospheric pressure is low, excessive manifold pressures could be produced when atmospheric pressure is high.
It is necessary therefore, to restrict throttle opening below full throttle height, and, to relieve the work load on the pilot,
this is often done automatically.

An aneroid capsule, which expands or contracts under varying pressure, is normally used in any system designed
to control manifold pressure. The capsule (or in some cases a stack of individual capsules) is enclosed in a chamber
connected to supercharger outlet pressure, and is attached to a servo valve to control the flow of pressure oil to a servo
piston. The servo piston is connected to the throttle linkage so as to adjust throttle valve opening and thus control
and limit manifold pressure.

A fixed-datum control, such as is illustrated in fig. 21 is designed to prevent manifold pressure exceeding the Rated
Power setting. When the engine is started, the throttle valve is only slightly open and manifold pressure is low; the
capsule expands, lowering the servo valve and directing pressure oil to the underside of the servo piston which moves
to the top of its cylinder. As the throttle lever is advanced, the manifold pressure rises until the  capsule has contracted

Fig.20. Power curves single speed supercharger.
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sufficiently to lift the servo valve and coincides with Rated Power. If the throttle lever is advanced, the manifold pressure
rises until the capsule has contracted sufficiently to lift the servo valve and block the flow to the servo piston; this is
the neutral position of the valve and coincides with Rated Power . If the throttle lever is advanced further, the manifold
pressure will increase and the capsule will contract, lifting the servo valve and directing pressure oil to the top of the
servo piston. This action moves the servo piston downwards, closing the throttle valve until manifold pressure has
returned to the Rated Power settings, the decreasing atmospheric pressure results in a lower supercharger outlet,
pressure and the  capsule gradually expands, progressively opening the throttle valve until full-throttle height is
reached. In order to enable maximum power to be obtained during take-off, a means of overriding the control unit is
required; this is often in the form of a calibrated leakage from the capsule chamber which is activated by linkage to the
throttle lever. The main disadvantages of the fixed-datum system is that it has no effect on the throttle valve at power
settings below Rated Power, and the throttle lever must be continually adjusted when climbing or descending at a lower
power. There is also some “lost motion” of the throttle lever, which is greatest at sea level and decreases with altitude,
and this means that the mixture enrichment required at high-power settings must be obtained by pressure controlled
devices rather than by the use of jets which are controlled by throttle movement.

Fig. 21. Manifold pressure control.
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Fig. 22. Variable Datum Control.

A method used to overcome the deficiencies of the system described in the fixed datum control, is the variable datum
control which is illustrated in Fig.22,  A cam connected to the throttle lever controls the datum setting of the aneroid
capsule; as the throttle lever is closed from the fully-open position, the cam rotates and allows the capsule to rise under
spring pressure. Thus the neutral position of the servo valve varies according to throttle lever position, and enables
the capsule to exercise control at whatever manifold pressure is selected by the throttle lever. There is no lost motion
in the throttle lever, and adjustment on the throttle valve to compensate for changes in atmospheric pressure, is carried
out automatically at any selected by the throttle lever.

When an engine is operating in the idling range the induction pressure is very low, and a reversal of flow may occur
in which air or exhaust gases are drawn into the induction manifold during the period of valve overlap. This would
produce an increase in pressure in the manifold, which would be communicated to the capsule chamber and, on engines
fitted with a variable-datum control, would have the effect of closing the throttle valve. This would effectively prevent
any acceleration, and with this type of control the cam is so contoured and adjusted that the throttle lever is the sole
means of controlling the throttle valve in the idling range.

EXTERNALLY-DRIVEN SUPERCHARGERS
The main differences between the an internally-driven and an externally-driven supercharger are in the method of driving
the impeller and, in fact that the latter delivers compressed air to the throttle and carburettor. Externally-driven
superchargers are powered by the energy of the engine exhaust gases and do not directly lower the power output of
the engine they are generally known as turbo-superchargers or turbochargers. Some turbochargers are designed to
maintain approximately sea-level air pressure in the engine air intake up to a high altitude, and are known as altitude
turbo charger others are designed to provide an intake pressure which is higher than sea-level pressure, and thus
produce a higher power output at all altitudes than would be available from an unsupercharged engine, and these are
known as Ground Boosted Turbochargers. The former type may be fitted without significant engine design changes
to normally-aspirated engines in order to maintain sea level power up to a high altitude but the latter may only be fitted
to engines which are designed to withstand the higher stresses imposed by the higher combustion pressure.

A few large engines with internally-driven superchargers are also fitted with a turbocharger, which is used to increase
the altitude at which a given power can be developed; because of the increased air temperature arising from the two
stages of compression; it may be necessary to fit an inter cooler between the turbocharger and the carburettor.

A turbocharger consists of a turbine wheel and an impeller fitted on a common rotor shaft, the bearings for which
are contained within a bearing housing and are lubricated by oil from the engine. The turbine and compressor casings
are attached to the bearing housing and are connected to the exhaust and intake systems respectively; the compressor
is shielded from the heat of the turbine, and intake or external air is ducted between the two casings to remove excess
heat. The turbocharger is not necessarily an integral part of engine, but may be mounted on the engine or on the fireproof
bulkhead, and shielded from combustible fluid lines in the engine bay. A typical turbocharger is illustrated in Fig. 23
and a turbo charged engine installation is illustrated in Fig.24 below.

Exhaust gases are ducted to the turbine casing, where they pass through nozzles and impinge on vanes on the turbine
wheel, causing it to rotate; the gases then pass between the vanes are exhausted overboard. Since the impeller is
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Fig. 23.Typical Turbocharger.

attached to the same shaft as the turbine wheel it also rotates, drawing in air from the intake duct and throwing it outwards
at high velocity through diffuser vanes in the compressor casing; these vanes convert the velocity energy into pressure
energy, and the compressed air is delivered to the engine.

For any particular power output the turbocharger delivers a fixed weight of air to the engine in a given time, and since
the density of air decreases with altitude, a greater volume of air is compressed and the impeller rotates faster at high
altitude than it does at low altitude. Therefore, some form of control over compressor output must be provided, and
this is done by varying the quantity of exhaust gas passing to the turbine. A turbine bypass, in the form of an alternative
exhaust duct, is fitted with a valve (known as a waste gate) which shuts or regulates the degree of opening of the bypass.
When the waste gate is fully open nearly all the exhaust gases pass directly to atmosphere, but as the waste gate closes
gases are directed to the turbine, and the maximum rotor speed is achieved when the waste gate is fully closed. The
waste gate may be controlled manually by the pilot, but in most turbocharger systems automatic controls are fitted to
prevent over-boosting the engine.

In an automatic control system, the waste gate is mechanically connected to an actuator (fig.25), the position of which
depends on the opposing forces of a spring and engine oil pressure. Spring force tends to open the waste gate and

Fig. 24. Turbocharger Installation.
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oil pressure tends to close it. Engine oil pressure is fed to the actuator through a restrictor, and the waste gate controllers
are placed in the return line. When a controller opens the return line, oil follows through the actuator and controller
back to the engine pump, and pressure in the actuator falls. The extent to which the oil pressure will fall depends on
the size of the restrictor and the size of the bleed through the controllers; the larger the bleed the lower the oil pressure
will drop. Thus oil pressure in the actuator is controlled to regulate the position of the waste gate according to engine
requirements. Various types of controllers may be used to vary waste-gage actuator oil pressure.

Some simple turbocharger systems use a single controller, called an Absolute Pressure Controller, which is designed
to prevent supercharger outlet pressure from exceeding a specified maximum; this type of controller is illustrated in Fig.
26.   At  low power settings full oil pressure is applied to the waste gate actuator, which closes the waste gate and diverts
all exhaust gases through the turbine. As the throttle is opened engine speed increases, and more exhaust gas passes
through the turbine; this results in an increase in the speed of rotation of the turbine and impeller, and produces a higher
supercharger outlet pressure which is communicated to the capsule chamber in the Absolute Pressure Controller. When
the controlling supercharger outlet pressure is reached, the capsule is compressed sufficiently to open its bleed valve
and thus to bleed of oil pressure from below the waste-gate actuator piston. The piston moves down under spring

Fig.25. Operation of  waste gate.

pressure and starts to open the waste gate, diverting exhaust gas from the turbine and reducing its speed. Thus at high
power settings at low altitude the waste gate is almost fully open, but as the aircraft climbs and more air has to be
compressed it is gradually closed until, at critical altitude (equivalent to Rated Altitude on an internally-driven
supercharger) it is fully closed. Above this height both manifold pressure and power output will decrease, even though
the turbocharger is operating at its maximum speed.

A variation of the single controller is the Variable Pressure Controller (fig.27), which is similar in operation to the
variable datum control described for internally-driven superchargers, A cam, operated by linkage to the throttle control
lever, adjusts the datum of the valve in the Variable Pressure Controller, so  controlling the degree of opening of the
waste gate and producing  manifold pressure which is related to the power selected by the throttle lever. Operation of
this system is otherwise similar to the operation of the Absolute Pressure Controller.

On some Ground Boosted Turbocharger a dual-unit control system is used to adjust waste-gate actuator oil pressure;
the units are the Density Controller and the Differential Pressure Controller, which are installed as shown in Fig.28.

(a) The Density Controller is designed to prevent the supercharger output from exceeding the limiting pressure;
it regulates oil pressure only at full throttle and up to the turbocharger’s critical altitude. The capsule is filled
with dry nitrogen and is sensitive to both temperature and pressure changes contraction and expansion of
the capsule varies the quantity of oil bled from the waste-gate actuator and repositions the waste gate, thus
maintaining a constant density at full throttle.

(b) The Differential Pressure Controller controls the waste gate at all positions of the throttle other than fully open.
A diaphragm divides a chamber which has supercharger outlet pressure on one side and inlet manifold pressure
on the other side, thus responding to the pressure drop across the throttle valve. The bleed valve is fully closed
at full throttle, when the pressure drop is least, and gradually opens as the throttle is closed and the pressure
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Fig.26. Absolute  pressure  controller.

drop increases. The controller thus opens the waste gate as the throttle is closed and the pressure drop
increases. The controller thus opens the waste gate as the throttle is closed, and reduces supercharger outlet
pressure in accordance with the power selected.

Any  variation in power caused by slight changes in temperature or engine speed will result in a change in exhaust
gas flow which will affect turbine speed. This may produce an unstable condition, known as ‘boot strapping’ or hunting,
of the manifold pressure as the control system attempts to reach a state of equilibrium. This condition is smoothed out
by the Differential Pressure Controller, which reacts quickly to changes in the pressure drop across the throttle valve,
and reduces the effects of small power changes.

On some Ground Boosted Turbochargers three separate controllers are used; two of these control the waste gate
up to the turbocharger’s critical altitude and the third controls the waste gate above critical altitude. This system is
illustrated in Fig.29.

(a) An Absolute Pressure Controller is used to control the supercharger outlet pressure below critical altitude.
Operation of this unit is as described before.

(b) A Rate Controller is fitted to control the rate at which supercharger outlet pressure will increase, thus
preventing over boosting the engine initially when the throttle is opened. Both sides of a diaphragm in the
unit are connected to supercharger outlet pressure, but the opening to the lower chamber is fitted with a

Fig. 27. Variable pressure controller.



92 L.N.V.M. Society Group of Institutes, Palam Extn., Part-1, Sec-7, Dwarka, New Delhi-45.

Fig.28.  Dual unit control system.

restrictor. If supercharger outlet pressure increases at too high a rate, air pressure will increase more quickly
above the diaphragm than it does below it, because of the presence of the restrictor.  The downward force on
the diaphragm opens the bleed valve, bleeding oil pressure from the waste-gate actuator and opening the waste
gate. Thus the rate of increase of supercharger outlet pressure is controlled, regardless of the rate of
acceleration of the engine.

(c) As altitude is increased, the supercharger has to rotate faster and compresses more air to maintain maximum
power, and this results in the increase in the temperature of the air delivered to the engine.  This rise in
temperature could eventually reach a point where detonation would occur, and is controlled by placing limits
on the maximum manifold pressure which can be used above a specified altitude (often 16,000 ft) whilst it is
possible to operate within these limitations, by retarding the throttle lever above the specified altitude, a
Pressure ratio Controller can be fitted to limit supercharger outlet pressure automatically. This controller
contains a chamber which is open to atmospheric pressure, at the specified altitude a capsule in the chamber
will have expanded sufficiently to contact the stem of a bleed valve. As the aircraft climbs above this altitude
the valve is opened by an increasing amount, and gradually increases the bleed form the waste-gate actuator
to reduce supercharger outlet pressure as a set ratio to the atmospheric pressure.

Fig.29.  Triple unit control system.



93Aircraft and Engines.(Aero Engines)

On some aircraft a manifold pressure relief valve is fitted in the compressor discharge duct, to prevent over boosting
of the engine during rapid acceleration, and in the event of failure of the controllers or sticking of the waste gate. The
valve is usually a simple poppet type valve, which is adjusted to relieve the supercharger discharge pressure to
atmosphere whenever the controlled maximum pressure is exceeded. A manifold pressure relief valve is usually fitted
in conjunction with an Absolute Pressure Controller or a Variable Pressure Controller.

Turbocharger systems are very sensitive to changes in exhaust gas flow and automatic controls take time to reach
a state of equilibrium. It is important, therefore, that the throttle and propeller controls are operated slowly and that time
is allowed for the control system to settle down.

� � �
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CHAPTER: 9
FUEL SYSTEM TURBINE ENGINES

INTRODUCTION
The functions of the fuel system are to provide the engine with fuel in a form suitable for combustion and to control
the flow to the required quantity necessary for easy starting acceleration and stable running, at all engine operating
conditions, to do this, one or more fuel pumps are used to deliver the fuel to the fuel spray nozzles, which inject it into
the combustion system in the form of an atomized spray because the flow rate must vary according to the amount of
air passing through the engine to maintain a constant selected engine speed or pressure ratio, the controlling devices
are fully automatic with the exception of engine power selection, which is achieved by a manual throttle or power lever.
A fuel shut-off valve (cock) control lever is also used to stop engine, although in some instances these two manual
controls are combined for single-lever operation.

It is also necessary to have automatic safety controls that prevent the engine gas temperature, compressor delivery
pressure, and the rotating assembly speed, from exceeding their maximum limitations.

With the turbo-propeller engine, changes in propeller speed and pitch have to be taken into account due to their
effect on the power output of the engine. Thus, it is usual to interconnect the throttle lever and propeller controller unit,
for by so doing the correct relationship between fuel flow and airflow is maintained at all engine speeds and the pilot
is given single-lever control of the engine. Although the maximum speed of the engine is normally determined by the
propeller speed controller, over speeding is ultimately prevented by a governor in the fuel system.

Fuel system also provides oil cooling for lubricating system of various engine parts.
There are two types of fuel control i.e. Automatic and Manual. Automatic control system is divided into 3 parts they

are : (i) Pressure Control System (ii) Flow control system (iii) Acceleration and speed control.
Some engines are fitted with an electronic system of control and this generally involves the use of electronic circuits

to measure and translate changing engine condition to automatically adjust the fuel pump output. On helicopters
powered by gas turbine engines using the free power turbine principle, additional manual and automatic controls on
the engine govern the free power turbine and consequently aircraft rotor speed.

FUEL CONTROL SYSTEMS
Typical high pressure (H.P.) fuel control systems for a turbo-propeller engine and a turbojet engine are shown in
simplified form in figure 1, each basically consisting of an H.P. pump, a throttle control and a number of fuel spray nozzles,
In addition, certain sensing devices are incorporated to provide automatic control of the fuel flow in response to engine
requirements. On the turbo-propeller engine, the fuel and propeller systems are coordinated to produce the appropriate
fuel/r.p.m. combination.

The usual method of varying the fuel flow to the spray nozzles is by adjusting the output of the H.P. fuel pump. This
is effected through a servo system in response to some or all of the following :

(1) Throttle Movement.
(2) Air, temperature and pressure.
(3) Rapid acceleration and deceleration.
(4) Signals of engine speed, engine gas temperature and compressor delivery pressure.

FUEL PUMP
On some early turbine engines a constant displacement pump was used, the design of which ensured that pump delivery
was always in excess of engine requirements. Excess fuel was bled back to the fuel tanks by means of unit called a Barostat
which was sensitive to changes in air intake pressure. Most modern British systems employ a pump of the variable stroke
(swash-plate) type, a dual pump often being fitted on large engines to obtain high delivery rates.

The variable stroke pump is driven directly from the engine and consists of rotating cylinder block in which a number
of cylinders are arranged around the rotational axis. A spring-loaded piston in each cylinder is held against a non-
rotating cam plate so that rotation of the cylinder block results in the pistons moving up and down in their respective
cylinders. Conveniently placed ports in the pump body allow fuel to be drawn into the cylinders and discharged to the
engine. The angle of the cam plate determines the length of stroke of the piston and, by connecting it to a servo
mechanism, delivery may be varied from the nil to maximum pump capacity for a given pump speed.

The servo piston operates in a cylinder and is subjected to pump delivery pressure on one side and the combined
forces of reduced delivery (servo) pressure and a spring on the other. A calibrated restrictor supplies pump delivery
fuel to the spring side of the piston and this is bled off by the control system to adjust the piston position and hence
the angle of the cam plate.

FUEL PUMP CONTROL SYSTEMS
Some engines are fitted with a control system which uses electronic circuits to sense changing fuel requirements and
adjust pump stroke. Most engines however, use hydro-mechanical systems, with an electromechanical element to
control maximum gas temperature and these are discussed in the following paragraphs.
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Fig. 1. Simplified fuel system for turbo propeller and turbo jet engines.
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Fig.2.  Fuel pump.

Pressure controller
The quantity of fuel passing through a restrictor (the throttle valve may be varied by increasing or decreasing the fuel
pressure. In the pressure control system (fig.3.) fuel pressure is varied in relation to air intake pressure, decreasing with
decreased mass air flow through the engine, Spill valves in the Barometric Pressure Control (B.P.C), Acceleration Control
Unit (A.C.U.) and pump governor, bleed off servo pressure to control pump stroke.

Under steady running conditions below maximum governed speed only the B.P.C. spill valve is open. A capsule
subject to air intake pressure, contained in the B.P.C., controls the extent to which the spill valve is open. The bleed
is arranged to increase as intake pressure decreases thus reducing servo pressure, pump stroke and fuel delivery
pressure as altitude increases.

When the throttle is opened slowly, reduced throttle inlet pressure is transmitted to the B.P.C. and the spill valve

Fig.3. Pressure control system.
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closes to increase servo pressure and pump stroke. As pressure to the throttle is restored the B.P.C. spill valve again
takes up its controlling position, and pump stroke, combined with increased pump speed, stabilises to give the output
for the new throttle position. If the aircraft is in level flight the increasing speed will increase intake pressure and act
on the B.P.C. capsule to further increase fuel flow to match the increasing mass air flow.

During rapid throttle opening, the action of the B.P.C. spill valve closes, increased fuel flow creates an increased
pressure drop across the Metering Valve which is sensed by the A.C.U. fuel diaphragm. Movement of this diaphragm
opens the A.C.U. spill valve to reduce servo pressure and limit over fuelling to the maximum amount which can be
tolerated by the engine. As the engine accelerates, increasing compressor delivery pressure acting on the A.C.U. air
diaphragm gradually closes the spill valve to permit greater acceleration at higher engine speeds.

Radial drilling in the fuel pump rotor direct fuel under centrifugal force to one side of a spring loaded diaphragm in
the governor unit. When centrifugal force reaches a predetermined value the diaphragm flexes sufficiently to open its
spill valve and reduce servo pressure, thus limiting the amount of fuel delivered to the engine and so controlling engine
speed.

Flow control
In this system fuel pump delivery is controlled to maintain a constant pressure drop across the throttle valve regardless
of engine speed A common variation of the system is one in which a small controlling flow (proportional flow) is created
with the same characteristics as the main flow and is used to adjust the main flow. A different type of spill valve known
as a “kinetic” valve is used which consists of opposing jets of fuel at pump delivery pressure and servo pressure; a
blade moving between the jets alters the effect of the high pressure on the low pressure. When the blade is clear of
the jets, servo pressure is at maximum and moves the fuel pump to maximum stroke but as the blade comes between
the jets servo pressure reduces to shorten pump stroke. The control elements which are housed in a single unit called
the Fuel  Control Unit (F.C.U.) and throttle, which sometimes also functions as a shut-off (H.P.) cock. the system is
illustrated in figure.4

Under steady running conditions below governed speed, flow through two P.V.U. restrictors is proportional to flow
through the throttle valve and the P.V.U. diaphragm is held open by spring pressure, allowing fuel to flow through the
A.S.U. back to the pump inlet. The A.S.U. adjusts servo pressure in relation to this proportional flow by means of a
kinetic spill valve.

When the throttle is opened slowly the pressure drop across and throttle valve and P.V.U. restrictors decreases and
the P.V.U. diaphragm adjusts its position to reduce proportional flow through the A.S.U. This results in the A.S.U. spill
valve closing slightly to increase servo pressure and therefore pump stroke, thus restoring the pressure difference
across the throttle and P.V.U. restrictors.

Variation in air intake pressure are sensed by a capsule in the A.S.U. which adjusts its spill valve to decrease or
increase servo pressure as required. The resulting change in proportional flow returns the A.S.U. spill valve to its
controlling position.

Fig.4. Flow control system.
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During rapid throttle opening the sudden  decrease in pressure drop across the throttle is sensed by the A.S.U. which
closes its spill valve to increase pump stroke. The rapid increase in fuel flow, which would cause over fuelling, is
restricted by means of a pressure drop diaphragm and metering plunger. This diaphragm is sensitive to the pressure
drop across the metering plunger, the latter being located in the main fuel line to the throttle valve. Rapid throttle opening
increases the pressure drop across the plunger and at a fixed rate of over fuelling the pressure drop diaphragm flexes
sufficiently to open its spill valve and override the A.S.U. , maintaining a fixed pressure drop across the metering plunger.
The metering plunger is, in effect, a variable area orifice and by means of a capsule in the A.C.U. sensitive to compressor
delivery pressure, its position is controlled, over fuelling and engine speed increase, the pressure drop across the
throttle valve is gradually restored until the proportional flow reaches a controlling value once more and the A.S.U.
spill valve controls pump stroke.

Fuel under centrifugal force from the fuel pump also acts on a diaphragm in the  P.V.U. to adjust the position of one
of the restrictions and maintain proportional flow at a value suitable for idling.

Combined acceleration and speed control
This fuel pump control system is contained within a single unit called a Fuel Flow Regulator, the fuel pump servo piston
being operated by fuel pump delivery pressure opposed by main burner pressure and a spring. The system is illustrated
in figure.5.

Two rotating assemblies, each with a hollow valve and centrifugal governor, are driven from the engine by a gear
train in the regulator and are known as the Speed Control Unit and the Pressure Drop Unit. The speed control valve
is given axial movement by a capsule assembly under compressor delivery pressure and has a triangular hole known
as the Variable Metering Orifice (V.M.O.). A non rotating governor sleeve round this valve is given axial movement
by the governor unit and restricts fuel flow through the V.M.O. Fuel from the pump outlet flows from the regulator body
through the V.M.O. to the inside of the speed control valve and passes through the hollow valve to the pressure drop
unit. The pressure drop valve is in the form of a hollow piston, moving axially under the force of fuel from the V.M.O.
and governor flyweights, has an unrestricted outlet through the regulator body for primary burner fuel and a triangular
outlet known as the Pressure Drop Control Orifice (P.D.C.O.) through which fuel flow to the main burners is restricted
by the axial movement of the pressure drop valve.

Under steady running conditions the position of the speed control valve is fixed by the capsule assembly and the
governor sleeve is held in a fixed axial position, the drop valve which adjusts its position and the exposed area of the
P.D.C.O. to supply the correct quantity of fuel in relation to engine speed.
When the throttle is opened slowly, spring loading on the speed control governor increases to move the governor sleeve
and increase the V.M.O. area. Pressure drop across the V.M.O. decreases and this is sensed by the pressure drop valve
which moves to increase the size of the P.D.C.O. the reduced system pressure difference acting on the pump servo piston

Fig.5. Combined acceleration and speed control.
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to increase fuel flow to the engine. As the engine accelerates, the capsule in the speed control unit is compressed due
to compressor delivery pressure and moves the speed control valve to further increase the size of the V.M.O. Balance
is restored when centrifugal force acting on the speed control governor moves the governor sleeve to restore the system
pressure difference.

The effect to rapid throttle movements is restricted by mechanical stops acting on the governor sleeve.
Changes in altitude or forward speed affect the capsule of the speed control unit which adjusts the position of the speed
control valve to correct fuel flow.

BURNERS
The purpose of the burners is to provide fuel to the engine in a suitable form for combustion.  A burner with a single
spray nozzle, although used on some early engines, is not suitable for large modern engines due to the widely varying
fuel flow requirements for different flight conditions.

If the orifice were of the size suitable for atomising fuel at low rates of flow the pressure required at take-off would
be tremendously high, flow through an orifice being proportional to the square of the pressure drop across it.

One of the methods used to overcome this problem is the provision of a dual spray burner. The central orifice provides
the fuel for low flow rates and a second annular orifice is used in addition for high flow rates. Distribution between the
primary (low flow) manifold and the main (high flow) manifold is normally controlled by a pressure operated valve. In
the case of the Fuel flow Regulator, fuel flowing through the rectangular outlet from the pressure drop valve is always
at a higher pressure than fuel flowing through the outlet from the P.D.C.O. and is used to supply the primary burner
manifold.

Another method used on some engines is known as the Vaporising Burner. Fuel is injected at low pressure into one
end of a hollow “U” shaped tube located in the combustion chamber. It mixes with the primary air flow, is vaporised
by the heat in the chamber and ejected upstream into the combustion zone. In this system a separate burner is necessary
for engine starting.

ADDITIONAL CONTROLS
In addition to, the system usually is provided to prevent the engine from exceeding operating limitations.

Turbine gas temperature control
Control of the maximum permitted turbine gas temperature is often exercised electrically. Signals from the T.G.T.
thermocouples are amplified to either actuate a solenoid operated valve in the fuel system or reset the throttle linkage
to reduce fuel flow to the burners. On engines which have different T.G.T. limitations for climb and take-off, a switch
on the flight deck pre-sets the T.G.T. signal reference datum.

Compressor control
In certain circumstances such as high forward speed and low ambient temperature it is possible to produce maximum
power/thrust at less than maximum engine speed. Under these conditions the engine could sustain damage due to high
compressor delivery pressures and fuel flow is restricted by providing a bleed from the A.C.U. capsule, chamber to
atmosphere when compressor delivery pressure exceeds a predetermined value.

To prevent the low pressure compressor from exceeding its design speed a centrifugal governor driven from the low
pressure shaft is often included in the fuel system. If design speed is exceeded the low pressure governor restricts the
fuel flow in the main burner line and reduces both high and low pressure compressor speeds.

� � �
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CHAPTER: 10
CONSTRUCTION AND OPERATION OF PROPELLERS

GENERAL
A propeller is a means of converting engine power into propulsive force. A rotating propeller imparts rearward motion
to a mass of air, and the reaction to this is a forward force on the propeller blades.

Each propeller blade is of aerofoil cross-section. As the blade moves through the air, forces are produced, which
are known as thrust and torque, and which may be regarded as roughly equivalent to the forces of lift and drag produced
by an aircraft wing. Thrust is the propulsive force, and torque the resistance to rotation, or propeller load. The magnitude
of the thrust and torque forces produced will depend on the size, shape and number of blades, the blade angle, the speed
of rotation, the air density and the forward speed.

Since each blade is of aerofoil cross-section, thrust will be produced most efficiently at a particular angle of attack,
that is the angle between the chord line at a particular
blade section and the relative airflow. This angle varies
both with operating conditions and with the design
camber of the blade sections, but for a given blade and
given in flight condition, it will be found to be relatively
constant along the length of the blade. The rotational
speed of particular cross-section of a blade will increase
with its distance from the axis of rotation, and, since the
forward speed of all parts of the blade is the same, the
relative airflow will vary along the blade, and it is,
therefore, necessary to provide a decreasing blade
angle from root to tip. The various terms relating to
propeller operation are illustrated in fig 1. This is a
simplified diagram omitting inflow angles for clarity,
but in practical designs these angles can not be ignored.

The geometric pitch of a propeller is the distance which it should move forward in one revolution without slip; it
is equal to 2πr tanθ where r is the radius  of the particular cross section and θ  is the blade angle at that point. Fixed
pitch propellers are usually classified by their diameter and pitch, the pitch being related to the blade angle at 3/4 radius,
or other nominated station.

Centrifugal, bending, and twisting forces act on a propeller during flight, and can be very severe at high rotational
speeds. Propellers must be both strong enough to resist these forces, and rigid enough to prevent flutter. The main
forces experienced are as follows :-

a) Centrifugal forces which induce radial stress in the blades and hub, and, when acting on material which is not
on the blade axis, also induce a twisting moment. Centrifugal force can be resolved into two components, in
the plane of rotation one is a radial force parallel to the blade axis, and the other a force at 90o to the blade axis;
the former produces radial stress, and the latter tends to turn the blade to a finer pitch. The turning effect is
referred to as centrifugal twisting moment, and is illustrated in figure.2; the wider the blade, the greater will
be the twisting moment.

b) Thrust forces which tend to bend the blades forward in the direction of flight.
c) Torque forces which tend to bend the blades against the direction of rotation.

d) Air loads which normally tend to oppose the
centrifugal twisting moment and coarsen blade pitch.

The diameter of a propeller, and the number and
shape of its blades, depend on the power it is
required to absorb, on the take-off thrust it is necessary
to produce, and on the noise-level limits which have
to be met. High tip speeds absorb greater power than
low tip speeds, but if the tip speed approaches the
speed of sound, efficiency will fall, and this
consideration limits practical diameter/ rotational
speed combinations.  High tip speed is also the main
source of propeller noise. Large diameters normally
result in better performance than small diameters,
and blade area is chosen to ensure that blade lift
coefficients are kept in the range where the blade
sections are efficient. Wide chord blades and/or
large diameters lead to heavy propellers; increase in
number of blades increases cost but reduces noise.
The design of any propeller is, therefore, a compromise
between conflicting requirements, and the features

Fig. 1. Showing propeller  terms.

Fig.2. Centrifugal twisting moment.
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which are given prominence will vary from one application to another. Small two-bladed propellers, of suitable profile,
are satisfactory for low-powered piston engines, but for high-powered piston or turbine engines, three, four, or five
bladed, or contra-rotating, propellers are used, and are driven through a reduction gear to enable high engine power
to be used at efficient propeller speeds.

PROPELLER BALANCE
A propeller is a rotating mass, and if not correctly balanced can produce unacceptable vibration. An unbalanced
condition may be caused by uneven weight distribution, or by uneven air loads or centrifugal forces on the blades when
the propeller is rotating. Even weight distribution is known as static balance; this is checked by mounting the propeller
on a shaft between knife edges; or by use of a single plane precision balancing machine. An unbalanced condition can
be corrected by adding weight to the lighter blade (s) and/or removing weight from the heavier blade (s). Material may
easily be removed from wooden propellers, but metal propellers are usually balanced by attaching weights to the blade
hub or by adding lead wool to the hollow blade roots. If there are significant differences in form or twist between the
blades on a propeller, vibration can result because the thrust and or torque produced by the blades is uneven. Procedures
for evaluating such differences, and for achieving aerodynamic balance, are often available for large propellers. In their
absence, careful checking of the blade profiles and adjustment of any deviations, may often eliminate vibration. It is
possible for a propeller to be in perfect static and aerodynamic balance, but still suffer from dynamic unbalance when
rotating. The cause of such unbalance is non-symmetrical disposition of mass within the propeller, or non-symmetrical
mounting of the propeller. Such unbalance can be corrected by adding balance weights, but this may be a lengthy
procedure, involving  repeated runs with the propeller installed on the aircraft. Propellers are balanced after manufacture,
and whenever repairs, or overhaul, have been carried out, or vibration has been reported.

TYPES OF PROPELLERS
The various types of propellers are described briefly in this paragraph. The construction and operation of the main types
of propellers in common use.

Fixed pitch propellers
Because of its lightness, cheapness and simplicity, a fixed-pitch propeller is often fitted to a single engine aircraft. The
pitch selected for any particular engine/airframe combination will always be a compromise, since the angle of attack
will vary with changes in engine speed and aircraft attitude. Too coarse a pitch would prevent maximum engine power
from being used during take-off and climb, and too fine a pitch would prevent economical cruising, and would lead to
over speeding of the engine in a dive.

Variable pitch propellers
With this type of propeller the blade angle may be varied in flight, so that engine power may be fully utilized. Variable-
pitch propellers were originally produced with two blade-angle settings; a fine pitch to enable full engine speed to be
used during takeoff and climb, and a coarse pitch to enable an economical engine speed to be used for cruising. The
introduction of an engine driven centrifugal governor enabled the blade angle to be altered automatically (within a
predetermined range), in order to maintain any engine speed selected by the pilot, regardless of aircraft speed or attitude.

Feathering propellers
If an engine failure occurs, the wind milling propeller may cause considerable drag, and adversely affect controllability
of the aircraft. In order to reduce this drag, the blades of most constant speed propellers fitted to multi-engine aircraft
are capable of being turned past the normal maximum coarse-pitch setting into line with the airflow. This is known as
the ‘feathered’ position. Feathering the propeller not only reduces drag, but also minimizes engine rotation, thus
preventing any additional damage to the engine.

Reversible pitch propellers
On some aircraft, the propeller blades may be turned past the normal fine-pitch setting, to a pitch which will produce
thrust in the opposite direction (reverse thrust). On selection of reverse pitch by the pilot, the blades may be turned
to a fixed reverse-pitch angle, but on some installations the pilot has control of blade angle, and can select any angle
within a given range on each propeller individually, Reversible-pitch propellers provide braking during the landing run,
and facilitate aircraft ground manoeuvring.

FIXED PITCH PROPELLERS
Fixed-pitch propellers normally have two blades, and are manufactured from either wood or aluminium alloy; they are
generally only fitted to single-engine light aircraft.

Wooden propellers
Wooden propellers are made up from a number of planks glued together. The wood used is usually either birch or
mahogany, and is specially selected and seasoned for the purpose. After gluing and a further short seasoning period
to equalise moisture content in the planks, the block is cut to shape and finished. An abrasion resistant coating of either
canvas or cellulose is applied to the blades, and a metal sheath is normally screwed on to the  leading edges and blade
tips to protect the wood from being damaged by stones. The propeller is then given several coats of varnish or cellulose
paint to protect it from atmospheric conditions.
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If the engine shaft has an integral flange, the propeller is clamped between this flange and a separate steel faceplate.
If the shaft is splined, the propeller is mounted on a steel hub, which is internally splined to fit the shaft and has an integral
rear flange an detachable front flange between which the propeller is mounted. In either case, a large clamping area is
required so as to minimize damage to the wood fibres when the attachment bolts are tightened.
Hubs fitted to parallel splined shafts are mounted between a front and rear cone, the purpose of which is to ensure that
the propeller is concentric with the shaft. The shaft is threaded to receive a large nut, which is tightened against the
front face of the front cone. Hubs fitted to tapered shaft are similarly attached, but may not be mounted on cones.

Metal propellers
Metal propellers are usually aluminium alloy forging, and are anodised and painted for protection. They are usually
bolted directly on to a shaft with an integral flange, but if they are fitted to a splined shaft they are mounted on a hub
which is similar to that used for wooden propellers, but without a front flange.

VARIABLE PITCH PROPELLERS
Variable-pitch propellers consist of a number of separate blades mounted in a central hub, and a mechanism to change
the blade angle according to aircraft requirements. The blades and hub are often aluminium alloy forging, but the hub
on a large propeller may be constructed from steel forging because of the high centrifugal forces which it has to contain.
The blades are mounted in the hub in ball or tapered roller bearings, and the pitch-change mechanism is attached to
the hub and connected to each blade through rods, yokes or bevel gears. Operation and control of the pitch change
mechanism varies considerably, and three main types are discussed in this paragraph.

Single acting propellers
A single-acting propeller is illustrated in fig.3  it is a constant-speed feathering type, and is typical of the propellers
fitted to light and medium sized twin-engine aircraft. A cylinder is bolted to the front of the hub, and contains a piston
and piston rod which move axially to alter blade angle. On some propellers, oil under pressure, fed through the hollow
piston rod to the front of the piston, moves the piston to the rear to turn the blades to a finer pitch; on other propellers
the reverse applies. When oil pressure is relieved, the counterweights and feathering spring move the piston forward
to turn the blades to  a coarser pitch. Counterweights produce a centrifugal twisting moment but, because they are
located at 90 degree to the chord line, they tend to move the blades to a coarser pitch. Counterweights must be located
far enough from the blade axis, and must be heavy enough to overcome the natural twisting moment of the blade, but
since weight and space are limiting factors, they are generally only used with blades of narrow chord.

Propeller Control
Blade angle is controlled by a constant-speed
unit which comprises a centrifugal governor, a
governor valve, and an oil pump to boost engine
oil pressure sufficiently for the operation of the
propeller control mechanism. The governor is
driven from the engine shaft, and movement of
the governor weight under centrifugal force is
opposed by a control spring, the loading of which
is set by means of the pilot’s control lever. The
position of the governor valve is determined,
therefore, by engine speed and the force exerted
by the spring; when these forces balance, the oil
line to the propeller is blanked off, and oil is
trapped in the cylinder of the pitch change
mechanism.
a) When the pilot’s control lever is set to the
maximum rev/min position, and the throttle is at a
low power setting, the governor valve will be fully
down, and oil from the pump will be directed
through the hollow piston rod to turn the propeller

blades to fully fine pitch. As the throttle is opened and rev/min are increased, centrifugal force on the governor
weights will raise the valve, until a position is reached where maximum rev/min are obtained and the oil line
to the propeller is blanked off. Any further increase in power will tend to increase rev/min and result in the
governor valve being lifted; oil will drain from the propeller and produce a coarser blade pitch to maintain the
specified maximum rev/min.

b) During flight, rearward movement of the pilot’s control lever will reduce control spring loading, and allow the
governor weights to lift the valve; this will result in a coarser blade angle, and the increased load on the engine
will reduce engine speed until the spring force is balanced by centrifugal force on the governor weights,.
Forward movement of the pilot’s control lever will increase spring loading, and result in a finer propeller pitch
and higher engine speed.

c) If propeller load decreases in flight, or power is increased, the engine will begin to speed up, the governor
weights will raise the valve, and propeller pitch will coarsen to maintain the set engine speed; conversely an
increase in propeller load, or a decrease in engine power, will result in a finer propeller pitch, to maintain the

Fig.3.Single  acting   propellers.
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set engine speed.
Feathering is accomplished by moving the pilot’s control lever to the appropriate position, which is normally

obtained by moving the lever through a gate in the quadrant. This action raises the governor valve fully, allowing oil
to drain from propeller, and the blades to turn to the fully coarse (feathered) position under the action of the
counterweights and feathering spring.

In order to unfeather the propeller, a separate source of oil under pressure is required; on light aircraft this is usually
provided by an accumulator which is charged during normal operation. To unfeather, the pilot’s control lever is moved
into the constant speed range, thus lowering the governor valve, and the unfeathering button is pressed, releasing oil
from the accumulator and allowing it to flow to the propeller. This action commences unfeathering, and once the propeller
starts to windmill the normal oil supply completes the operation.

When the engine is stopped on the ground, oil pressure in the cylinder is gradually relieved by leakage through the
constant speed unit (CSU), and this would enable the propeller blades to turn to the feathered position under action
of the feathering springs. This condition would result in unacceptable loads on the engine during starting, and a
centrifugal latch is fitted to prevent forward movement of the propeller piston when the engine is stopped. Fig.5. below
shows the operation of a centrifugal latch; it is disengaged by centrifugal force at all speeds above ground idling, thus
enabling the propeller to function normally during flight, but below this speed centrifugal force is overcome by the return
spring, and the piston can only move forward a short distance, equivalent to approximately 5o of blade angle. When
the engine is started, oil pressure builds up to move the blades to fully fine pitch, and centrifugal force disengages the
latch.

Because of the predominance of single-acting propellers on light aircraft, only a simple propeller has been described.
However, there is a wide variety of propeller/engine installations, some of the safety features attributed to double acting
propellers will also be found on particular single-acting propellers.

DOUBLE-ACTING PROPELLER
This type of propeller is normally fitted to larger engines and, because of engine requirements, is more complicated then
the propellers fitted to smaller engines, Construction is similar to that of single-acting propeller, the hub supporting
the blades, and the cylinder housing the operating piston. In this case, however, the cylinder is closed at both ends,
and the piston is moved in the both directions by oil pressure. In one type of mechanism, (Fig.6.) links from the annular
piston pass through seals in the rear end of the cylinder, and are connected to a pin at the base of each blade. In another
type of mechanism, the piston is connected by means of pins and rollers to a cam track and bevel gear, the bevel gear
meshing with a bevel gear segment at the base of each blade; axial movement of the piston causes rotation of the bevel
gear, and alteration of blade angle. Operating oil is conveyed to the propeller mechanism through concentric tubes in
the bore of the engine reduction gear shaft.

NORMAL OPERATION
In a turbo-propeller installation the power control lever is often connected to both the fuel control unit and the propeller

           

 Fig.4. Constant Speed Unit. Fig.5. Centrifugal latch.
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                                      Fig.6. Double acting propeller.             Fig.7.Propeller  control Unit.

control unit (PCU), so  that fuel flow and engine speed are selected at the same time. The PCU  is basically CSU as
illustrated in Fig.7, but the PCU includes a number of additional features. Constant speed operation is controlled in a
similar manner to that on the single-acting propeller; the governor weights opposing control spring force to raise or
lower the governor valve, and to supply oil to the appropriate side of the pitch change piston, whenever engine speed
varies from the speed selected. Fig.7 illustrates the PCU.

(a) In the ‘on speed’ condition, centrifugal force on the flyweights balances the force of the control spring, and
the governor valve traps oil in both sides of the pitch change cylinder.

(b) In the ‘under speed’ condition, control spring force is greater than the centrifugal force on the flyweights, and
the governor valve is lowered, supplying oil to the rear of the pitch change cylinder, and providing a drain
for oil from the front of the cylinder. Blade angle decreases, and the engine speeds up until centrifugal force
on the flyweights balances the force of the control spring, and the governor valve is returned to the ‘on speed’
condition.

(c) In the ‘overspeed’ conditions, control spring force is less than the centrifugal force on the flyweights, and
the governor valve is raised, directing oil to the front of the pitch change cylinder, and providing a drain for
oil in the rear of the cylinder. Blade angle increases, and the engine speed decreases because of the added
load, until the flyweights and control spring are once more in balance.

FINE PITCH STOPS
During starting and ground running, a very fine propeller pitch may be required, to minimize propeller load, and to prevent
engine overheating; however, during flight, this very fine pitch would lead to engine over speeding, and excessive drag
if the PCU were to fail. To cater for both these requirements, the pitch change piston on the type of propeller illustrated
in figure 6 is provided with two fine pitch stops, the flight fine pitch stop being withdrawn for starting and ground
operations. The flight fine pitch stop is in the form of a spring collet, the prongs of which are designed to spring inwards.
When the collet is operating as a stop, the pitch-lock piston is held in the forward position by a spring, forcing the spring
collet open, and preventing the pitch change piston from moving forward further than the flight fine pitch position. When
ground fine pitch is required, a solenoid in the PCU is energized (normally by operation of both a stop withdrawal lever
and a throttle-operated switch ) and oil pressure is ducted through the third oil line to the front of the pitch lock piston;
as the piston moves rearwards, support for the collet is withdrawn and the prongs spring inwards, allowing the pitch
change piston to move fully forward, to the ground fine pitch position. The pitch lock solenoid is disarmed when the
throttles are moved forward for takeoff, and, when the propeller has coarsened in to the constant speed range, the pitch
lock piston moves forward under spring pressure and opens the spring collet to form the flight fine pitch stop.

NOTE : The term ‘pitch lock’ is used, in the above paragraph, to describe a means of holding the fine pitch stop in a  prescribed
position. Some manufacturers use the term to describe a device which locks the blades at whatever angle they happen to be,
should failure of the pitch change mechanism occur.
(a) The entire power-unit and the aircraft must be safeguarded in the event of the failure of the pitch-lock unit

to operate, and a safety system is incorporated in the PCU. If, during flight, the propeller blades move to a pitch
finer than flight fine pitch, a switch fitted to one blade closes, and completes the circuit through an isolating
switch to a solenoid in the PCU. This solenoid directs oil pressure to a valve-lift piston, which lifts the governor
valve and directs oil to the front of the pitch change piston. This action coarsens the propeller blade angle,
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and breaks the circuit to the valve-lift solenoid. If the pitch-change piston does not latch over the spring collet
as it moves rearwards, the sequence will be repeated as the blades fine-off past flight fine pitch again. An
isolation switch prevents operation of this safety system when ground-fine pitch is purposely selected.

FEATHERING
Facilities for the manual feathering of the propeller are provided on all large piston and turbo-propeller engines. With
some turbo-propeller installations, however, the drag from a wind milling propeller in the fine pitch could be very
dangerous, particularly with a twin engine aircraft, and for these aircraft automatic feathering is also provided.

(a). Manual feathering of the propeller on a piston engine is normally carried out by movement of the propeller
control lever to the ‘feather’ position, and operation of the feathering pump. These actions raise the governor
valve, and supply oil under pressure to the appropriate side of the pitch-change piston. On a turbo-propeller
installation, manual feathering is carried out by an interconnection between the PCU and the high pressure
fuel cook. When the fuel cook is moved to the ‘feather’ position, linkage to the PCU lifts the governor valve
independently of governor control, and oil is directed to the front of the pitch change piston to turn the blades
fully coarse. Since the oil pump in the PCU is driven by the engine, the oil supply may be insufficient to feather
the propeller completely, and the operation of the electrically-driven feathering pump may be necessary.

(b). Automatic feathering is initiated by means of a torque switch. Whenever the power levers are positioned above
the idling range, and the engine torque falls below a specified amount, the torque switch closes and completes
a circuit to the feathering pump and the valve-lift solenoid in PCU.  The solenoid direct oil to the valve lift piston
which raises the governor valve, and opens the oil ports from the feathering pump to the front of the pitch
change piston, thus feathering the propeller.

UNFEATHERING
On turbo-propeller engines, when the high pressure fuel cock is open and the power levers closed, the governor valve
is in a suitable position to direct oil from the feathering pump to the rear of the pitch change piston.  Selection of feathering
pump switch (which is often incorporated in the fire control handle), supplies oil to the PCU and thence to the propeller,
and activates the engine ignition system. When the propeller blades have turned from the feathered position, the
airstream commences to wind will the propeller and rotate the engine, and normal oil pressure builds up to complete
the unfeathering operation.

REVERSING
In a reversing propeller, the propeller mechanism includes a removable ground fine pitch stop, which enables the
propeller to fine-off to a negative pitch when certain actions have been taken and certain condition are fulfilled. Various
safeguards are incorporated to prevent selection during flight. The means of achieving negative pitch vary considerably,
but operation of a typical hydraulically operated propeller is described in the following paragraphs.

(a) Electrical control is exercised by throttle-mounted switches, weight contact switches on the landing gear, and
a master switch or lever to arm the circuit. With the throttle levers closed beyond normal idling to a datum
position, ‘reverse’ selected, and the weight of the aircraft on its wheels, electrical power is supplied to a pitch-
stop withdrawal solenoid, and oil pressure is directed to withdraw the fine-pitch stop and move and pitch-
change piston forward to the reverse stop, where it is held by hydraulic pressure. Operation of the ‘reverse’
lever also changes the sense of operation of the throttle levers., which are pulled further back to increase power
in reverse pitch.

(b) Indication of stop withdrawal, and movement of the blades to negative pitch, is provided by hub-mounted
switches, which illuminate appropriate warning lamps on the flight deck.

(c) Re-selection of positive blade angle is achieved by moving the throttle into the normal idling range, and by
moving the master lever out of the reverse position. Oil is ducted to the front of the pitch change piston, and
the blades move to a positive angle; the stop returns to normal operation once the blades have moved past
the ground fine pitch angel.

‘BETA’ CONTROL
On some gas turbine engines, a form of control known as ‘beta’, or blade angle control, is used or ground operations,
and may be applied to either, single-acting or double-acting propellers. With this system, the throttle (usually known
as power lever) operate in a gated quadrant. During flight these levers cannot be closed below the ‘flight idle’ gate,
and the CSU operates normally to maintain any pre-selected propeller speed, In the ground idling and reversing range,
the power lever control propeller speed, and the governor mechanism is overridden. An overspeed sensor, and
mechanical pitch stop, prevent operation in the ground (fine pitch) range during flight. In the beta range, the pitch stop
is withdrawn, and movement of a power lever rotates a setting cam in the associated CSU, which raises or lowers the
governor valve according to whether a coarser or finer pitch is required. A mechanical feedback mechanism, operated
by linkage from the propeller blades, resets the governor valve via a follow-up cam, and pitch change ceases when the
angle scheduled by the power lever is achieved.

ELECTRICALLY OPERATED PROPELLERS
As with other types of variable-pitch propellers, a hub is mounted on the engine reduction gear shaft, the individual
blades are fitted into the hub, and the pitch change mechanism is fitted to the front of the hub. In this type, however,
the pitch change mechanism consists of a reversible electric motor, driving a bevel gear through a gear train with a very
high reduction ratio. The bevel gear meshes with a bevel gear segment attached to the root of each blade, and, when
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rotates, turns the blades to alter propeller pitch. Electric power to the motor is provided through a brush and slip-ring
arrangement at the rear of the hub. A motor brake is provided to prevent overrun, and normally consists of two friction
discs, one fixed to the rotating motor shaft, and the other keyed to the stationary motor casing. The brake is applied
(discs held together) by spring pressure, and released by means of a solenoid whenever a pitch change in initiated.

Some electrically operated propellers are controlled by an engine-driven CSU, and switches are also provided which
enable propeller pitch to be controlled manually. The CSU is similar to those fitted to hydraulically operated propellers,
but the governor valve supplies oil to the appropriate side of a piston contained in the CSU, which is connected to the
central contact of a switch unit. Movement of this piston in either direction completes a circuit to the pitch change motor,
and alters blade angle as required.

On some multi-engines aircraft an electrical control system is used. A single propeller pitch level controls the speed
of a master electric motor, which is used as a reference for engine speed, and which drives the stator of a contactor unit
for each engine. Each engine drives an alternator, which supplies three-phase alternating current to the stator winding
of the appropriate contactor, the frequency being proportional to engine speed. During operation , a magnetic field is
built up round the stator with a phase rotation opposite to a that of the stator. If the stator speed and alternator speed
are the same, the magnetic field will, therefore, be stationary; any variation in alternator speed will result in rotation of
magnetic field, the direction of rotation depending on whether the alternator is rotating faster or slower than the stator.
Rotation of the magnetic, field influences a concentric rotor, which rotates with it, and closes a pair of contacts to
complete the circuit to the appropriate winding in the propeller pitch change motor. Switches are normally provided
to enable pitch changes and feathering to be carried out manually.

� � �
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CHAPTER: 11
ANTI ICING OF GAS TURBINE ENGINE

INTRODUCTION
This Chapter gives general guidance on the installation and maintenance of the thermal systems employed for the anti-
icing of the air intakes of turbine engine.  It should be read in conjunction with the installation drawings, Maintenance
Manuals and approved Maintenance Schedules for the engine and aircraft concerned.

Fig.1.  Typical Hot Air Anti-Icing System.

General
A gas turbine engine presents a critical icing problem and therefore requires protection against ice formation particularly
at the air intake, nose bullet or fairing, and inlet guide vanes.  Icing of these regions can considerably restrict the airflow
causing a loss in performance and, furthermore, cause damage to the compressor as a result of ice breaking away and
being ingested by the compressor.  There are two thermal systems in use for air intake anti-icing; a hot air bleed system
and an electrical resistance heating system, and although the latter is usually chosen for turbo propeller engines to
provide protection for the propeller, there are some examples where both systems are used in combination.

Hot Air System
In a hot air system the air is bled from the compressor and is fed via ducting into the air intake nose cowl, through the
inlet guide vanes of the engine and also, in some engines, through the nose bullet.  A typical system is illustrated in
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Fig. 1.  After circulating the intake cowl and guide vanes, the air is exhausted either to atmosphere or into the engine
air intake.  The flow of hot air is regulated by electrically operated control valves which are actuated by control switches
on a cockpit panel.  An air temperature control system is not usually provided in a hot air system.

Electrical Heating System
In an electrical heating system, heating elements either of resistance wire or sprayed metal, are bonded to the air intake
structure.  The power supply required for heating is normally three-phase alternating current.  The arrangement adopted
in a widely used on turbopropeller engine is illustrated in Figure 2 as an example.  The elements are of the resistance
wire type and are formed into an overshoe which is bonded around the leading edge of the air intake cowl and also around
the oil cooler air intake.  Both anti-icing and de-icing techniques are employed by using continuously heated and
intermittently heated elements respectively.  The elements are sandwiched between layers of glass cloth impregnated
with resin.  In some systems the elements may be sandwiched between layers of rubber.  The outer surfaces are, in all
cases, suitably protected against erosion by rain, and the effect of oils, greases, etc.  The power supply is fed directly
to the continuously heated elements, and via a cyclic time switch unit to the intermittently heated elements and to the
propeller blade elements.  The cyclic time switch units control the application of current in selected time sequences
compatible with prevailing outside air temperature conditions and severity of icing.  The time sequences which may
be selected vary between systems.  For the system shown in Figure 2 the sequences are ‘Fast’, giving one complete
cycle (heat on/heat off) of 3 minutes at outside air temperature between –6oC and + 10oC, and ‘Slow’,
giving one complete cycle of 6 minutes at outside air temperatures below –6oC.  An indicator light and, in some cases,
an ammeter, are provided on the appropriate cockpit control panel to indicate correct functioning of the time switch
circuit.

INSTALLATION AND MAINTENANCE
Full details of the methods of installation and check necessary for the inspection and maintenance of systems and
associated components will be found in the relevant aircraft and engine Maintenance Manuals and approved
Maintenance Schedules; reference must therefore be made to such documents.  Reference should also be made for
guidance on the installation of electric cables and testing of circuits.  The information given in the following paragraphs
is intended only as a general guide to the installation and maintenance procedures normally required.

Hot Air System
The installation and maintenance of components of hot air systems is, in general, a straightforward procedure which
only requires checks to ensure security of attachments to appropriate parts of the aircraft structure, security of duct

Fig.2. Typical Electrical Anti-Icing System.
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connections and wirelocking, where necessary.  After installation of a component and at the periods detailed in the
aircraft approved Maintenance Schedule, a system should be tested to ensure proper functioning and checks made
for leakage at the areas disturbed.  Some important aspects common to installation and maintenance procedures are
given in the following paragraphs.

Ducts should be inspected externally and internally for cleanliness, signs of damage and security of end fittings.
During installation, ducts must be adequately supported at all times, and must not be allowed to hang from a joint

or other component.  There must be adequate clearance between ducts and adjacent structure and components.
In general, new seals should be fitted between jointing faces of end fittings of ducts and components such as control

valves.  This is also essential whenever a joint is broken down for any reason.  The jointing faces should also be checked
for excessive ovality or gaping.

Whenever possible ducting should be removed by disconnecting at a point where band-type vee-clamps are used.
On some engines bolted spherical connections are employed and , unless it is absolutely necessary, the ducts should
not be disconnected at these points since the connections will require special refitting.

Band-type vee-clamps should be lubricated with the dry-film lubricant specified in the Maintenance Manual and
torque-tightened to the loads specified.  The clearance between the flanges of fittings should be checked in order to
ensure that the seal between the jointing faces of duct end fittings has been sufficiently compressed.

Expansion bellows type joints should be checked for full and free movement.
All sections of ducting should be properly aligned with each other and with other associated components.  In most

cases ducting passes through confined spaces and requires considerable care to ensure stress-free alignment at the
joints before finally securing in place.  Ducting should not be drawn into alignment by means of flange attachment
devices.  On some types of engine alignment is facilitated by locating a dowel in a hole.  On others alignment is by means
of coloured flashes painted on the ducts and components.

If a section of ducting or a component is removed and refitting is not being effected immediately, suitable blanks
must be fitted to the open ends of ducts or other connections to prevent the ingress of foreign matter.

Where specified, ducts should be tested for leaks in the manner prescribed in the relevant aircraft and engine
Maintenance Manuals.  The test pressure and rate of leakage should not exceed the limits quoted.

Note: Adequate safety precautions must be taken when inspecting duct sections under pressure.

Control valves should be inspected for cleanliness, signs of damage and their insulation resistance and solenoid
resistance values measured to ensure that they are within the limits specified in the Maintenance Manual.  When
installing valves particular care is necessary to ensure that they are positioned in correct relation to the air flow as
indicated by an arrow on the body of the valve.

Cables interconnecting appropriate electrical components must be of the rating specified by the manufacturer.  All
connections should be checked against the relevant wiring diagrams, and plugs, sockets and terminal screws properly
secured.

On completion of the installation of a duct section or component, and the periods specified in the approved
Maintenance Schedule, an in-situ functional test should be carried out.  Any limitations as to the duration of the test
and other precautions during engine ground running, must be strictly observed.  A functional test consists principally
of checking the air pressure supplied to the system at a specified engine speed, and checks on the function of associated
controlling and indicating devices.  Such checks and tests should be performed to a prescribed test schedule.

Electrical Heating Systems
In systems of this type, the overshoes are bonded to the air intake cowls, therefore removal and installation procedure
are related to the cowls as combined units.  The procedures are straightforward involving only the removal and refitting
of setscrews which secure cowls to engine air intake casings, and the making and breaking of the electrical connections.
In some cases the procedures also involve the connection and disconnection as appropriate, of fire extinguisher system
spray pipes and oil cooler pipes and couplings at the rear face of the air intake cowl.  Set-screws pass through steel
insert and rubber bush assemblies and care should be taken to avoid losing these during removal.  The bushes should
be examined for wear and deterioration and renewed as necessary.  Where specified, the clearance between the cowl
diaphragm and engine air intake casing must be checked before finally securing the cowl, to ensure that it corresponds
to the value specified in the engine Maintenance Manual.  If the correct clearance cannot be obtained, the complete
cowl assembly or diaphragm should be replaced by a serviceable item.  Some important aspects common to inspection
and maintenance procedures are given in the following paragraphs.  These should be read in conjunction with the aircraft
and engine Maintenance Manuals and approved Maintenance Schedules.

Cowls and electrical leads should be inspected for security and the overshoes inspected for blisters, gashes,
exposure of the heating elements, signs of overheating and general deterioration.

NOTE: Overheating or a complete ‘burn-out’, can be caused through impact damage to the overshoe, defects in the heating elements
or malfunction of the aircraft’s electrical power supply to the heating elements.

The lacquer film on rubber covered overshoes should be examined for damage or deterioration and if either is evident
the film should be touched-up or completely renewed as necessary, by using repair kit supplied by the relevant
manufacturer.

Checks on the continuity and resistance of the heating elements, and insulation resistance checks of the complete
cowl assembly, must be carried out whenever an assembly has been change or repair effected and also at the prescribed
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inspection periods.

NOTE: The metal or air cowls is normally anodised and it is necessary to bare a small area to effect the ‘earth’ connection.   On completion
of the electrical checks, this area must be reprotected against corrosion.

Functional testing of a complete system must be carried out at the check periods specified in the approved
Maintenance Schedule, when a system malfunction occurs, after replacement of an intake cowl or a system component
such as a cyclic time switch, and also after any repairs to an overshoe.  A functional test consists principally of checking
that heating current is applied to the heater elements at the periods governed by the operation of the cyclic time switch
and, as indicated by the system indicator light, and ammeter where applicable, to the systems.  Tests and checks must
be performed to a prescribed test schedule paying particular attention to any limitations on system operation and engine
speeds during ground running.

NOTE: The power supply control circuit is usually routed through landing gear shock-strut micro switches so that on the ground the power
is automatically reduced to prevent overheating.  Therefore, whenever the aircraft is on jacks, or the micro switches are otherwise rendered
inoperative, power should not be applied to the heating elements.

If blisters, gashes, exposure of the heating elements, general deterioration and lack of adhesion of either rubber or
glass cloth covering is evident, the covering should be carefully cut open to permit examination of the heating elements.
If the elements are not fractured or cracked and the rubber or glass cloth below the elements has not deteriorated, the
areas may be repaired as a minor repair.

The heating element system is made up of a number of sections or pads and if any one of the sections has been
fractured due to a localised burn-out or mechanical damage, a repair can be made by welding a portion of element in
the appropriate section.

NOTE: The number or repairs in a section or pad is normally limited to one since the weld causes an increase in element resistance.

The repair methods to be adopted, and the nature of the work involved, depends largely on the extent of damage
and also on the type of overshoe construction, i.e. glass cloth or rubber laminate.  Repair schemes are therefore devised
for each type and are usually classified according to the level of the repairs required, i.e. minor repairs which can be
carried out in the normal overhaul workshops, or major repairs to be carried out by the manufacturer.  Full details of
these schemes are given in the Maintenance Manuals and Overhaul Manuals for the relevant type of engine and
reference must always be made to these documents.

An air intake cowl assembly which has been damaged or has deteriorated to an extent outside repair standards
specified in the Maintenance Manuals and Overhaul Manuals should be removed and replaced by a serviceable
assembly.

� � � � �
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CHAPTER: 12
ROUTINE AND NON-ROUTINE

MAINTENANCE OF PISTON ENGINE

Engine Testing
Before starting an engine the cowlings should be fitted, the aircraft should be faced into wind and securely chocked,
the brakes should be applied, and suitable fire extinguishers should be made available.  When starting a new engine
it is advisable to use an external power supply rather than the aircraft batteries, and this should be connected to the
aircraft.  The method of starting will vary according to the type of carburettor and the engine installation, and the
procedure recommended by the aircraft manufacturer should be followed.  Engine speed should be kept as low as
possible until the oil pressure has built up to a prescribed value in a given time.  If the minimum oil pressure is not achieved
within the specified time the engine must be stopped and the cause determined.  The engine should then be warmed
up until the recommended minimum cylinder and oil temperatures are reached.  At  this power setting the magnetos
should be checked for a dead cut (by momentarily switching off both magnetos), then the engine should be stopped
and inspected for fuel and oil leaks.  The engine cowlings should then be refitted, the engine started, and the following
checks carried out as appropriate and in accordance with the manufacturer’s instructions.

a. Exercise the propeller several times by operation of the pitch control lever, to ensure that it is filled with oil and
is operating properly.

b. Check the operation of the magnetos at the recommended power settings.
c. Carry out an engine power check.
d. Open up to full power and check the maximum engine speed.  Correct by means of the constant speed unit

adjustment as necessary.
e. Check the carburation over the full power range.
f. Check operation of the supercharger.
g. Check operation of all engine-operated systems.  This may include checking battery-charging rate, hydraulic

pressure and system operation, pneumatic pressure and system operation, vacuum pressure, and operation of
the instruments and de-icing boots.  The maintenance of the correct fuel pressure over the full power range
should also be checked, to ensure correct operation of the engine-driven pump.

h. Close the throttle and check the idling speed and mixture strength.
i. Cool the engine by running it at approximately 1000 rev/min for a short period, or until the cylinder head

temperature is within limits, then close it down.

NOTE:  Prolonged ground running at high power settings must be avoided, since the cylinders are not adequately cooled when the aircraft
is stationary.

After the ground run, the engine should be inspected for gas, fuel or oil leaks, and any adjustments found necessary
during the run should be carried out.  It will usually also be found necessary to replenish the oil system, since some
of the oil from the tank will now occupy the sump and pipelines.

The results of the engine run, including the manifold pressure and engine speed obtained during the power check,
and the drop in engine speed obtained during the magneto checks, together with any adjustments carried out, should
be recorded in the engine log book.

ROUTINE  MAINTENANCE
In order to guard against malfunction or failure of an engine and its associated equipment, a programme of inspection
and maintenance is carried out in accordance with a approved schedule.  The engine and component manufacturers
stipulate the work which should be carried out to maintain their particular products in a satisfactory condition, and the
combined inspection and maintenance requirements for the complete engine installation are included in the Maintenance
Schedule for the particular aircraft.  The bulk of the items will normally be repeated at intervals of 100 flying hours, but
some items may be carried out more frequently and some less frequently.  The following paragraphs indicate the work
required for a typical light-aircraft engine installation.

Lifed Items
The engine itself must be removed for overhaul after a specified number of flying hour (see Airworthiness Notice No.
35), the time depending on its proven reliability; a new type of engine normally has an initial overhaul life which is capable
of being extended as experience is gained during its operation.  Some components (such as the alternator) may also
have to be removed for overhaul after a specified time, but these “lives” are usually arranged to coincide with the engine
life.  Other components may have to be replaced at more frequent intervals, depending on their condition.

General Condition of Engine
The general condition of an engine should be checked after each routine inspection, by carrying out an engine run as
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outlined in earlier Chapter.  At less frequent intervals a compression check should be carried out on all cylinders, to
determine the condition of the cylinders, pistons and valves.  Various methods of carrying out this check are outlined
but the particular manufacturer’s recommendations should be followed.  If any particular cylinder shows excessive loss
of compression, that cylinder should be replaced with a serviceable component; it is not normally necessary to change
the engine because of cylinder unserviceability.

Basic Engine
The crankcase, sump and reduction gear casing, should be inspected for damage, cracks, corrosion and oil leaks, and
the security and locking of attaching parts.  The cylinders should be checked for damaged fins, corrosion, cracks,
security and locking of attaching parts, oil leaks at the cylinder base, rocker covers, and push-rod covers, and gas leaks
at the barrel/head joint and at the inlet and exhaust pipe flanges.  Any apparent gas/oil leaks at the barrel/head joints
should be checked carefully, to ensure that they result from oil seepage and are not the beginning of barrel/head
separation.  Any damaged paintwork should be repaired according to the manufacturer’s instructions, and oil leaks
should be rectified as appropriate.

Cowlings and Baffles
Cowlings should be cleaned and checked for cracks, distortion, condition of any rubbing strips attached to them, and
loose or unserviceable fasteners.  The interior of the cowlings should be inspected for evidence of chafing against
engine structure, accessories or baffles; the cowlings should be repaired as necessary, and adjustments should be made
to the chafing parts, to provide clearance.  Baffles should be checked for cracks, security, and condition of any sealing
strips attached to them.  Cracks may normally be repaired by welding or patching, but temporary repairs may be effected
by drilling the ends of the cracks.  Fasteners which are not fully effective should be renewed.  Paintwork should be made
good in accordance with the manufacturer’s instructions and the particular paint scheme.

Engine Mountings
The engine mounting framework should be carefully inspected for cracks, corrosion, distortion, and security of
attachment to the airframe.  The flexible mountings should be inspected for condition and security; some sag may occur
during service, and if this reduces the clearance between engine parts and the structure below the minimum figure
specified, it is usually permitted to add spacers to restore the clearance.  Damage to the mounting frame and paintwork
must be repaired.

Intake Duct
The ducting to the carburettor or injector air intake should be inspected for cracks, corrosion and security, and the
condition of the seals at the air filter, carburettor, and, where fitted, the hot-air flap.  Any controls provided for filtered
air or hot air should be checked for correct operation and for full and free movement, and the connections in the control
run should be checked for wear and correct locking.  Alternative air flaps which are operated by differential air pressure
and are held in position by magnetic catches, should be inspected carefully, as they are more prone to wear and failure,
particularly when the magnetic catches lose their effectiveness.  The air filter should be cleaned regularly.

Exhaust System
Because of its operating environment, cracking and wear of parts of the exhaust system are inevitable, and frequent
inspections are usually specified in the relevant Maintenance Schedule.  All parts of the exhaust system should be
inspected for security, warping, cracks, dents, and evidence of gas leakage, particularly at  slip joints, V-clamps, bellows
and heater muffs.  Damage may often be repairable by welding, but when carrying out such repairs, extreme caution
is necessary to maintain the original contour, since any disruption to the smooth flow of exhaust gas will result in a
hot spot, and lead to early failure at that point.  Renewal of damaged parts is preferable to repair, and new gaskets or
seals should always be fitted.

Attention is drawn, in Airworthiness Notice No. 40, to the dangers inherent in the use of heating systems which
employ an exhaust heat-exchanger to heat the air entering the cabin.  A thorough inspection of these systems should
be carried out at the specified intervals, whenever carbon monoxide contamination is suspected.  In some cases the
heating jacket on the muffler is detachable, and can be completely removed to enable a thorough inspection to be made
for signs of leakage from the exhaust section of the muffler.  In other cases a pressure test may be recommended, and
this is carried out by blanking the outlet from the heater jacket and applying air pressure through the inlet; with the air
supply shut off, there should be no leakage from the heater jacket.

Oil System
Internal lubrication of the engine is of vital importance, and the oil quantity should be checked daily or prior to each
flight.  Oil should be changed regularly (usually at 50 or 100 hour intervals) by draining the sump and tank (preferably
when the oil is hot) and refilling the system with new oil to the correct specification.  Oil screens (wire-mesh filters) should
be cleaned and filter elements changed at the specified intervals, but on removal, should be inspected for the presence
of metal particles, which would indicate internal failure in the engine.  The oil-cooler air passages should be checked
for blockage and cleaned as necessary, and all parts of the oil system should be checked for cracks, security, chafing,
leaks and damage during the routine inspection.

Engine Fuel System
The fuel system in the engine bay, including flexible pipes, injector distribution pipes, carburettor, pump, and filter,
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should be checked for leakage under pressure, and should be inspected for security, chafing and damage; some engine
fuel components also have tell-tale drains from shafts, seals and diaphragms which facilitate checks for internal failure.

The main fuel filter should be drained before flight, daily, or after refuelling, as specified in the relevant Maintenance
Schedule, in order to remove sediment and to drain off any water which may have accumulated.  A small amount of water
will often be removed from the filter or tank drains, but if the amount is excessive the fuel system should be checked
according to prescribed method.

All filters associated with the fuel system should be removed and cleaned at the specified intervals, and when
required by unsatisfactory engine operation.  Fuel filters should be cleaned by washing in solvent and blowing dry
with compressed air, but the air filters fitted to injector nozzles may not be detachable and are often cleaned with the
nozzle, by ultrasonic methods.

Throttle and mixture controls should be checked for full and free movement, for correct locking, and for signs of play
or lost motion resulting from excessive wear.

Operation of the engine fuel system should be checked during engine runs.  Any adjustments found to be necessary
should be carried out.

Electrical System
All major components in the electrical system should be checked for condition and security.  The generator and starter
brushes should be checked for wear, their bearings for play, and their connections for security and locking as
appropriate; the alternator drive belt, where fitted, should be checked for condition and tension.  The magneto timing
and contact breaker gap should be checked and the cam pad should be lubricated.  Ignition switch leads should be
checked for condition and security, and the sparking plugs should be removed, cleaned and tested.  All wiring harnesses
and conduits should be checked for security and condition.

Pipes
Rigid pipes should be inspected for security of attachment to the airframe or engine, for cracks, dents, corrosion and
chafing, and for signs of leakage.  Bonding strips fitted across hose joining rigid pipes should be checked for condition
and security.  All flexible hoses should be inspected for deterioration, kinks, chafing, security and correct installation,
without twists or unnecessary bends.  The life of flexible hoses should also be checked, and they must be rejected at
the end of this time regardless of their apparent condition.  Firesleeves such as are fitted to flexible fuel and oil hoses,
should be checked for deterioration, and should be renewed if they are cut, chafed or frayed, or have become impregnated
with fuel or oil.

Lubrication
A diagram is provided in most light-aircraft Maintenance Manuals, indicating the method and frequency of lubrication
of various parts of the aircraft, and the types of lubricant to be used.  As far as the engine installation is concerned,
lubrication is generally confined to the application of oil or grease to the various working parts.  These include the lever
pivots, rod ends and bearings in the throttle, mixture, air filter, and cabin-heat control linkages, and the links and hinges
on filter doors, hot-air intake doors, and cooling-air exit flaps.  In addition, the rocker covers of some inverted engines
may need filling with engine oil, whilst the rocker bearings of some radial engines may require lubrication by means of
a grease gun.  Dirt, grit and old lubricant should be wiped off before applying the new oil or grease, and any excess
should be removed.

Fireproof Bulkhead
Damage to a fireproof bulkhead, or ineffective sealing of pipes, mounting structure or controls passing through the
bulkhead, could result in exhaust fumes passing into the wing or fuselage, and in the case of an engine fire, in the
spreading of the fire to the airframe structure, with possible catastrophic results.  The fireproof bulkhead should be
examined very carefully for cracks and other damage, and for signs of ineffectiveness of the seals or sealing compound
used; any faults should be corrected in accordance with the relevant Maintenance Manual.

NON-ROUTINE  INSPECTIONS
Operating limitations on the rotational speed and manifold pressure of an engine are imposed to ensure that the engine
is operated within design parameters.  There are times, however, when these limitations may be exceeded, through either
a mechanical fault or mishandling, and the engine must be inspected to determine whether it is still satisfactory for
continued operation.  The inspections necessary following overspeeding or overboosting of the engine, and also after
a shock-loading of the engine.  The inspections which are required following a lighting strike or static discharge damage
are carried out as specified.

Overspeeding
Operation at engine speeds higher than the rated speed (or take-off engine speed when this is specified), can cause
rapid wear of highly-stressed parts, and, if the speed is high enough, serious damage or failure can occur.  The
inspections required by the engine manufacturer are normally contained in the Maintenance Manual or in Service
Bulletins, but the inspections outlined in paragraphs below are typical of those required on light-aircraft engines.
Momentary Overspeed up to 2%
No special inspections are normally required for a momentary overspeed of 2% of the rated engine speed, but the cause
should be determined and corrected, and an entry should be made in the engine log book.
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Overspeeding Up to 5%
The following inspections should be carried out following an overspeed of up to 5% of rated speed, and if satisfactory
the engine may be returned to service.
a. Drain all oil from the engine lubrication system, remove all filters and inspect for metal particles.
b. Carry out a cylinder compression check.
c. Using a suitable inspection instrument (e.g. a boroscope), examine the cylinder walls for scoring, which may have

been caused by broken piston rings.
Overspeeding between 5% and 10%
Repeated momentary overspeeds or short periods of operation at 5% to 10% higher than rated speed may produce
excessive wear in the valve train.  A routine 100 hour inspection should be carried out, and the following checks should
also be made.  Any parts which are found to be unserviceable must be renewed before the engine is returned to service.
a. Check all filters for metal particles.
b. Using a suitable inspection instrument, examine the cylinder walls for scoring, and the valves and seats for distortion

or damage.
c. Examine the rockers, valves, valve guides and springs for condition.
d. Rotate the engine by hand to check the full and free movement of all parts in the valve train.
e. On a turbocharged engine, inspect the turbine wheel and compressor for damage, and the bearings for excessive

wear.
Overspeed higher than 10%
Any overspeed in excess of 10% above rated speed will require removal of the engine for overhaul in accordance with
the manufacturer’s instructions.

Overboosting
On a supercharged engine, overboosting is possible through a mechanical fault (in the control system) or through
mishandling, and may result in excessive pressures in the cylinders and overstressing of the working parts of the engine.
The inspections which are generally required by engine manufacturers, following over-boosting, are outlined  as below.
Overboosting not exceeding 2 inHg (1 lbf/in2)
A momentary overboost which does not exceed 2 inHg does not require any special inspections, but the cause should
be determined and corrected, and the relevant details should be entered in the engine log book.
Overboosting not exceeding 5 inHg [2(1/2) lbf/in2]
An overboost not exceeding 5 inHg which is of short duration (i.e. less than 10 seconds) will require a routine 50 hour
inspection to be carried out, and the following checks to be made.  Provided that no damage is found, the engine may
be returned to service.
a. Inspect cylinders for cracks around base flange, the sparking plug holes and in the head.
b. Examine oil filters for metal particles.
c. Inspect sparking plugs for cracks, and for loose or damaged electrodes.
Overboosting exceeding 5 inHg [2(1/2) lbf/in2]
If the overboosting exceeds 5 inHg, or is of long duration, the engine must be removed from the aircraft, and overhauled
in accordance with the manufacturer’s instructions.

Shock-loading
When sudden stoppage of an engine occurs, through, for example, the propeller striking the ground, damage to the
engine is likely to occur.  The extent of the damage is very difficult to assess, however, and may bear no relationship
to engine speed or to the forward speed of the aircraft; damage is most likely to be incurred by the propeller shaft, the
engine bearers, the crankshaft counterweights and the crankcase bearing webs.  The propeller shaft and engine bearers
can be examined for damage, and a limited inspection of the internal parts of an engine can be made by removing one
or more cylinders, but satisfactory crack detection is not possible with the engine assembled.  Most manufacturers,
therefore, recommend that any incident of sudden engine stoppage is sufficient to warrant removal of the engine for
complete disassembly and inspection.

� � � � � � � � �
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CHAPTER: 13
STORAGE OF PISTON AND

GAS TURBINE AERO ENGINE

INTRODUCTION
Under normal operating conditions the interior parts of an engine are protected against corrosion by the continuous
application of lubricating oil, and operating temperatures are sufficient to dispel any moisture which may tend to form;
after shutdown the residual film of oil gives protection for a short period.  When not in regular service, however, parts
which have been exposed to the products of combustion, and internal parts in contact with acidic oil, are prone to
corrosion.  If engines are expected to be out of use for an extended period they should be ground run periodically or
some form of anti-corrosive treatment applied internally and externally to prevent deterioration.

The type of protection applied to an engine depends on how long it is expected to be out of service, if it is installed
in an aircraft, and if it can be turned.

This Chapter gives guidance on the procedures which are generally adopted to prevent corrosion in engines but,
if different procedures are specified in the approved Maintenance Manual for the particular engine, the manufacturer’s
recommendations should be followed.

The maximum storage times quoted in this Chapter are generally applicable to storage under cover in temperate
climates, and vary considerably for different storage conditions.  Times may also vary between different engines, and
reference must be made to the appropriate Maintenance Manual for details.

INSTALLED PISTON ENGINES
If it is possible to run a piston engine which is installed in an aircraft and expected to be out of service for a period of
up to one month, sufficient protection will be provided by running the engine every seven days, but if the period of
inactivity is subsequently extended, continued periodic ground running would result in excessive wear and the engine
should be placed in long term storage.  The run should be carried out at low engine speed (1000 to 1200 rev/min),
exercising the engine and propeller controls as necessary to ensure complete circulation of oil, until normal working
temperatures are obtained.  If the engine cannot be run for any reason, the manufacturer may recommend that it should
be turned by hand or motored by means of an external power supply, but generally it will be necessary to inhibit the
engine as described below.
Long Term Storage
When a piston engine is likely to be out of service for a period in excess of one month it must be treated internally and
externally with a corrosion inhibitor.  The treatments described below are normally considered satisfactory for six
months but this may be extended to twelve months in ideal storage conditions.  At the end of this period the engine
should be prepared for service, given a thorough ground run and re-protected or, alternatively, removed from the aircraft
and stored as described in following paragraphs.

Internal Protection

(I)   American Method
a. Drain the oil sump and tank and refill with storage oil as prescribed by the manufacturer.
b. Run the engine at low speed (1000 to 1200 rev/min) until normal operating temperatures are obtained.
c. Spray cylinder protective into the induction system until white smoke issues from the exhaust, then switch off

the engine but continue spraying until rotation has ceased.
d. Drain the oil sump and remove the filters.
e. Remove the sparking plugs and spray a fixed quantity of cylinder protective into each cylinder while the engine

is turned by hand. A further quantity should then be sprayed into the cylinders with the engine stationary.
f. Fit dehydrator plugs in each cylinder and replace oil filters.
g. Place a quantity of desiccant in the intake and exhaust and blank off all openings.

(II)    British Method
a. Drain the oil sump and tank and refill with the storage oil recommended by the manufacturer.
b. Run the engine at low speed (1000 to 1200 rev/min) until normal operating temperatures are obtained.
c. Drain all oil from the system and remove filters.
d. Remove sparking plugs and spray the specified quantity of cylinder protective into each cylinder while the piston

is at the bottom of its stroke, at the same time spraying the valve springs and stems with the valves closed, and
the valve heads and ports with the valves open.  Also spray the valve rocker gear.

e. Turn the engine at least six revolutions by hand, then spray half the previously used quantity of cylinder
protective into each cylinder with the engine stationary.

f. Replace oil filters and fit dehydrator plugs.
g. Blank off all openings into the engine (intake, exhaust, breathers, etc.).
h. Replenish oil tank to normal level with storage oil as specified.
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(III)   Special Requirements
a. Coolant systems should be drained and thoroughly flushed unless an inhibited coolant is used.
b. Fuel system components such as fuel pumps, injectors, carburettors or boost control units also require inhibiting.

This is done by draining all fuel and oil as appropriate, and refilling with storage or mineral oil as recommended
by the manufacturer.  Blanking caps and plugs should then be fitted to retain the oil.

c. Auxiliary gearboxes should also be inhibited.  The normal lubricating oil should be drained and the gearbox refilled
with storage oil.

d. If the propeller is removed the propeller shaft should be sprayed internally and externally with cylinder protective
and correct blanks fitted.

External Protection
Exterior surfaces of the engine should be thoroughly cleaned with an approved solvent such as white spirit, by brushing
or spraying, and dried with compressed air.  Any corrosion should be removed, the area re-treated in accordance with
the manufacturer’s instructions and chipped or damaged paintwork renewed.  The following actions should then be
taken :-

I All control rods should be liberally coated with a general purpose grease.
II Magneto vents should be covered.
III Sparking plug lead ends should be fitted with approved transport blanks, exposed electrical connections masked

and rubber components covered with waxed paper or mouldable wrap.
IV Spray holes in fire extinguisher pipes should, if possible, be blanked off, using polythene sleeving or waxed paper

suitably secured.
V An approved preservating (normally lanolin or external air drying varnish) should be sprayed over the whole

engine, in a thin even film.

INSTALLED  TURBINE  ENGINES
Installed turbine engines which are to be out of use for a period of up to seven days require no protection apart from
fitting covers or blanks to the intake, exhaust and any other apertures, to prevent the ingress of dust, rain, snow, etc.
A turbine engine should not normally be ground run solely for the purpose of preservation, since the number of
temperature cycle to which it is subjected is a factor in limiting its life.  For storage periods in excess of seven days
additional precautions may be necessary to prevent corrosion.

Short-term Storage
The following procedure will normally be satisfactory for a storage period of up to one month.

Fuel System Inhibiting
The fuel used in turbine engines usually contains a small quantity of water which, if left in the system, could cause
corrosion.  All the fuel should therefore be removed and replaced with an approved inhibiting oil by one of the following
methods:

Motoring Method
This should be used on all installed engines where it is convenient to turn the engine using the normal starting system.
A header tank is used to supply inhibiting oil through a suitable pipe to the engine.  A filter and an on/off cock are
incorporated in the supply pipe, which should be connected to the low pressure inlet to the engine fuel system and
the aircraft LP cock closed.  After draining the engine fuel filter a motoring run should be carried out bleeding the high
pressure pump and fuel control unit, and operating the HP cock several times while the engine is turning.  Neat inhibiting
oil will eventually be discharged through the fuel system and combustion chamber drains.  When the motoring run is
complete the bleeds should be locked, the oil supply pipe disconnected and all apertures sealed or blanked off.

Pressure Rig Method
This may be used on an engine which is installed either in the aircraft or in an engine stand.  A special rig is used which
circulates inhibiting oil through the engine fuel system at high pressure.  The fuel filter should be drained and, where
appropriate, the aircraft LP cock closed.  The inlet and outlet pipes from the rig should be connected to the high pressure
fuel pump pressure tapping and the system low pressure inlet respectively, and the rig pump turned on.  While oil is
flowing through the system the components should be bled and the HP cock operated several times.  When neat
inhibiting oil flows from the combustion chamber drains the rig should be switched off and disconnected, the bleed
valves locked and all apertures sealed or blanked off.

Gravity Method
This is used when the engine cannot be turned.  A header tank similar to the one used in the motoring method is required
but in this case the feed pipe is provided with the fittings necessary for connection at several positions in the engine
fuel system.  The fuel filter should first be drained then the oil supply pipe connected to each of the following positions
in turn, inhibiting oil being allowed to flow through the adjacent pipes and components until all fuel is expelled:
a. High pressure fuel pump pressure tapping.
b. Fuel control unit pressure tapping.
c. Burner Manifold.
d. Low pressure inlet pipe.
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Components should be bled at the appropriate time and the HP cock operated several times when inhibiting the fuel
control unit.  All bleeds and apertures should be secured when the system is full of inhibiting oil.

Lubrication Systems
Some manufacturers recommend that all lubrication systems (engine oil, gearbox oil, starter oil, etc.) of an installed
engine should be drained, and any filters removed and cleaned, while others recommend that the systems should be
filled to the normal level with clean system oil or storage oil.  The method recommended for a particular engine should
be ascertained from the appropriate Maintenance Manual.

External Treatment
Exterior surfaces should be cleaned as necessary to detect corrosion, then dried with compressed air.  Any corrosion
should be removed, affected areas re-treated, and any damaged paintwork made good in accordance with the
manufacturer’s instructions.  Desiccant or vapour phase inhibitor should be inserted in the intake and exhaust, and
all apertures should be fitted with approved covers or blanks.

Long-term Storage
For the protection of turbine engines which may be in storage for up to six months, the short-term preservation should
be applied and, in addition, the following actions taken :-
I Grease all control rods and fittings.
II Blank-off all vents and apertures on the engine, wrap greaseproof paper round all rubber parts which may be affected

by the preservative and spray a thin coat of external protective over the whole engine forward of the exhaust unit.

At the end of each successive six months storage period an installed engine should be re-preserved for a further
period of storage.  Alternatively, the engine may be removed from the aircraft and preserved in a moisture vapour proof
envelope.

UNINSTALLED  ENGINES (PISTON  AND  TURBINE)
Engines which have been removed from aircraft for storage, or uninstalled engines which are being returned for repair
or overhaul, should be protected internally, and sealed in moisture vapour proof (MVP) envelopes.  This is the most
satisfactory method of preventing corrosion, and is essential when engines are to be transported overseas.

A piston engine should be drained of all oil, the cylinders inhibited as described in above paragraphs, drives and
inside of crankcase sprayed with cylinder protective, and all openings sealed.

A turbine engine should be drained of all oil, fuel system inhibited, oil system treated as recommended by the
manufacturer, and blanks fitted to all openings.

Particular care should be taken to ensure that no fluids are leaking from the engine, and that all sharp projections,
such as locking wire ends, are suitably padded to prevent damage to the envelope.

The MVP envelope should be inspected to ensure that it is undamaged, and placed in position in the engine stand
or around the engine, as appropriate.  The engine should then be placed in the stand, care being taken not to damage
the envelope at the points where the material is trapped between the engine attachment points and the stand bearers.

Vapour phase inhibitor or desiccant should be installed in the quantities and at the positions specified in the relevant
Maintenance Manual, and a humidity indicator should be located in an easily visible position in the envelope.  The
envelope should then be sealed (usually by adhesive) as soon as possible after exposure of the desiccant or vapour
phase inhibitor.

The humidity indicator should be inspected after 24 hours to ensure that the humidity is within limits (i.e. the indicator
has not turned pink).  An unsafe reading would necessitate replacement of the desiccant and an examination of the MVP
envelope for damage or deterioration.

After a period of three years storage in an envelope the engine should be inspected for corrosion and re-preserved.

INSPECTION
Engines in storage should be inspected periodically to ensure that no deterioration has taken place.

Engines which are not preserved in a sealed envelope should be inspected at approximately two-weekly intervals.
Any corrosion patches should be removed and the protective treatment re-applied, but if external corrosion is extensive
a thorough inspection may be necessary.

Envelopes on sealed engines should be inspected at approximately monthly intervals to ensure that humidity within
the envelope is satisfactory.  If the indicator has turned pink the envelope should be unsealed, the desiccant renewed
and the envelope resealed.
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