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JET PROPULSION

It is the propulsion of a jet aircraft (or) other missiles by the reaction of jet
coming out with high velocity.

Jet propulsion is based on Newton'’s second and third law of motion.
Newton’s second law states that ‘the rate of change momentum in any
direction is proportional to the force acting in that direction’.

Newton’s third law states that for every action there is an equal and
opposite reaction.

The jet propulsion in used when the oxygen is obtained from the
surrounding atmosphere.
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I Evolution of aero-engine
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I TURBOJET ENGINE

The most common type of air-breathing engine is Turbojet engine.
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The construction of turbojet engine is shown in fig.

INTAKE COMPRESSION COMBUSTION EXHAUST

2 § T ] ¢ 1 L
Air Inlet Compression Combustion Chambers Turbine Exhaust

T T
Cold Section Hot Section

> Diffuser

» Rotary compressor

» Combustion chamber
» Turbine

» Exhaust nozzle

» The function of the diffuser is to convert the kinetic energy of the entering
air into pressure energy.

» The function of the nozzle is to convert the pressure energy of the
combustion gases into kinetic energy
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Working:
[ Air from the atmosphere enters into turbojet engine. Bl R oY
reduced and its static pressure is increased by diffuser.

2. Then the air passes through the rotary compressor in which the air is
further compressed.
EMiThen the high pressure air flows into the combustion chamber. [y

combustion chamber, the fuel is injected by suitable injectors and the air

fuel mixture is burnt, heat is supplied at constant pressure.

4. The highly heated products of combustion gases are then entering the
turbine and partially expanded.

LY The power produced by the turbine is just sufficient to drive the|
compressor, fuel pump and other auxiliaries}

6. The hot gases from the turbine are then allowed to expand in the
exhaust nozzle section

PAlin the nozzle, pressure energy of the gas is converted into kinetic energys
So the gases coming out from the unit with very high velocity.

8. Due to high velocity of gases coming out from the unit, a reaction or
thrust is produced in the opposite direction. This thrust propels the
aircraft.

9. Like ramjet engine, the turbojet engine is a continuous flow engine.

10.Because of turbine material limitations, only a limited amount of fuel can

be burnt in the combustion chambe
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Advantages:
Construction is simple

Less wear and tear
Less maintenance cost

2 WN =

It runs smoothly because continuous thrust is produced by continuous

combustion of fuel.

5. The speed of a turbojet is not limited by the propeller and it can attain
higher flight speed than turbo propeller aircrafts.

6. Low grade fuels like kerosene, paraffin, etc., can be used. This reduces the
fuel cost.

7. Reheat is possible to increases the thrust

8. Since turbojet engine has a compressor, it can be operated under static

conditions.

It has low take-off thrust and hence poor starting characteristics
Fuel consumption is high

Costly materials are used

The fuel economy at low operational speed is extremely poor
Sudden decreases of speed is difficult

ok WwWN-=

Propulsive efficiency and thrust are lower at lower speeds
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APPLICATIONS:

It is best suited for piloted air-crafts, Military aircrafts, etc

TURBO-PROP ENGINE (OR) TURBO-PROPELLER ENGINE

It is very similar to turbojet engine. In this type, the turbine drives the
compressor and propeller.

CONSTRUCTION:

The construction of Turbo-Prop Engine is shown in fig
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Diffuser
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The function of diffuser is to convert the kinetic energy of the entering air

into pressure energy.

» The function of nozzle is to convert the pressure energy of the combustion
gases into kinetic energy.

» The angular velocity of the shaft is very high. But the propeller cannot run

at higher angular velocity. So reduction gear box is provided before the

power is transmitted to the propeller.

1. Air from the atmosphere enters into turbo prop engine. The air velocity
gets reduced and its static pressure is increased by diffuser.

2. Then the air passes through the rotary compressor in which the air is
further compressed. So, the static pressure of the air is further increased.

3. Then the high pressure air flows into the combustion chamber. In the
combustion chamber, the fuel is injected by suitable injectors and the air-
fuel mixture is burnt. Heat is supplied at constant pressure.

4. The highly heated products of combustion gases are then enters the
turbine and partially (about 80 to 90%) expanded.
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5. The power produced by the turbine is used to drive the compressor and
propeller.

6. Propeller is used to increase the flow rate of air which results in better
fuel economy.

7. The hot gases from the turbine are then allowed to expand in the
exhaust nozzle section.

8. In the nozzle, pressure energy of the gas is converted into kinetic energy.
So the gases coming out form the unit with very high velocity.

9. Due to high velocity of gases coming out from the unit, a reaction (or)
thrust is produced in the opposite direction.

10.The total thrust produced in this engine is the sum of the thrust produced
by the propeller and the thrust produced by the nozzle. This total thrust
propels the air craft.
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ADVANTAGES:

HIGH TAKE-OFF THRUST

GOOD PROPELLER EFFICIENCY AT A SPEED BELOW 800KM/HR

REDUCED VIBRATION AND NOISE

BETTER FUEL ECONOMY

EASY MAINTENANCE

IT OPERATES OVER A WIDE RANGE OF SPEEDS DUE TO MULTI SHAFT ARRANGEMENT.
THE POWER OUTPUT IS NOT LIMITED.

® N hWN-=

SUDDEN DECREASE OF SPEED IS POSSIBLE BY THRUST REVERSAL.
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DISADVANTAGES:

1. The main disadvantage is, the propeller efficiency is rapidly decreasing at

high speeds due to shocks and flow separation.
2. Itrequires a reduction gear which increases the cost of the engine.
3. More space needed than turbojet engine

4. Engine construction is more complicated
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I TURBOFAN ENGINE

The turbofan engine is a combination of the turbo prop and the turbojet
engines combining the advantages of both.

{ Turbofan engines }

[ Forward fan J ‘ Aft fan J

— [ High ] s J

Mixed fan bypass ratio bypass ratio
and core flow
Unmixed flow I 1
Non-afterburning ‘ [ Afterburning
. ,

= Single spool
L Two spool J_ Geared fan ‘
- Threespool L— Ungeared fan ‘
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CONSTRUCTION:

The construction of turbofan engine is shown in fig

[OW pressurc
turbine nozzle

—_ o _ high pressure

COmpressor +

low + high

pressure shaft ¢ompustion chamber
low pressure

ORKING:

1. Air from the atmosphere enters into turbofan engine, employing a low
pressure ducted fan.

2. The air after passing through the fan is divided into two streams, namely
primary airElillsecondary air}
3. The primary air flow through the turbofan engine consisting of

compressor, combustion chamber, turbine and exhaust nozzle.
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Combustion takes place in the combustion chamber and the thrust is
produced in the opposite direction

4. The secondary air (or) by pass air (or) cold air at relatively lower pressure
flows around the turbofan engine and expands in the fan nozzle. Hence
thrust is produced.

High-pressure Higé\-pressure
tur

Fan compressor ine
High-pressure
shaft

Low-pressure
shaft

Low-pressure Combustion Low-pressure Nozzle
compressor chamber turbine

5. The thrust developed by the secondary air is at lower velocity and the
thrust developed by the primary air is at much higher velocity.
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6. The total thrust produced in this engine is the sum of thrust produced

by the U EEL (m,) and the Fa BNl (). This total thrust

propels the air craft.

7. The ratio of the mass flow rates of cold air (m.) and the hot air (m;)is

known as [EY RN,

ﬂ — mCOLD
mHOT

Total mass flow rate to the engine is:
Miotar = Meop ¥ Myor

Hence primary mass flow rate through core or hot section

_ mtotal

rhHOT = 1+ 8

Secondary mass flow rate through fan or cold section

g

mCOLD - mtotal
1+ 4
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7c
Total thrust is generated by both cold and hot jets..
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A\DVANTAGES:

Thrust developed is higher than turbojet engine
\X/eight per unit thrust is lower than turbo prop engine
Less noise

High take-off thrust

P WN =

» Increased frontal area
» Fuel consumption is high compared to turbo prop engine.

» Construction is complicated compared to turbojetengine|

APPLICATION:
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THE TURBOFAN ENGINE IS BEST SUITED FOR COMMERCIAL AND MILITARY AIR-CRAFT
OPERATION DUE TO ITS HIGH FLEXIBILITY OF OPERATION AND GOOD FUEL ECONOMY.

RAM JET ENGINE

THE CONSTRUCTION OF RAMJET ENGINE IS SHOWN IN FIG. WHICH IS SIMPLEST TYPES OF
AIR-BREATHING ENGINE.
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» Supersonic diffuser (1-2)

» Subsonic diffuser (2-3)

» Combustion chamber (3-4)

» Discharge nozzle section (4-5)

» The function of supersonic and subsonic diffusers is to convert the kinetic
energy of the entering air into pressure energy.

» This energy transformation is called ram effect and the pressure rise is called
the ram pressure. The function of nozzle is to convert pressure energy of gas
into kinetic energy.
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Working:

1. Air from the atmosphere enters the engine at a very high speed and its
velocity gets reduced and its static pressure is increased by supersonic
diffuser.

2. Then the air passes through the subsonic diffuser and its velocity further
reduces to subsonic value. Due to this, the pressure of air increases to
ignition pressure.

3. Then the high pressure air flows into the combustion chamber. In the
combustion chamber, the fuel is injected by suitable injectors and the air
fuel mixture is burnt.

4. The highly heated products of combustion gases are then allowed to
expand in the exhaust nozzle section.

5. In the nozzle pressure energy of the gas is converted into kinetic energy.
So the gases coming out form the unit with very high velocity.

6. Due to high velocity of gases coming out from the unit, a reaction or
thrust is produced in the opposite direction. This thrust propels the air
craft.

7. Ramjet produces very high thrust with high efficiency at supersonic
speeds. So, it is best suitable for high speed aircraft

8. The air enters the engine with a supersonic speed must be reduced to
subsonic speed. This is necessary to prevent the blow out of the flame in
the combustion chamber. The velocity must be small enough to make it
possible to add the required quantity of fuel for stable combustion.

9. Both theory and experiment indicate that the speed of the air entering
the combustion chamber should not be higher than that corresponding
to a local mach number of 0.2 approximately.
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Advantages:

P WN =

o w

Ramjet engine is very simple and does not have any moving part.

Cost is low

Less maintenance

The specific fuel consumption is better than other gas turbine power plants
at high speed.

There is no upper limit to the flight speed.

Light weight when compared with turbojet engine.

1.

Since the take-off thrust is zero, it is not possible to start a ramjet
engine without an external launching device.

The combustion chamber required flame holder to stabilize the
combustion due to high speed of air.

It is very difficult to design a diffuser which will give good pressure
recovery over awide range of speeds.

It has low thermal efficiency.

1. It is widely used in high speed aircrafts and missiles due to its high

thrust and high operational speed.

2. Subsonic ramjets are used in target weapons.
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I PULSE JET ENGINE (OR) FLYING BOMB

The construction of pulse jet engine is shown in fig. which is similar to ramjet
engine.
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» A valve grid which contains springs that close on their own spring pressure
> A diffuser.
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Y

Combustion chamber

Spark plug.
A tail pipe (or«discharge nozzle)

The function of diffuser is to convert the kinetic energy of the entering air

into pressure energy.

The function of nozzle is to convert pressure energy of gas into kinetic

energy.

. Air from the atmosphere enters into pulse jet engine. The air velocity gets

reduced and its static pressure is increased by diffuser.

\WWhen a certain pressure difference exists across the valve grid, the valve
will open and allow the air to enter into the combustion chamber.

In the combustion chamber, fuel is mixed with air and combustion starts
by the use of spark plug.

Once the combustion starts it proceeds at constant volume. So there is a
rapid increase in pressure, which causes the valve to close rapidly.

The highly heated products of combustion gases are then allowed to
expand in the exhaust nozzle (Tail pipe) section.

In the nozzle pressure energy of the gas is converted into kinetic energy.
So the gases coming out from the unit with very high velocity

Due to high velocity of gases coming out form the unit, a reaction (or)
thrust is produced in the opposite direction. This thrust propels the air
craft
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8. Since the combustion process causes the pressure to increases, the
engine can operate even at static condition once it gets started

9. When the combustion products accelerate from the chamber, they have
left a slight vacuum in the combustion chamber. This, in turn, produces
sufficient pressure drop across the valve grid, allowing the valves to open
again and new charge of air enters the combustion chamber.

A\DVANTAGES:

1. Pulse jet engine is very simple device next to ramjet
engine
Less maintenance.

Costis low

> W N

Light weight when compared with turbojet engine.

5. Unlike the ramjet engine, the pulse jet engine

develops thrust at zero speed.

DISADVANTAGES:

1. High rates of fuel consumption

2. The biggest disadvantage is very short life of flapper valve and high rates of

fuel consumption. The SFC is as high as that of ramjet.

3. The maximum flight speed of the pulse jet engine is limited to 750km/h,

because of the limitations in the aerodynamic design of an efficient diffuser
4. suitable for a wide range
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5. Low propulisive efficiency than turbojet engines.
6. High degree of vibration leads to noise pollution

Applications:

It is used in subsonic flights, German V-l missiles, Target aircraft missiles, etc.

Thermodynamic Cycle Analysis of a Single Spool Turbojet Engine
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I Brayton Cycle

» Brayton cycle is the ideal cycle for gas-turbine engines in which the working
fluid undergoes a closed loop. For gas turbine cycle where, working fluid is

air/gas and it will perform open cycle of Brayton cycle.
» That is the combustion and exhaust processes are modelled by constant-

pressure heat addition and rejection, respectively.
» The Brayton ideal cycle is made up of four internally reversible processes

1-2 Isentropic compression (in compressor)
Const. pressure heat-addition (in combustion chamber)
Isentropic expansion (in turbine)

Const. pressure heat rejection (exhaust)
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P = Const.

L J

Isentropnic

1

[ZFME T-s and P-v diagrams for ideal Brayton cycle.

Wi EINE 1 ild[slqY for the Brayton cycle is:

. qout —1—

77th,Brayton = 1

C
Oin Cp (T3 _Tz)

LR
T,
By
T,
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As we know for isentropic process:

L_(R]”
T, (R
Or
(1) (1)
L_(R|” _[R]" _&
T1 Pl I:)4 T4
OR
Thus

Where 1, is the which is given by
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AT L L L L L

S

ME Air flows from far upstream up to the intake, usually with some
deceleration during cruise and acceleration during takeoff

Air flows through the inlet (or intake) and ducting system up to the
compressor inlet.

[EIEEJE Air is compressed in a dynamic rotating compressor (AFC/CFC).

Air is heated by mixing and burring of fuel within the combustion
chamber.

EENEE Products of combustion are expanded through a turbine to obtain
power to

drive the compressor.

[BE3E Gases may or may not be further heated if the afterburner is operative
or inoperative.

Gases are accelerated and exhausted through the exhaust nozzle.
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Fig-Real cycle of Turbojet engine
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I Thrust Equation for a Turbojet Engine

> Let jet engine takes in air at essentially the free stream velocity V,,, heats it
by combustion of fuel inside the duct, and then blasts the hot mixture of air
and combustion products out the back end at a much higher velocity V,

> EBANECHERGICNEYY, the equal and opposite reaction produces a thrust.
The true fundamental source of the thrust of a jet engine is the net force

produced by the [J{ VG le B RIS distributions exerted over the
surface of the engine. This is sketched in Figure b
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Figure-b
E\Which illustrates the distribution of pressure Ps over the internal surface of
the engine duct, and the ambient pressure, essentially P, over the external

[Jele[ls M Vs r:[dMShear stress, which is generally secondary in comparison to
the magnitude of the pressures, is ignored here.

> Let x denote the flight direction. The thrust of the engine in this direction is
equal to the x component of integrated over the complete internal surface,
plus that of pressure integrated over the complete external surface.

» In mathematical symbols,

T = [(Psds) + [ PoodS eoverernns (1)

» Since P, is constant, the last term becomes

[Pods=P,, [ds=p,(A; — Ap)errenen: (2)
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> Where Aiand A are the inlet and exit areas, respectively, of the duct, we
obtain for the thrust T of the jet engine

A;
(-"'i! - AE)
Figure-c
T = fPsds +Po(A; — AL)eerenrrsenns (3)

» Consider the volume of gas bounded by the dashed lines in Figure b. This is

called a [elglige ] M1 (Vo [EHMIs B e le\ s Ell[&y. This control volume is sketched

again in Figure d.

0 e S I
- -

i

Voo Ve

———-

T T

I

‘ﬂlﬁ

Ae

Figure d

> The frontal area of the control volume is A, on which P, is exerted. The side
of the control volume is the same as the internal area of the engine duct.
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Since the gas is exerting a pressure F; in the duct as shown in Figure b, then
by NSVl ER I QEVY, the duct exerts an equal and opposite pressure Ps on
the gas in the control volume as shown in Figure d.

Finally, the rear area of the control volume is A, on which Pe is exerted. The
pressure Pe is the gas static pressure at the exit of the duct, the x

(deli]oTelsl sl el R islRfOrce on the gas inside the control volume is

F=[Pyds+PuA; — PAguvusenn. (4)

b\ G I [t lEVY, namely, F = ma. This can also be written as F =

d(mV)/dt. The mass flow of air entering the duct is (m,,,) its momentum is
(Mg, )Ve. The mass flow of gas leaving the duct is ms,, + my, and its
momentum is (mf'uel + m;m)Ve B [Villthe time rate of change of momentum

of the airflow through the control volume is the difference between what
comes out and what comes in:

» From Newton’s second law, this is equal to the force on the control volume,
F = (Mfyer + My )Ve — (Mg )V cprnmene (5)
Equating (4) and (5)

[ Psds = =P A; + PoA, +(Mfyer + My )Ver (Mg )V commeeneensaanns (6)

6in3
—

T = (mfuel + m;ur)ve - (m'alr)voo - PooAi + PeAe + Poo(Ai - Ae)
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» The mass of the fuel is so small compared to mass flow of the air}

T=m,[(1+f)V,-V, |+A(P-P,)

m
Where f =—" = fuel air ratio

m

a

> Hence

» When mass [V K R RV E RN e |[H4dle], The above thrust equation can be
written as

> mfuel << mair

T=(,—Vo)(Mgy) + (Pe— Peo)Ag corersensensnens (8)

(Ve - VOO)(m;ur) + (Pe - Poo)Ae
Or

(€; — €)(my) + (P, — P)A,

» Thrust Equation of turbojet engine is consisting 2 parts

, WSl Momentum thrust=ri,, (V, —Vw):ma(Cj—Ci)

. B9 Pressure thrust=(P, — P, ) A
v" Product of m,, and V, is called as
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Hence . .
Gross momentum thrust=m_, V, =m_ C,

air " e

Product of m, and V_ called as |[gl1[(Xe[g=Te)

Similarly
Intake drag=m_, V,_ =m_ C,

air Yoo i

pansion in nozzle , thrust will be maximum in this case

For maximum thrust i.e. optimum expansion at nozzle end (& = Pw)

F=Thrust=T =, (V, -V, )=m, (V. -V,
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Thrust Equation for a Turbofan Engine

T= mH [(1+ f )VeHOT _Voo:|+ mc (VeCOLD —Vw ) + AeHOT (PeHOT - Poo ) + AeCOLD (PeCOLD - Poo)

| Factors affecting Thrust

» Based on Engine Characteristics
> Based on operating medium

Based on Engine Characteristics

Engine RPM

Size of Nozzle Area

Fuel Flow rate

Amount of Air Bleed from the compressor
Turbine Inlet Temperature

Use of Water Injection

YV VVYVY
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> The engine rpm greatly influences the thrust produced
by the engine as it determines the air mass flowrate being pumped by the

compressor and, from thrust
equation it can be seen that the
thrust is directly proportional to the
air mass flow rate. Since the
compressor has fixed blade shapes, it
will be more efficient in pumping air
at a given rpm range, usually close to
the maximum rpm of the engine. An
engine rpm is expressed in terms of
the maximum rpm for the engine: Ettacs ol o Tt st

Thrust ———a

idle thrust being around 30%,

whereas cruise thrust could be at 90% and maximum continuous thrust is at
100% rpm. In some cases, an engine may be able to provide more than
100% continuous thrust for a very short period; this is called the maximum
takeoff thrust, and it may damage the engine if used for a prolonged period.

> EEILEr The nozzle area determines the maximum exhaust mass flow
rate, the limiting value being a velocity of Mach 1.0 at exhaust temperature
for convergent nozzle. At this condition, the nozzle is said to be choked.
Another factor that may limit the kinetic energy available at the nozzle is
the maximum operating temperature of the nozzle.

> Fuel flow determines the amount of energy transferred to the
flow the more fuel is burned in the gas turbine combustion chamber the
more heat energy will be available to the flow to be transformed into kinetic
energy.
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> LN EHDUE4]E Most gas turbine equipped aircraft require

pressurization, heating, and ventilation flow. This airflow is bled off from a
given section of the compressor, which provides adequate pressure for the
environmental control system. This results in a lower pressure in the burner
and a lower mass flow at the nozzle, and, thus, a
FIEETEREY. Other systems, such as the hydraulic system and the
electrical system, require a power source. This power is usually extracted
from the engine by using a shaft connected to the turbine. This results in
less energy in the exhaust flow that can be used for thrust, or for a given
thrust, a higher fuel consumption.

> WL ENEREEET = The total temperature at the turbine inlet (To,)
must be limited by the thermal/mechanical limits of the turbine blades this

results in less energy in the exhaust flow that can be used for thrust, To
maintain an acceptable nozzle temperature under the various combinations
of aircraft speed and altitude, the fuel flow may have to be reduced, thus
reducing the available thrust This is usually done automatically by the fuel
control system

> CIE TN ELE (el Il g1 (4 i[eJgH Fluid injection systems were introduced

primarily to cool the boosted air to the engine, thereby reducing
detonation, also termed pre-ignition, knocking, Pre-ignition can cause
severe damage to the engine such as splitting and holing pistons. Adding
fluid, either at the inlet to the intercooler, beginning of the inlet manifold or
just before the inlet valve, reduces the heat of the inlet air to the engine.
This protects against detonation and allows more fuel to be added. The
extra fuel can be either the alcohol additive or an increase in the normal
fuel. Fluid injection systems have disadvantages which outweigh the
advantages, except for specific applications, such as military aircraft or
racing aircraft.
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Based on operating medium

YV V V

Speed of the air
Temperature of the air
Pressure of the air
Humidity of the air

N2 KR Wl The air speed, or the flight speed has a direct effect on the
net thrust. If the exhaust gas velocity is constant and the air velocity is
increased, then the difference

between both velocities leading to a | Thrust ,
decrease also in the net thrust. [|{sl5

air mass flow and the fuel to-air ratio
EIGEEN 1 [e Mde]s Y =pl&H then a linear

decrease in the net thrust s
enhanced RAM EFFECT: The
movement of the aircraft relative to
the outside air causes air to be
rammed into the engine inlet duct. Air Speed (Vy)

Resultant Effect of A & B

A -V, Effect

B - Ram Effect

™

Ram effect increases the airflow to

the engine, which in turn, means more gross thrust. However, it is not so
easy: ram effects combine two factors, namely. The air speed increase and,
at the same time, increase in the pressure of the air and the airflow into the
engine. As described earlier,
which is sketched in Figure as the Curve "A". Moreover, the increase of the
airflow will increase the thrust. Which is sketched by the curve "B" in the
same. The curve "C" is the result of combining curves "A" and the increase of
thrust due to ram becomes significant as the air speed increases, Which Will
compensate for the loss in thrust due to the reduced pressure at high
altitude. Ram effect is thus important in high-speed fighter aircraft. Also
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modern subsonic jet-powered aircraft fly at high subsonic speeds and higher

altitudes to make use of the ram effect.

> Air Density & the effect of Temperature & Pressure

Air density has a profound effect on the thrust produced. The volume of the air
flowing through the engine is relatively fixed for any particular rpm by the size
and geometry of the inlet duct system. But since the thrust is determined by
mass, not the volume of air, any increases in its density increases the mass and

thus the thrust.

As the temperature of the air increases its density decreases. Therefore the
thrust produced by the engine decreases. As the air pressure increases, its

density increases, causing thrust produced by the engine to increase}j

Thrust Thrust

A A

/

»
P

ambient

ambient

»-
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> LXITIELS Altitude has a double effect on thrust. As the altitude increases, the
air becomes colder and denser, up to the beginning of stratosphere. This
causes the thrust to increase. But at the same time, the increase in altitude

causes decrease in pressure, thus a
decrease in density and corresponding
decrease in thrust. Since the loss of
thrust caused by decreasing pressure is
greater than the increase caused by
decreasing temperature. Thus the
thrust decreases as the aircraft
ascends. At the beginning of
stratosphere at approximately 36,000
feet temperature stabilizes at -56.5°C
and remains at this temperature up to

Thrust
A

(ft)

-

|

Altitude (ft)

around 85000 feet. The pressure continues to fall above the 36,000 feet and
the thrust therefore drops off at a faster rate than it does at the lower

Ell(1 V[ MlThis increased drop off in thrust makes 36,000 feet a chosen

altitude for a long range cruise in jet powered aircraft?

Thrust augmentation:

To achieve better take-off performance, higher rates of climb and increased
performance at altitude during combat manoeuvres, there has been a demand
for increasing the thrust output of aircraft for short intervals of time. The
method of thrust increases the jet velocity is called “Thrust Augmentation. One

of the following methods may be employed:
1.

2.

Increase of turbine-inlet temperature, which will increase the specific thrust
and hence the thrust for a given engine size.
Increase of the mass flow rate through the engine without altering the cycle

parameter
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> Reheat or afterburning

WATERINJECTION: The thrust may be

110

restored or even boosted as much as
10%-30% for takeoff by cooling the Thrust controlled
airflow with water or water—-methanol by power limiter

injection

With water

(methyl  alcohol) injection. The 100 N\
technique is to inject a finely atomized
spray of water or W/M (a mixture of

water and methanol) into either the
inlet of compressor or into the
combustion chamber inlet. The

% Max. static thrust

AN
90 Z

Without water \
injection

80
compressor inlet water injection system

is either all water or a mixture of water
and methanol, but the combustion 70

chamber water injection is always —30 -10 10 30
water and methanol. When methanol is Air temperature CC)

50

added to water it gives properties and also provides an additional
source of fuel. The maximum thrust of an engine using water or \X//M injection
is called the “wet rating.” Water has to be very pure since any impurities may
cause rapid build up of hard deposits on vanes and rotor blades. It vaporizes
rapidly causing intense cooling Turbojet engines usually employ water
injection into the combustion chamber inlet, while in turboprop engines water
or \X//M is injected into the compressor inlet. Once injected into the compressor
inlet, the water increases the air density and cools the turbine gas temperature,
enabling extra fuel to be burned, which further adds to the power. Injection
into the combustion chamber gives better distribution and makes higher water
flow rates possible. It increases the mass flow through the turbine, relative to
that through the compressor. The pressure and temperature drop across the
turbine is reduced as depicted from the following compressor—turbine energy
balance.
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> Reheat or afterburning:

Afterburning (or reheat) is a
method of augmenting the basic
thrust of an engine to improve the
take-off, climb, and combat
performance (for military aircraft).
Afterburning provides the best
method for thrust augmentation for
short periods. Afterburning is
another combustion chamber
located between the LPT and the jet
pipe propelling nozzle. Fuel is burnt
in this second combustion chamber
utilizing the unburned oxygen in
the exhaust gas. this will increase
the temperature and velocity of the
exhaust gases leaving the
propelling nozzle and therefore
increases the engine thrust. The
burners of the afterburner are
arranged so that the flame is
concentrated around the axis of the

27
o M=20 /
: P
-
=
o 23 N /
E \"““-*"/M=og
5 \“M:o.s '
§ 21 —
= M = Mach number
E 13
]
=
o
Q
L 11
5 \ M=09
0.9
— |M=03
0.7
0 10 20 30 40 50
Height x 1000

70% Afterburning

MNormal

jet pipe. Thus, a portion of the discharge gases flow along the walls of the jet
pipe and protect these walls from the afterburner flame, the temperature of
which is in excess of 1700.The afterburning jet is larger than that of a normal
jet pipe would be for the same engine, to reduce the velocity of the gas stream.
The afterburning jet pipe is fitted with either a two-position or a variable-area

propelling nozzle.

The increase of thrust in afterburning engine is also accompanied by an
increase in specific fuel consumption. Therefore, afterburning is limited to
periods of short duration. Fuel is not burnt in the afterburner as efficiently as in
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the engine combustion chamber, since the pressure in the afterburner is not
the peak pressure in the cycle.

Afterburner
Fuel Injector

Fan Nozzle |

8—9’ Fan Exhaust ,

High Speed
Exhaust

7 N

Engine Inlet
(Diffuser)

Combustor Nozzle
Fan  compressor

| Engine Performance Parameters

The engine performance parameters are identified as

. Propuilsive efficiency

. Thermal efficiency

. Propeller efficiency

. Overall efficiency

. Take-off thrust

. Specific fuel consumption
. Specific Thrust

. Non dimensional thrust

ONGCUVhAhWN=
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Efficiencies

Engine power Thrust power=
o/p=Propulsiv
Actual power

€ DOWer

. 1.
Heat Loss Unutilised KE=—m, (Ve -V, )2
2

I Propulsive efficiency

it can be defined as the ratio of the useful propulsive energy or thrust power
( FV, )to the sum of that energy and the unused kinetic energy of the jet. 77,
is often called the [gge]¥[e (<K=} i{d[= g [a"A

» The propulsion efficiency is a measure of the effectiveness with which the
propulsive duct is being used for propelling the aircraft.
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» Propuisive efficiency is the conversion of the kinetic energy of air when it
passes through

the engine into a propulsive power.
» It is influenced by the amount of the energy wasted in the propelling

nozzle(s) and denoted by 77, .
B Thrust power
T = Power imparted to engine airflow
B Thrustpower
T = Thrust power + Power wasted in the exhaust

0

FV_ + ; m, (V, -V,)’

n, =

0

After solving the above equation we will have following equation.

VOO
n_zﬂe
TN/
1+A

o = speed ratio=—== Ca
C

Say, If

<<
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Case-1

If the exhaust speed is much greater than the air (flight) speed, V, >>>V_, then
the

thrust force 7— maximum, n, — 0.

This case represents the take-off condition where V_= 0.

Case-2

V
If the exhaust speed is nearly equal to the flight speed, V—ez 1, then the thrust

o0

force 7— 0, 7, — maximum (100%).

[FIR LTI, turboprop engines have higher propulsive efficiency compared
to turbojet engines, as in the former the exhaust speed is close to the flight
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speed, while for turbojet engines, the exhaust speed is much higher than the
flight speed.

Bypass engines (turbofan and propfan

The air coming into the engine is split into two streams: the first passes through
the fan/propfan, and is known as the cold stream V_,, ,, while the other passes

through the engine core—compressor, combustion chamber, and subsequent
modules—and is known as the hot streamV_;

o 2V, |:VeHOT T PVecolp ~ (1"‘ p )Voo]
i VeZHOT + ﬂve%:OLD o (1+ IB)V@?

Where (B) is the bypass ratio (BPR), which is the ratio between the mass flow
rates of the
cold air and hot air,

or

;
»

=
I
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Thermal Efficiency

Thermal efficiency.is the efficiency of energy conversion within the power plant
itself. So, it
is considered as an [QI{E(iEINSiild(E3l4 while the propulsive efficiency resembles

Elijexternal
EiildEhle% The thermal efficiency refers to the effectiveness of the engine in
developing the excess kinetic energy in the exhaust stream.

_ Power imparted to engine airflow
Rate of energy supplied in the fuel

Thn

;[(ma Fm V2=V |

Tn = m, x HV
Or
m, [ (1+ F)V7 -V ]
n = 2xm; x HV
Or
m, >>>>m,

fuel air ratio is neglected
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Thermal efficiencyj{o]g=Ra"eZ ({11 W< [« [[s [N (KN turbofan and propfan|B

_ VeI2-|OT + ﬂve?:OLD o (1+ ﬂ)vof

Min

2f xHV
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L iuEINE ilEE0e% Turboprop and Turboshaft Engines

The output of a turboprop or turboshaft engine is largely a Sl gseca. In this
case, thermal
efficiency is defined as

\X’here SP is devoted to shaft power

Propeller efficiency

Propellers are used in two types of aeroengines: [J{JslGIaleRil{eTe]e]fe]el. INn both
cases, shaft

power is converted to thrust power. Propeller efficiency (7, ) is defined as the

ratio of the
thrust power generated by the propeller (B, =T xV_) to the shaft power (SA):

_Thrustpower TP B T, xV,
Shaft power SP SP SP

Mo
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Overall Efficiency:

The product of the propulsive and thermal efficiencies i.e. (77, x7,, ] is called the
overall efficiency.

770 — 77p ><77th

Or
— TVoo
To = xRV
Or
— 2Voo
o, = m Tl

Takeoff Thrust

Take-off thrust is an important parameter that defines the ability of an
aeroengine to provide a static and [[QWEY+[S=e| thrust that enables the aircraft to
take off under its own power. Both [Glyl[S¥ELEEEdEE engines are not self-

accelerating propulsion systems from static conditions: they require
acceleration to an appreciable velocity by a boost system before they are
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capable of providing net positive thrust. Thus, they are excluded from this
discussion.

The JE1{R1{*K: of a turbojet engine with an unchoked nozzle is expressed by
the relation

T

takeoff

=m, (1+ f)V, ... (1)

WY here for static thrust

V. =V, =0

aircraft

1r/. .
2[(ma +ih )V o, (14 )V
m, x HV B 2x M, x HY = (2)

T =
By solving equation (1) and (2)

T :2><77th><mf><HV

takeoff Ve .......... (3)

For a given (SR iOVACICR IR S R E EIRSiidE a2 from equation (3) we

have concluded that:
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This relation outlines one of the advantages of over turbojet
and turbofan engines. Turboprop engines accelerate a large mass flow rate of

air to a small exhaust velocity, which in turn increases the takeoff thrust.
(&) Yl [V g1d\"/Maircraft powered by turboprop engines can take off from a ver

Specific Fuel Consumption

This performance parameter of the engine has a direct influence on the costs of
aircraft trip and flight economics. Fuel consumption is either defined per unit
thrust force (for ramjet, turbojet, and turbofan engines) or per horsepower
(e.g., for turboprop and piston-propeller

engines).

AEROADDA EDU SOLUTIONS -WWW.AEROADDA.COM

ﬁ**

W=/

<] | >

AEROADDA

Expert Help Always




Thrust specific fuel consumption:

For ramjet, turbojet, and turbofan engines

Brake-specific fuel consumptionj

for turboprop and piston-propeller engines
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SKY IS THE LIMIT

Specific thrust

The thrust developed per unit mass flow rate of air is known as specific thrust.
This provides an indication of the relative size of engines producing the same
thrust because the dimensions of the engine are primarily determined by the
airflow.

Non-Dimensional thrust

It is defined as the ratio of Thrust to speed of sound is called non dimensional

thrust
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Condition For maximum thrust pow- Turbojet engine)

/e know that

Thrust power (B )=TV

P =m,(V,-V,)xV,
P =, (V, -V, )xV,

I:2I' :ma 1_\£ V;.Ovez
V. |V

e €

Or
P =mV'a(l-a)

To get maximum thrust power condition for given mass flow rate of air and jet
velocity. Differentiate thrust power with respect to o and put equal to zero

dPT _

— =0
da
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After solving the above equation, we will have the value of:

1
o =

2
V. _1
vV, 2

v A ¢
4’,‘>
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» Now Propulsive efficiency at maximum thrust power condition
> By putting the value of o we will get the value as follows

Problem: 1

An aircraft fly at 960kmph. One of its turbojet engines takes in 40kg/s of air
and expands the gases to the ambient pressure. The air-fuel ratio is 50 and the
lower calorific value of the fuel is 43MJ/kg. For maximum thrust power
determine

Jet velocity

Thrust

Specific thrust

Thrust power

Propulsive, thermal and overall efficiency
TSFC

cuhwWN=
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. 9334m/s
. T1.094 kN

. 211.35N/kyg/s

. 2998.TTKw

. 66.6%,12.69%,8.42%
. 0.2396 ko/kN.

Problem: 2

A turbojet engine is powering a fighter airplane. Its cruise altitude and Mach
number are 10 km and 0.8, respectively. The exhaust gases leave the nozzle at
a speed of 570 m/s and a pressure of 0.67 bar. The exhaust nozzle is

characterized by the ratio fi=0.006 m’s/ kg .The fuel-to-air ratio is 0.02. It is
m

a

. . T
required to calculate the specific thrust —
m

a

Solution:

At altitude 10 km, the ambient temperature and pressure are

T,=2233 K and P,=0265 bar

The flight speed u=M,[yRT, =239.6 m/s.
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m—:[(1+ f)V, —Vw]+r%(Pe—Pw)

a

1 _58477Ns/kg .

m

a

Problem :3

A turbofan engine is powering an aircraft flying at Mach number 0.9, at an
altitude of 33,000 ft, where the ambient temperature and pressure are —50.4°C
and 26.2 kPa. The engine

BPR is 3, and the hot airflow passing through the engine core is 22.7 kg/s.
Preliminary analysis provided the following results:

f =0.015
Peop = 55.26kPa Por =32.56kPa
Vecop =339.7m/ s Vor =452m/s
A op = 0.299m’ A.or =0.229m’

Calculate the thrust force
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The flight speed is

u=M/YRT, = 269.2 m/s

The cold airflow . =3x 22.7 = 68.1 m/s.
Fuel flow rate my = fxm;, = 0.015x 22.7 = 0.3405 kg/s.
The hot exhaust flow rate = niy;, + iy = 23.04 kg/s.

The thrust force is calculated from the relation

T= rir,-,l:[l +f)ri,h — H:I + (e — 1)+ A (Pi — B )+ Az (P - B)
=(22.7)[ (1.015)(452.1) - 269.2 | + (68.1)[339.72 - 269.2]

+(0.229)[32.56 - 26.2]x 10° +(0.299)[55.267 — 26.2] % 10°
T =19.257 kN

[ T-19.257kN ans |
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Problem :4

The Boeing 747 aircraft is powered by four CF-6 turbofan engines manufactured by
General Electric Company. Each engine has the following data:

Thrust force 24.0kN

Air mass flow rate 125 kg/s
BFR 5.0

Fuel mass flow rate 0.75kg/s
Operating Mach number 08

Altitude 10 km
Ambient temperature 2232k
Ambient pressure 264 kPa
Fuel heating value 42,800 k] (kg

If the thrust generated from the fan is 75% of the total thrust, determine

The jet velocities of the cold air and hot gases
The specific thrust

The TSEC

The propulsive efficiency

The thermal efficiency

The overall efficiency

O e L b e

(Assume that the exit pressures of the cold and hot streams are equal to the ambient
pressure.)

Solution:
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Since the total air mass flow rate through the engine is m, =125 kg/s, then the
flow rates are calculated from the BPR as follows:

M, = Mpay = gx 125=104.2 kg/s

Tty = Titgore = (1/6)x 125 = 20.8 kg/s

: : 0.75
Fuel-to-air ratio f =g/, =——=0.036
uel-to-air ratio f = g./1y 208

T, =0.75T =18 kN
Toore =0.25T =6 kN

Flight speed U = M/yRT, = 0.84/1.4x 287 x223.2
U =240 m/s

Exit velocity from fan (cold air)

SiﬂCE TFEH = mFmi‘ (ul‘-‘Fﬂn o uFﬂghI ]

~U,, = TF”” + Upiigh = 18,000 +240=173 + 240
B 7. 104.2
U, =413 m/s
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Exhaust velocity from engine core (hot gases)
since Teu, = ficoe | (1+ f ) Uee ~U |
T"on: . ore +U
oy, < eften U] 1 000081 240]
1+f 1.036
U,.,. =510 m/s
. r 24
2. Specific thrust = —=—=0.192 kN -s/kg =192 m/s.
m, 125
g 0.75

3. TSFC =

ST 0.03125 kg - Fuel/kN/s.

4. The propulsive efficiency
Since both cold (fan) and hot (core) nozzles are unchoked, then the propulsive
efficiency can be expressed as

T=xU

%mh [(1+f)uz, -u | +%mc juz-u’ |

Ne =

224,000 x 240
Mp = 2 2 2 2
20.8| 1.036 x (510)° - (240)" | + (104.2)[ (413)° - (240’ |

~ 11.52x10°
4.409x10° +11.77x 10°

=0.712=71.2%

Ne
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5. The thermal efficiency

titcore| (1 f) Ui, —U? |+ titge, (Uz,, —U?)

N =

Zﬁf_,ﬂm'QHF
6
—_— 16.179x 10 02546
2x0.75x42.8x 10
N = 25.46%

6. The overall efficiency

No =MNpNa = 17.93%
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An aircraft flies at a speed of 520 kmph at an altitude of 8000 m. The diameter

of the

propeller of an aircraft is 2.4 m and flight to jet speed ratio is 0.74. Find the

following:

(i) The rate of air flow through the propeller
(if) Thrust produced

(iii) Specific thrust

(iv) Specific impulse

(v) Thrust power

Solution:
Area of the propeller disc A = L‘E‘dz
= T 1
4 (24)
A = 452 m

Aircraft speed or flights peed
V_=520kmph =144.44m/s
u

Velocity ratio o = Vo _ U
V, u

e e

=0.74
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Velocity of jet=V,=195.19m/s

Velocity of airflow at the propeller= c = %(Vw +V,)=169.81 m/s
Mass flow rate of air-fuel mixture
m = pPAC
0.525 = 4.52 = 169.81

I

m = 402.96 kg /s

We know that m = m, T Mg
Since mass flow rate of fuel (m ;) is not given, let us take

L L]
m o= m,

! Mass flow rate of air m, = 402.96 kg/s

Thrust produced

Ans: T = 2045)(103 N
T

Ans: Fy=——=50.75Ns/kg
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Specific impulse

. F
Specific Impulse (L) = 37
- B
m g
- L
m, % g
_ 2045 = 10
402.96 = 9.81
L, = 3.17 s
P =TxV,
Ans:
P =2.95MW
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I Standard Station

Manufacturers use a standardized system of numbering based on the Society of
Automotive Engineers (SAE) Aerospace Recommended Practice (ARP) 755. This
system allows for standardized numbering for specific locations within the
engine, irrespective of its configuration. The basis of this system is as follows

45
| |

Combustion
chamber Tulrbilne Nozzle
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Station Location

0 Free stream

1 Engine intake

2 Compressor inlet

3 Compressor delivery

4 Turbine inlet

5 Turbine exit

6 Front face of mixer or afterburner

7 Nozzle inlet

8 Nozzle throat

9 Nozzle exit (divergent only)
Optimization of the turbojet Engine/Cycle

» \WYhen considering the design of a turbojet the basic thermodynamic
parameters at the disposal of the designer are the turbine inlet temperature
and the compressor pressure ratio means basic thermodynamic parameters
for the design of turbojet engine are turbine inlet temperature and
compressor pressure ratio.

» Thrust is strongly dependent on the value of TIT.

» At constant pressure ratio an increase in TIT will cause some increase in SFC.
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The gain in F, with increasing temperature is invariably more important
than the penalty in increased SFC particularly at high flight speeds where
small engine size is essential to reduce both weight and drag.

The effect of increase in pressure ratio is to reduce SFC.

At fixed value of T,, increasing the pressure ratio initially results in an
increase in Fs but eventually leads to decrease.

The optimum pressure ratio for maximum specific thrust increases as value
of TIT increases

0161 1800 _5
Compressor
prassure
D14 ratio
15
25
SFC 1200
Eg_ ] 0a2-
hN
010 M,=08
alt. = 9000 m
0.08 | | ] ] |
500 600 700 BOO 900 1000
Specific thrust/[N s/kg]

AEROADDA EDU SOLUTIONS -WWW.AEROADDA.COM

Expert Help Always




Higher cruising speed at the same altitude

» Itis found that in general, for any given values of pressure ratio (r.) and
T,

wa» SFCis increased and the specific thrust is reduced.

» These effects are due to the combination of increase in inlet momentum
drag and an increase in compressor work due to rise in compressor inlet
temperature.

» Compressor curves for different altitudes show an increase in F, and on

decrease in SFC with increasing altitude due to fall in temperature and
the resultant reduction in compressor work.

» Notable effect of increase in design cruise speed is that the optimum
compressor pressure ratio for maximum specific thrust is reduced .This is
because of the larger ram compression in the intake

The higher temperature at the compressor inlet and the need for a
higher jet velocity make the use of a high turbine inlet temperature

Y =10 Sl Tal« s [« [« @essential for economic operation of supersonic
aircraft.
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Variation of thrust and SFC with Mach number and altitude

» At different flight conditions both the thrust and SFC will vary, owing to
the change in air mass flow with density and the variation of momentum
drag with forward speed.

> If the engine were run at a fixed rotational speed, the compressor
pressure ratio and turbine inlet temperature would change with intake
conditions.

» Typical variations of thrust and SFC with change in altitude and Mach
number, for a simple turbojet operating at its maximum rotational speed,
are shown in following figure

15000 — 0151

10000 ——— 3000m __—

Thrust/[N]

5000 — e
11 000 m

1] I 1 l f 0 1 1 L
] 02 04 0-6 08 0 0.2 04 06

Flight Mach number Flight Mach number

» It can be seen that thrust decreases significantly with increasing altitude,
owing to the decrease in ambient pressure and density, even though the
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specific thrust increases with altitude owing to the favourable effect of the
lower intake temperature.

» SFC, however, shows some improvement with increasing altitude.

» SFC is dependent upon ambient temperature, but not pressure, and hence
its change with altitude is not so marked as that of thrust. It is obvious from
the variation in thrust and SFC that the fuel consumption will be greatly
reduced at high altitudes.

» With increase of Mach number at a fixed altitude the thrust initially
decreases, owing to increasing momentum drag, and then starts to increase
owing to the beneficial effects of the ram pressure ratio; at supersonic Mach
numbers this increase in thrust is substantial.

I Optimization of the turbofan

The turbofan engine was originally conceived as a method of improving the
propulsion efficiency of the jet engine by reducing the mean jet velocity,
particularly for operation at high subsonic speeds.

Turbofan engines are usually described in terms of bypass ratio, defined as the
ratio of the flow through the bypass duct (cold stream) to the flow at entry to
the HP compressor (hot stream). bypass ratio f is given by:

ﬁ — mCOLD

mHOT

» Total mass flow rate to the engine is:

Migtar = Meop T Myor
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» Hence primary mass flow rate through core or hot section

_ mtotal

rhHOT - m

» Secondary mass flow rate through fan or cold section

. £ o).
Meop = (m Mgt

For the particular case where both streams are expanded to atmospheric
pressure in the propelling nozzles, the g[g441{*K is given by

T=m, [(1—!— f )VeHOT —Voo] + Mg (VeCOLD -V )

o0

Designers of turbofans have four thermodynamic parameters

» Overall pressure ratio
» Turbine inlet temperature
» Bypass ratio
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» Fan pressure ratio.

v" The overall pressure ratio and turbine inlet temperatures can be thought of

as determining the quality of the engine cycle.
v" While the bypass ratio and fan pressure ratio characterize the effectiveness

with which the available energy is converted to thrust

Y4

Overall pressure ratio and bypass ratic fixed Inc:reasing
bypass ratio

SFCl .= Optimum

Fy /’_9\
/-é\ /Turb’il:e inlet
/-6—\ temperalure increasing

Fan pressure ratio

\ Specific thrust F. /

Optimization of fan|
pressure ratioj
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SFC

Bypass ratio fixed

[Turbofan optimization

Specific thrust F. //

For fixed overall pressure ratio and bypass ratio

v

v
v
>

Consider turbofan engine with OPR & BPR fixed.
For a particular value of TIT the energy input is fixed.
For low value of FPR the fan thrust will be small and the work extracted.

From low pressure turbine will also be small. Thus, it energy will be
extracted from hot stream and large values of SFC as KE loss in jet is high.
As, FPR increases fan thrust increases and hot thrust decreases.
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» For a given value of TIT, there will be optimum value of FPR for minimum
SFC and maximum specific thrust coincides with minimum SFC.

Variation of SFC with specific Thrust:

» Increasing BPR improves SFC at the expense of a significant reduction in
specific thrust.

» The optimum fan pressure increases with turbine inlet temperature.

» The optimum fan pressure decreases with the increase of BPR.

» The optimum SFC requires low specific thrust, and this is particularly
important for high bypass turbofans.
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I Performance characteristics

Turbojet (subsonic

Sealevel 100% rpm m
7,000 3.0
' n\{ 90% rpm A
B0% rpm &
]\1:]-..._{ p
6,000 Sealevel 1009 rpm -4 E 40,000 ft 100% rpm O
90% rpm A % Q0% rpm A
80% rpm & £ 80% rpm CIJ
5:000 f\ﬁ 400006 100% pmm | 2 *° :
= 90% rpm A e
E 4,000 \\“"‘- A 80% pme || 02
5 Hh“‘l’“ﬂhﬁ E‘
3,000 )\H‘ = 1.0
=
(=1
o
2,000 \?\‘?\ EN _ ‘ rL—- . t.L- ¢!>
i fg .g_-—c}":: _TE:&‘:&:é
gl B + a2 B BTG
1,000 & 1.0 BE
0 0.5
0 0.2 0.4 0.6 0.8 L.0 1] 0.2 0.4 0.6 0.8 1.0
Mach number Mach number
Figure 3.13 Typical results for the variation of thrust with Figure 3.14 T}'Pi‘?ufl results for the variation of |'|’1"J_5+
subsonic Mach number for a turbojet ific fuel consumption with subsonic
= Mach number for a turbojet.

Conclusion:
Thrust is reasonably constant with increase in Forward velocity

Thrust decreases with increase in altitude

TSFC is reasonably constant with increase in forward velocity
TSFC reasonahlv constant with increase in altitude
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Turbojet (supersonic

» TSFC is reasonably constant with 500

forward velocity

» The total pressure recovered at the
exit of the diffuser is large as M 400 e
- - /
increases, particularly for e

TI8(kN)

supersonic values, Plot becomes —
300 -

Cy

quite large. This is essentially the 1

pressure of the flow as it enters the g

compressor, through which the 200
pressure is further increased

considerably. The net effect of 1.0 1.2 1.4 16 18
these higher-pressure levels inside

the engine for Supersonic ﬂight is Typicc|| results for the variation of thrust and thrust speciﬁc fuel

consumption with supersonic Mach number for a turbojet.

20

that Thrust is greatly increased;
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I Turbofan (High Bypass)
Ap—
0.6 1.8
B, ..f/
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M # y a7
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\ S .
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~ 8 Conclusions:
I Thrust decreases with increase in
— . .
~— Forward velocity, but remains
0.3 — reasonably constant at 0.7<M<0.85
Thrust decreases with increase in
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m| TSFC increases increase in forward
———— velocity
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I Turbofan (Low Bypass)

3 U.7
i o p -\_\ / Conclusions:
| ,4/ \ ’//
b 05 T | Lt » Thrust decreases with
” - - -
s [ E., —— — increase in altitude
T [ S S s § Thrust increases with
L sl — T/Tyap ) increase in forward
. - . :
. — Gl e velocity(M>1)
- 0.2 15 g1 ! — . .
i T Heights in kilometers ~ TSFC increases with
o ol — HEEE increase in forward
' 06 08 10 1.2M 14 16 18 20 22 velocity
Figure 3.22  Variation of thrust and thrust specific fuel consumption with subsonic and
supersonic Mach number and altitude for a generic military turbofan.

AEROADDA EDU SOLUTIONS -WWW.AEROADDA.COM

Expert Help Always




I Turboprop Engine

7 — 1.4
] Sea level 1.3
¢ S — £ 0
"'\N\ ~ -
5 oo T
7 — 25 10
= e 20,000 ft | §&
x 4 i = 0.9 Sea level
E, — T | 30,000 ft | 3§ 08 =—<110,000
N . eg 07 —30,000-%__ /_,;20»““‘
= 5 | — 40,000 ft | g g 0.6 40,000 Se/s level]
e § 0.5
1 g 10,000
o 04 /] 20,000
0 5E 03 /430000
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M., & ' Lz
0.1
Figure 3.25  Variation of maximum horsepower available HP, 0 |
as a function of Mach number and altitude for a 0 01 02 03 04 05 06 07 08 09 1.0
typical turboprop engine. " ’ '

Conclusions:

Thrust is reasonably constant with increase in Forward velocity

Thrust decreases with increase in altitude
TSFC is reasonably constant with increase in forward velocity(M<0.85)
TSFC reasonably constant with increase in altitude
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I Inlet/Intake

» The primary purpose of the inlet is to bring the air required by the engine
from free stream conditions to the conditions required at the entrance of
the fan or compressor with minimum total pressure loss.

» The inlet interchanges the organized kinetic and random thermal energies
of the gas in an essentially adiabatic process. The perfect (no-loss) inlet
would thus correspond to an isentropic process

» The prime requirement is to minimize the pressure loss up to the compressor
face while ensuring that the flow enters the compressor with a uniform
pressure and velocity, at all flight conditions. Non-uniform, or distorted, flow
may cause compressor surge which can result in either engine flame-out or
severe mechanical damage due to blade vibration induced by unsteady
aerodynamic effects. Even with a well-designed intake, it is difficult to avoid
some flow distortion during rapid maneuvering.

» The intake is a critical part of an aircraft engine installation, having a
significant effect on both engine efficiency and aircraft safety.

The Requirements of the inlets:

High total pressure ratio nd,

Controllable flow matching of requirements,

Good uniformity of flow,

Low installation drags,

Good starting and stability,

Low signatures (acoustic, radar, etc.),

Minimum weight and cost while meeting life and reliability goals

VVVVVYVY
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Note: The fan or compressor works best with a uniform flow of air at a Mach
number of about 0.5

A list of the major designh variables for the inlet and nacelle includes the

following:

» Inlet total pressure ratio and drag at cruise

» Engine location on wing or fuselage (avoidance of foreign-object damage,
Inlet flow up wash and downwash, exhaust gas re ingestion, ground
clearance)

» Aircraft attitude envelope (angle of attack, yaw angle, cross-wind takeoff)

> Inlet total pressure ratio and distortion levels required for engine operation

» Engine-out wind milling airflow and drag (nacelle and engine)

» Integration of diffuser and fan flow path contour

» Integration of external nacelle contour with thrust reverser and accessories

> Flow field interaction between nacelle, pylon, and wing

» Noise suppression requirements.

Design considerations:

>

The airflow entering the compressor or fan must have low Mach number, in
the range 0.4 to 0.7, Part of this deceleration occurs upstream of the inlet
entrance plane.

The inlet must be desighed to prevent boundary layer separation, even
when the axis of the intake is not perfectly aligned with the streamline
direction far upstream of the inlet.

It is important that the stagnation pressure loss in the inlet be small.

It is even more important that the flow velocity and direction leaving the
inlet be uniform, since distortions in the velocity profile at the compressor
inlet can severely upset the compressor aerodynamics and may lead to
failure of the blades due to vibrations.
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» Design of inlets that must operate efficiently in both supersonic and
subsonic flight poses special problems.

Subsonic Intakes|

Subsonic intakes are found in the turbojet or turbofan engines powering most
of the current civil transports (commercial and cargo aircraft).

A subsonic aircraft has an intake with a relatively thick lip. Concerning
turboprop engines, the intakes are much complicated by the propeller and gear
box at the inlet to the engine.

Subsonic inlets have fixed geometry, although inlets for some high-BPR
turbofan engines

are designed with blow-in-doors. These doors are spring-loaded parts installed
in the

perimeter of the inlet duct designed to deliver additional air to the aero engine
during

takeoff and climb conditions, as this is when the highest thrust is needed and
the aircraft speed is low
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@) ©) (b) 2

(c)

Flow characteristics of podded intakes: (a) ground run, (b) climb, (c) high-speed
cruise, and (d) top speed
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Performance Parameters:
B ! |2 Combustion ? ? 3
| Intake | Cnmpress:l1 chamber  Turbine MNozzle |

(a) High speed or low mass flow

(b) Low speed or high mass flow
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Performance Parameters

The intake efficiency can be expressed in a variety of ways, but the two most
commonly used are the [l [d[S 4" (defined in terms of temperature

rises) and the [EluRSiildE4A88 (defined in terms of pressure rises).

Tor=Toal —~ :7|
Ta 17> Cil2ec,
/ 7
c¥2c / a i
P / i | C
/ S~
! Pa i
T V C_;..I__. P R,
El ——a a i
f'—'_"_%

The isentropic efficiency of diffuser is given by as follows:

_ T0'1 — Ta

= T01 -T

a

The ram efficiency of diffuser is given by as follows:

1, = Pos = Pa

pOa - pa
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Key point of subsonic diffuse

» Total temperature in diffuser is constant

v? T T -,
T =Te=T, +f It follows that
p
> oo To, — T, = H'C_g
C2 2CP
To=To =T+
2C, Po1 To — n]m?_n
: . =l
» For isentropic flow Pa [ T
i
p. (T, M2¢,1,
> Pressure rise in diffuser (Pressure ratio) Por _ [1 LY IMZ]"*’“_“
L pa n! 2 a
IV \ /
> h=(1+ nIs=Mm? ]7
P, 2

» Temperature ratio at inlet of diffuser(Stagnation temperature ratio)

- h:(u—y_llvl?j
T 2 "

a

» For subsonic :take diffuser isentropic efficiency as 0.93

Diffuser ram efficiency

The ram efficiency 7, hr is defined by the ratio of the ram pressure rise to the
inlet dynamic head, namely

1, = Po1 = Pa
pOa - pa
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>

Po; — P, is referred as [Glul V=N =

For subsonic intakes, both 7, and 7;, are found to be independent of inlet
Mach number up to a value of about 0.8 and thence their suitability for cycle

calculations.
I Supersonic Inlets

The supersonic inlet is required to provide the proper quantity and
uniformity of air to the engine over a wider range of flight conditions than
the subsonic inlet is.

In addition, the nature of supersonic flow makes this inlet more difficult to
design and integrate into the airframe.

In supersonic flight, the flow is decelerated by shock waves that can
produce a total pressure loss much greater than, and in addition to, the
boundary-layer losses.

Oblique Shocks

L .. |
| Supersonic Diffuser | Subsonic Diffuser |

» A supersonic inlet is made up of two distinct parts. First the flow is

compressed supersonically from the velocity of the flight vehicle or, in other
words, the free stream Mach number.

This is done by reducing the flow area as the flow proceeds downstream. In
this region the flow velocity is reduced through a series of compression
waves and/or oblique shocks.
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> Flow velocity is reduced to a minimum speed at the duct minimum area,
called the throat of the inlet, where the flow approaches sonic velocity or a
Mach number of one. At this point the flow Mach number will be reduced
from supersonic, above one, to subsonic, below one, through a normal
shock. This begins the second part of the inlet, the subsonic diffuser.

> In this region the velocity is reduced as the flow area is increased. The result
of this process is conditioned air, smooth, subsonic air at high pressure,
which is then delivered to the engine.

Ke
>

>

>

points of supersonic diffuse

n; is less than 0.93 in case of supersonic diffuser

The existence of shock waves, which lead to large decrease in stagnation
pressure even in the absence of viscous effects.

It must operate efficiently both during the subsonic flight phases
(takeoff, climb and subsonic cruise) and at supersonic design speed.

The intake efficiency will depend upon the location of the engine in the

aircraft (in wing, pod or fuselage), the
increase in inlet Mach humber.

In practice, neither 7, nor 7, is used for
supersonic intakes and it is more usual to
quote values of stagnation pressure ratio
Poi/ Poa. a@s a function of Mach number.

. Por/ Po. IS called the [slg 30N dIdel g

>

>

: Poa shock ‘

factor of the intake (PRF).

Pressure recovery factor should be as high
as possible

Knowing the pressure recovery factor, the
pressure ratio p,, / p, can be found from

value of 7, decreasing with

/where Poa/P. 18 given in terms c:-f\

Tﬁfr—u

-1
Poa — [ 1 + Y M%
Pa 2

Por -~ pressure recovery factor
Poa

(PRF)

If PRF is not given then we can
take

(pﬂ) = 1.0 = 0.075(M, — 1)
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» Pou_ Pu . Poa
pa pOa pa

The task of the exhaust nozzle is to convert gas potential energy into kinetic
energy (i.e. gas velocity) necessary for the generation of thrust. Propelling
nozzle’ to refer to the component in which the working fluid is expanded to
give a high-velocity jet. This is accomplished solely by the geometrical shape of
the nozzle, which is basically a tube of varying cross-section. Not every nozzle
type performs in the same manner. Depending on the type of aircraft, and
design flight speed, different types of nozzles are employed.

Functions of the Nozzles:

Accelerate the flow to a high velocity with minimum total pressure loss
Match exit and atmospheric pressure as closely as desired

Permit afterburner operation without affecting main engine operation
Allow for cooling of blades

Mix core and bypass streams of turbofan if necessary

Allow for thrust vectoring

Suppress jet noise and infrared radiation

Thrust vector control

YVVVVVYYY

The exhaust nozzles may be classified as

1. Convergent nozzle

2. C-D nozzle
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Convergent nozzle

In a convergent nozzle that the cross-section of a duct decreases in the stream
wise direction if a subsonic fluid flow is to be accelerated. A convergent nozzle
is fitted to all airliners which fly at subsonic or transonic speeds. Thus it is either
of the axisymmetric or annular geometry. All subsonic/ transonic turbojets and
turboprop engines have one axisymmetric convergent nozzle

Convergent-Divergent Nozzles

c=a |

—> 1 1 —
‘ c>a

/"’\ c Flow velocity

a  Speed of sound

Cross- Cross-
section }-—— section —'-'I

decreasing increasing

For higher exhaust velocities above Mach 1.5. Convergent-Divergent nozzle
shape is required. The geometric characteristic of this nozzle is a decreasing
cross- sectional area in its forward part (much like a convergent nozzle),
followed by a cross-sectional increase in its rearward portion (the divergent
section).
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In this nozzle, the subsonic flow is accelerated in the converging section up to
the minimum area or throat. It reaches a sonic speed exactly at the throat in the
divergent section, pressure is allowed to decrease below its critical value, with
fluid velocity continuing to accelerate to supersonic values.

At operating pressure ratios less than the design value, a convergent-
divergent nozzle of fixed proportions would certainly be /ess efficient because
of the loss incurred by the formation of a shock wave in the divergent portion.
For these reasons aircraft gas turbines normally employ a convergent
propelling nozzle. A secondary advantage of this type is the relative ease with
which the following desirable features can be incorporated:

(a)VEUELIEEIEE: which is essential when an afterburner is incorporated. Earlier
engines sometimes used variable area to improve starting performance, but this

is not necessary today.
(b) : to reduce the length of runway required for landing, used

almost universally in civil transport aircraft.
(c) : Most of the jet noise is due to the mixing of the high

velocity hot stream with the cold atmosphere, and the intensity decreases as
the jet velocity is reduced. For this reason the jet noise of the turbofan is less
than that of the simple turbojet. In any given case, the noise level can be
reduced by accelerating the mixing process and this is hormally achieved by
increasing the surface area of the jet.

The main limitations on the design are;

» The exit diameter must be within the overall diameter of the engine
otherwise the additional thrust is offset by the increased external drag.

> In spite of the weight penalty, the included angle of divergence must be
kept below about 30° because the loss in thrust associated with divergence
(nonaxiality) of the jet increases sharply at greater angles.

» The desigh of the convergent-divergent nozzle was especially critical for
supersonic transport aircraft, such as the Concorde, which spent extended
periods at high supersonic speeds.
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Losses in a Nozzle

> Thrust loss due to exhaust velocity vector angularity.

» Thrust loss due to the reduction in velocity magnitude caused by friction in
the boundary layers

» Thrust loss due to loss of mass flow between nozzle entry and exit from
leakage through the nozzle walls

» Thrust loss due to flow no uniformities

Isentropic efficiency of nozzle:

_Actual enthalpy drop T, - T,
Isentropic enthalpy drop T, —T.

Min

» The value of 7, is obviously dependent on a wide variety of factors, such as
the length of the jet pipe, and whether the various auxiliary features
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mentioned earlier are incorporated because they inevitably introduce
additional frictional losses.

» Another factor is the amount of swirl in the gases leaving the turbine,
which should be as low as possible

» e shall assume a value of 0.95 for n,, hence 7, =0.95

m Convergent nozzles are used in almost all the present subsonic
transports. Moreover, in most cases these convergent nozzles are also choked,
and incomplete expansion of the flowing gases to the ambient pressure is
encountered. At nozzle outlet, the gases exit at sonic speed while the pressure
is greater than the ambient pressure. Thus a pressure-thrust force is developed.
On the contrary, a convergent-divergent nozzle (C-D) satisfies a full expansion
to the ambient pressure.

Nozzle loss for unchoked and choked flows

T T Pos
Pos
} /
Ci/2c,
where o for isen. flow
Cs=(yATy)? _ o Hir-1)

| = Poa ?:

T. I, A Pz
s 5

(a) When P24 . Put Pos  Pos

a Pe P -
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— If Pou . Pu 1hen nozzle is unchoked
pc p5
Y \X’here p, is critical pressure

— If Pou _ Pu rhen nozzle is choked
pc p5

(c) p<p, " T & = Pep ' | TTTTTTTC

Behaviour of convergent-divergent nozzle. (a) Design condition. (b) Exit

pressure exceeds ambient pressure. (c) Ambient pressure exceeds exit pressure.
(d) Ambient pressure greatly exceeds exit pressure

_T04 —T5
TN _TO4—T’ .......... (1)
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From equation (1) we can find pressure ratio

_ To4 _Ts _ To4 _Ts
e To4 _Tsl B T5'
T04 1-—>

Tos
T’
Tos —Ts = Tou _T_S
04
1
Tos = Ts =17 T4 1_-|-_
04
T,
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_ 1
y
1
T —Ts =1 Tou | 1 p_
o4
Ps
» L i
y
1— i _ Toa—Ts
Pos Min Tog
Ps
vl
A TeTs
Pos Min Tos
Ps
7
Ps _ 1— To—Ts Jyl
Pos Min Toa
_ -7
y-1

Pos _ 1
Ps (1_ T04 _Ts ]
i Min Tos ]

where Pos is (plor#4[H gV {HElile and P, = p,
Ps
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y-1
p04 — 1
s 1,1 [1_ T, J .................... (1)
L Tin T04 |
Now calculation of stagnation pressure to static pressure in terms of mach
number
T5 T5 2
T, 1
T04 (1+ L_l ME)Z)
2
B e
y-1
Pos _ 1
Ps
-1 11
N (1+ 7; Mszj
2
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For IRy [N [eF#1[cNENd s [6]'le|, then the exit m (M, =1) and all

conditions are denoted by subscript (c). The temperature ratio is then T, =T,

T 1 2

C —

Toe (1+ y—lj y+1
2

T 2

c _—
T - Y+ 1 putting this value in above equation (1)
04

4

y—1

Pos _ 1

P 1_1(1_2j
Tin y+1

Pos _ L (2)

> 1_1(7—1j ..........
v\ 7 +1
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@l |: If nozzle is unchoked take &from equation (1) for further

Ps

calculation and we have optimum expansion, for unchoked nozzle the
exit/jet velocity can be calculated by:

V.=V, =C,=,/2c, (T04 —T5)

@, If the nozzle is choked Poy from equation (2) for further

c

calculation, for choked nozzle the exit/jet velocity can be calculated by:

V, =V, =C; =/2¢,(T,, - T.) = [yRT, /

The engine performance is estimated by defining the adiabatic efficiencies as follows:

Diftuser efficiency: 0.7 < n; < 0.9 (depending strongly on flight Mach number)

Compressor efficiency: 0.85 <n,< 090

Burner efficiency: 097 < 1, < 099 (same value applies for the efficiency of
afterburner)

Turbine efficiency: 0.90 < n, <0.95

Nozzle efficiency: 0.95 < n, < 0.98
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| Cycle analysis
1. Ideal Ramjet
Diffuser ——s+f+— Combustion chamber Nozzle -
Fuel inlet
/—-_ -7 { u ol
B¢ :
W Exhaust jet
& < .
' \ : | Combustion ‘ Expansion é
Supersonic Subsonic

compression compression

T —

P

(02)

wy
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» For isentropic (reversible adiabatic) flow inside the engine, no pressure drop
will been countered in the three modules of the engine; thus

Poa = Poz = Pos = Pos

» Moreover, since neither work nor heat addition nor rejection takes place in
the intake and nozzle, then from the first law of thermodynamics, equal
total enthalpy (and thus, total temperature) is presumed. Thus

TOa: 02 T04: 06

» Full expansion of the hot gases within the nozzle is assumed; thus

pa:p6:pe
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then from

V. Vs are  the

specific heat ratios
for air and exhaust
gases, respectively
? If we ignore the
variations in fluid
properties, (R, 7),

Or
M, =M,
v, =2y - [ZeR
a 7. RT,
Ve = T_e Voo
Ta
T
— 04
Ve _Voo T
Oa

The relations
between total and
static conditions
(temperature and
pressure) at the
inlet and outlet of
the engine

(o0}

The flight and exhaust
Mach numbers are
equal, but the flight
and exhaust speeds are
not. This difference
generates the thrust
force. Again, assuming
constant (y, R) within
the engine,
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(H: To get the
fuel-to-air ratio,
apply the energy
equation to the
combustion

process

Thrust force (T):

Since full
expansion in the
nozzle is assumed,
that is, Pe = Pa,
then the thrust
force is expressed
as

AEROADDA EDU SOLUTIONS -WWW.AEROADDA.COM

titghoy +1i1/Qp = (111, + 1117 ) hoy
Qr = Heating value of the fuel
hop + fQr = (1+f)hn4

CpoToo + fQr = (1+ £ ) Cp, Ty

TEI'E = TEI a

(CpuTos/Cp Tow ) -1
Qﬂfcpg Tﬂa ) - (Cp4 TDtl/CpgTD.z ]

:._f=(

T=m, (1+ )V, -mV,
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Turbojet cycle

Nozzle is

choked/Unchoked

R
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Problem: 1
PROBLEM:

Determination of the specific thrust and SFC for a simple turbojet engine, having
the following component performance at the design point at which the cruise speed
and altitude are M 0.8 and 10 000 m:

Compressor pressure ratio 8.0
Turbine inlet temperature 1200 K
Isentropic efficiency:
of compressor, 7, 0.87
of turbine, 7, 0.90
of intake, 7; 0.93
of propelling nozzle, ; 0.95
Mechanical transmission efficiency n,, 0.99
Combustion efficiency 0.98
Combustion pressure loss Ap,, 4% comp. deliv. press.
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Poz rf |
:I {ﬁ Tﬁ}mm
01 Y
Poi / 1L c E-" 2¢,
a

Poa

Ps{= D4 OF P
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From the ISA table, at 10 000 m
p, = 0.2650bar, T, =223.3K and a = 299.5m/s

The stagnation conditions after the intake may be obtained as follows:

C: (0.8 x299.5)°

2, 2 X 1.005 X 1000

= 28.6K

C:
Ty =T, +— =1223.3 + 28.6 = 251.9K

r
ca |Yob 0.93 X 28.6 |**
PL_ 1144 =!1+ 2 = 1.482
P 2T, 2233

Pop = 0.2650 X 1.482 = 0.393 bar

Compressor calculation

At the outlet from the compressor,

Poz = (%)Pm = 8.0 X 0.393 = 3.144 bar
1

Tor | (P2 \*~ V7 251.9 |
Tpo— Toy = —| | — —1|==""80" -1|=1239K
S Kpm 0.87 ’
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T, = 251.9 + 234.9 = 486.8K

Combustion chamber calculation

_ Ap,\ _
Pz =Pl 1 ——— | = 3.144(1 — 0.04) = 3.018 bar
Po2
_ Cp,gals-|-03_Cp,airTOZ
Mee X HV - Cp,gasTOS
=0.0198

W, = W./n,, and hence

Tz — Tor)  1.005 X 234.9

Ty — Ty = = = 207.7K
o CogTh 1.148 X 0.99
Tos = 1200 — 207.7 = 992.3 K

1 207.7
T.E,q = Ty — ;(ng — Toy) = 1200 — W =969.2 K

I .

Th \Y/r— 1D 2\4

Pos = pm(T;‘) = 3.(}18(%) = 1.284 bar
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The nozzle pressure ratio is therefore
Pos  1.284
= = 4.845
Pa 0.265
The critical pressure ratio, from equation (3.14), is
1 1
s = 1.914

e [ tf(y=1\] [ 1 (033)]°
m\y + 1 0.95\2.333
Since pos/Pa = Pos/p. the nozzle is choking:}

If the nozzle is choked Pos we will take for further calculation

P
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2 2 % 992.3
1;:11:( )TmziZSSU.TK

y + 1 2.333
o 1 _ 1'284—[)6le
g 100 X 0.671
ps = Pe _ = 0.275 kg/m?

RT.  0.287 X 850.7
Cs = (YRT.)? = (1.333 X 0.287 X 850.7 X 10002 = 570.5 m /s
As _ 1 1

m  psCs  0.275 X 570.5

= 0.006 374 m® s /kg

The specitic thrust is
As
= — + — —
F.r (Cﬁ a) m (pc pa)
= (570.5 — 239.6) + 0.006 374(0.671 — 0.265)10°

= 330.9 + 258.8 = 589.7 N s/kg

We find that the theoretical fuel/air ratio required is 0.0194. Thus the actual
fuel/air ratio is

0.0194
0.98

The specific fuel consumption is therefore

= 0.0198

f=

0.0198 X 3600
src = 4 = 0:09 =0.121kg/h N
F 589.7

5

The End
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