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Propulsion

Propel :"to drive, or cause to move, forward or onward.' 0
Study of propulsion includes the study of the propelling
force, the motion caused, and the bodies involved.
Propulsion involves an object to be propelled plus one or
more additional bodies, called propellant.

Methods devised to produce a thrust force for the propulsion
are based on the principle of jet propulsion (the momentum
change of a fluid by the propulsion system).

The fluid may be the gas used by the engine itself (turbojet),
it may be a fluid available in the surrounding (air used

by a propeller),

or it may be stored in the vehicle and carried by it during the
ight (e.g., rocket).




Propulsion

Jet propulsionsystemscan be subdividedinto two broad
categoriesair-breathingandnon-air-breathing

Airbreathing propulsion systems include the reciprocating,
turbojet,turbofan,ramjet,turboprop ,andturboshafengines

Non-airbreathing engines include rocket motors, nuclear
propulsionsystemsandelectricpropulsionsystems

1) Basicconceptandonedimensionabasdynamics,

2) Analysis and performanceof airbreathing propulsion
systems,

3) Analysisof gasturbineenginecomponents




Operational Envelopes

Each engine type will operate only within a certain range of
altitudes and Mach numbers (velocities).

the approximate velocity and altitude limits,carridor of flight,
within which airlift vehicles can operate. The corridor is
bounded by &ft limit, a temperature limit, and an aerodynamic
force limit. |
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Fig. 1.1 Flight limits.
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Operational Envelopes

The lift limit is determined by the maximum level-flight altitude at a given
velocity. The temperature limit is set by the structural thermal limits of the
material used in construction of the aircraft. At any given altitude, the maximum
velocity attained 1s temperature-limited by aerodynamic heating effects. At lower
altitudes, velocity i1s limited by aerodynamic force loads rather than by
temperature,
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Fig. 1.2 Engine operational limits.
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Atmosphere

use the U.S. standard atmosphere

For nonstandard conditions such as a hot day, the normal procedure is to use
the standard pressure and correct the density, using the perfect gas relationship
o = 8/ 6. As an example, we consider a 100°F day at 4-kft altitude. From Appen-
dix A, we have & = 0.8637 for the 4-kft altitude. We calculate 6, using the 100°F
temperature; 6 = T/T,s = (100 +459.7)/518.7 = 1.079. Note that absolute
temperatures must be used in calculating 6. Then the density ratio is calculated
using o= 8/6 = 0.8637/1.079 = 0.8005.

Table A.2 Systeme International (SI) units®

Standard day Cold day Hot day Tropical day

h, km 8, P/Pyq 0, T/Tua 0, T/Tqq 0, T/ T 6, T/ T h, km
0 1.0600 1.0000 0.7708 1.0849 1.0594 0

0.25 0.9707 0.9944 (.7925 1.0788 1.0534 0.25
0.50 0.9421 0.9887 0.8142 1.0727 1.0473 0.50
0.75 09142 0.9831 (.8358 1.0666 1.0412 0.75
1.00 0.8870 0.9774 0.8575 1.0606 1.0352 1.00
1.25 0.8604 0.9718 0.8575 1.0545 1.0291 125
1.50 0.8345 0.9662 0.8575 1.0484 1.0230 1.50
1.75 0.8093 0.9605 0.8573 1.0423 1.0169 1.75

0.7846

0.9549 0.8575 1.0363 1.0109 2.00
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Airbreathing Engines

The turbojet, turbofan, turboprop, turboshaft, and ramjet
engine systems are discussed.

The discussion of these engines is in the context of
providing thrust for aircratft.

The "heart" of a gas turbine type of engine is the gas
generator.

The compressor, combustor, and turbine are the major
components of the gas generator which is common to
the turbojet, turbofan, turboprop, and turboshaft engines.

The purpose of a gas generator is to supply high-
temperature and high-pressure gas.
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Turbojet

By adding an inlet and a nozzle to the gas generator, a turbojet
engine can be constructed.

| Gas generator >

’— Gas generator Spray bar
Flame holder

Nozzle

Inlet Low- High- |Combustor|H| L Afterburner
pressure pressure PP
COMpressor |compressor T T
0 2 2.5 3 41 5 6 7 8 9

HPT = High-pressure turbine
LPT = Low-pressure turbine

Fig. 1.4b Schematic diagram of a turbojet with afterburner.
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Turbojet

The thrust of a turbojet is developed by compressing air in the inlet and com-
pressor, mixing the air with fuel and burning in the combustor, and expanding the
gas stream through the turbine and nozzle. The expansion of gas through the
turbine supplies the power to turn the compressor. The net thrust delivered by
the engine is the result of converting internal energy to kinetic energy.

In the compressor, pressure and temperature increase as a resul
work.

The temperature of the gas is further increased by burning fuel in
the combustor.

In the turbine section, energy is being removed from the gas stre:
and converted to shaft power.

The energy is removed by an expansion process that results in a
decrease of temperature and pressure.

he nozzle, the gas stream is further expanded to produce a hit
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Turbojet
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Fig. 1.6 Property variation through the General Electric J79 afterburning turbojet
engine. (Courtesy of General Electric Aircraft Engines.) "
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Turbofan

The turbofan engine consists of an inlet, fan, gas generator, and n
The fan increases the propellant mass flow rate

13 17
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HPT = High-pressure tarbine
LPT = Low-pressure turbine

Fig. 1.7 Schematic diagram of a high-bypass-ratio turbofan. 13



Turbofan

In the turbofan, a portion of the turbine work is used to supply
power to the fan.

Thethrust specific fuel consumption (TSFC, or fuel mass flow
rate per unit thrust) is lower for turbofans and indicates a more
economical operation.

The turbofan also accelerates a larger mass of air to a lower
velocity than a turbojet for a higher propulsive efficiency.

Fig. 1.9a Pratt & Whitney F100-PW-229 afterburning turbofan. (Courtesy of Pratt

& Whitney.)
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Turboprop and Turboshaft

A gas generator that drives a propeller is a turboprop engine. Th
expansion of gas through the turbine supplies the energy require
to turn the propeller

The turboshaft engine is similar to the turboprop except that
power is supplied to a shaft rather than a propeller.

The limitations and advantages of the turboprop are those of the
propeller.

For low-speed flight and shofteld takeoff, the propeller has a
performance advantage.

At speeds approaching the speed of sound, compressibility effec
In and the propeller loses its aerodynamic efficiency.

Because of the rotation of the propeller, the propeller tip approac
eQf sound before the vehicle approaches it.
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Turboprop and Turboshaft

Three-stage
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Fig. 1.10b Canadian Pratt & Whitney PT6 turboshaft. (Courtesy of Pratt &
Whitney of Canada.)
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Ramyjet

The ramjet consists of an inlet, a combustion zone, and a nozzle.

Fuel spray ring Flame holder
_,....-""___'“"'--
Inlet Combustion zone Nozzle —

The ramjet does not have the compressor and turbine as the
turbojet does. Air enters the inlet where it is compressed and the
enters the combustion zone where it is mixed with the fuel and
burned. The hot gases are then expelled through the

nozzle, developing thrust. The operation of the ramjet depends ¢

the inlet to decelerate the incoming air to raise the pressure in tt
RRUStion zone.
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Ramyjet

In the past few years, research and development have been dont
a ramjet that has the combustion process taking place at supersc
velocities.

By using a supersonic combustion process, the temperature rise
pressure loss due to deceleration in the inlet can be reduced. Thi
ramjet with supersonic combustion is known assitramjet
(supersonic combustion ramjet).

Fuselage forebody Inlet compression FUNCIHSC

chamber afterbody

o~
N Supersonic
. \ \ combustion
£ ) chamber
e
%

Jet exhaust
Fuel-injection struts

Fig. 1.12a Schematic diagram of a scramjet. 18



Engine Performance Parameters

the uninstalled thrust F of a jet engine (single inlet

and single exhaust _
J ) only SI metric units (g = 1)
o + th )V, — ringV,

8c

2
g, miie = mass flow rates of air and fuel, respectively 8c = 32.174ft - Tbm/(1bf - s7)
Vo, V. = velocities at inlet and exit, respectively
Py, P, = pressures at inlet and exit, respectively

F

It is most desirable to expand the exhaust gas to the ambient pressure, which
gives P, = Py. In this case, the uninstalled thrust equation becomes

_ (mg + me)V, —myVy
8¢

F

for P, = P (1.6)

The installed thrust T is equal to the uninstalled thrust F minus the inlet drag
Djnec and minus the nozzle drag D,,,, or

T'=F-— Diniet — Doz (17)

19



Engine Performance Parameters

Dividing the inlet drag D;,. and nozzle drag D,,, by the uninstalled thrust F
yields the dlmensmnless inlet loss coefficient ¢;,; and nozzle loss coefficient

¢I'I.OE , Or

D,
¢inlet ;lﬂt
(1.8)
¢ . Dm:-z
noz
F

Thus the relationship between the installed thrust T and uninstalled thrust F is
simply

T=F(— mlet Byoz) (1.9)

The second performance parameter is the thrust specific fuel consumption (S
and TSFC). This is the rate of fuel use by the propulsion system per unit of thrust
produced. The uninstalled fuel consumption § and installed fuel consumption
TSFC are written in equation form as

iy
=1 1.10
S T (1.10)
TSFC:? (1.11)

R N~ . -

20



Engine Performance Parameters

The relation between § and TSFC in equation form is given by

S = TSFC(1 — diyie; — Proz)

thrust F decreases with altitude Drag decreases with

and the fuel consumption
SL

S also decreases with 40,000 -
altitude until 36 kft (the 10 kft
start of the isothermal 10000 20 kft

layer of the atmosphere).

Also note that the fuel 36 ki
consumption increases & “” 40 kft
with Mach number and

that the thrust varies 10,000 - / 50 kit

considerably with the Mach

30 kft

Uninstalled thrust F (Ibf)
(]
=
|

o

0 0.4 0.8 1.2 1.6
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Engine Performance Parameters

Table 1.3 Typical aircraft engine thrust installation losses

Flight condition: M <1 M=>1

Ail‘Cl‘Elfl l}' _{JE qsinlel q!’nnz q:’inlm ¢'m:-z
Fighter 0.05 0.01 0.05 0.03
Passenger/cargo 0.02 0.01 —_— e
Bomber 0.03 0.01 0.04 0.02

Thermal efficiency is defined as the net rate of organized energy
(shaft power or kinetic energy) out of the engine divided by the r:
of thermal energy available from the fuel.

The fuel's available thermal energy is equal to the mass flow rate
the fuel rnf times the fuel lowdreating value hpR. _
Thermal efficiency can be written in equation forn out

—_—

Mr =

Qin
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Engine Performance Parameters

The power out of a jet engine with a single inlet and single
exhaust (e.g., turbojet engine) is given by

1
28,

The propulsive efficiency np of a propulsion system is a measure of how effec-
tively the engine power W, is used to power the aircraft. Propulsive efficiency is
the ratio of the aircraft power (thrust times velocity) to the power out of the engine
W, In equation form, this is written as

Wou = = [(rho + rits)V2 — ring V3]

TVU Inlet velocity
wﬂﬂt

For a jet engine with a single inlet and single exhaust and an exit pressure
equal to the ambient pressure, the propulsive efficiency is given by

Mlp =

_ 2(1 - ‘rt*m]et - ‘;bnuz)[(m[] + mf)vf — Mg Vﬂ]Vﬂ

= : : ; 1.15
T (rirg + mg)V2 — 1y V3 (13
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Engine Performance Parameters

For the case when the mass flow rate of the fuel is much less than that of air and
the installation losses are very small, Eq. (1.15) simplifies to the following
equation for the propulsive efficiency:

2
The thermal and e Y Ve + 1

propulsive efficiencies 00
can be combined to give
theoverall efficiency of

(1.16)

90

a propulsion system. mo=menr £
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Fig. 1.16 Propulsive efficiency vs velocity ratio (V. /Vy). "




Engine Performance Parameters

Specific Thrust vs Fuel Consumption

For a jet engine with a single inlet and single exhaust and exit
pressure equal to ambient pressure, when the mass flow rate of tl
fuel is much less than that of air and the installation losses are vel
small, the specific thrust/m can bawritten as

25



