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A

Thrust is a mechanical force
generated by the engines

to move the aircraft through
the air.

Thrust
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MOTORI A REAZIONE

PROPULSIONE A REAZIONE O GETTO

* generazione di spinta necessaria all'avanzamento dei veicolo, che si
basa sul lancio di massa in senso opposto

.—';I

Camera di combustione
Compressarsa

Turbina

Presa d'aria Bruciatore

Schemsa i un Turbogetto gy
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P-v Diagram ¥

Idealized Brayton Cycle

o
= {.n

out
¢ q

-
T-s Diagram S

A turbojet engine, in its simplest form is simply a gas turbine
with a nozzle attached
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OTORI A REAZIONE

/1

DELLA QUANTITA’ DI MOTO IN REGIME
PERMANE

* \ettore spinta F
veicolo w / tempo t

* F=mw/t
apparato: propulsore a reazi O reattore
MASSA PROPELLENTE A BORD®; endoreattore

MASSA PRELEVATA DALL'AMBIEN STERNO:
esoreattore — se ambiente esterno atmosfera; aeroreattore

assa lanciata m * vettore velocita relativa al



l';--«;; Universita del Salento - FACOLTA’ DI INGEGNERIA INDUSTRIALE - Brindisi
— <\ Dipartimento di Ingegneria dell’Innovazione - Lecce

CCELERAZIONE DELLA MASSA

mente meccanici

mediante altra forma di energia (motore a reazione)

* termica (termoreattori),elettrica, magnetica

ENDOREATTORE

* differenza di pressione tra tra I'in
necessaria per avere la velocita di emi

* massa gassosa m/t che si sviluppa peril p
chimiche

* orifizio di emissione del getto

o di questo e I'esterno,
jone w

redire delle reazioni
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sovrapressione necessaria all’efflusso

* compressore comandato da motore (turbina a gas):
TURBOREATTOR

* presa dinamica — trasfor ione in pressione dell’energia cinetica
relativa (autoreattore o statoreattore)

* combustione in camere chiuse 0 s
periodico): PULSOREATTORE

se vettore velocita veicolo u e massa co

* F=mWwW-u)/t+m w/t

ichiuse (funzionamento

ustibile m,

* a cui si aggiunge una spinta statica se per espansione i
stabiliscono differenze di pressione all'efflusso
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Propulsion
Device

Thrust is a force.

Force = change in momentum with time F = ([mV] -[mV],)

(tz_t1)

m = mass flow rate = mass/time

m=rx V x A  where r=density, V=velocity, A=area
Ifp,# p : F=my - myV, +(p_-pJA,

If p, = P, : F = r'nEVE - I-I'ln"ofu
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TURBOREATTORI SEMPLICI

turbogetto

presa dinamica,
compressore, camera di
combustione, turbina
comando compressore, tubo
effusore

presa dinamica e effusore
sono come il primo stadio di
un compressore e |'ultimo
stadio di un turboespansore

Compressore centrifuge  Albero Turbina

Camena di combuistiome

Ugello

Schema di un turboreattore
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Exhaust

Inlet
Nozzle

m = mass flow rate Compressor

V = velocity

F
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Impeller (centrifugal compressor) Turbine stator

Pressure-cabin attached to turbine via main shaft blades
air compressor . / /

- Muff around jet pipe

. supplying hot air for

Brisimatic cabin heating
system air
compressor

{wheel brakes ; " 5 ) ~ . < : Jet pipe
etc) T - i \ : | g - =S //

- Tail cone (turbine
fairing)

Air inlets I

(supplied from Main shaft

intakes in air- — " a—— __ connecting

craft wing root) impeller
and turbine

Starter motor (not fitted) Fuel lines to injectors 16 Combustion chambers
malnting inside combustion (inside flame cans) arranged
chambers around engine
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TURBOJET ENGINE

Because the exit velocity is greater than the free stream
velocity, thrust is created as described by the thrust equation.

12


http://www.grc.nasa.gov/WWW/K-12/airplane/thrsteq.html
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Working fluid is the surrounding air.

13
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Gas Generator

The purpose of a gas ¢ Gas generator
generator is to supply high BT —— \
temperature and pressure C/j
gas

Compressor Combustor

14
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The Turbojet

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

T

ConStrUCted' Inlet Low-pressare |  High- | Combustor [H| L | Noxsls
The adaptions of the | 2 ;;",:'.iff:;i..E ij | |
turbojet in the form of KT~ High precmoubin
turbofan, turboprop, and " Gas generator .,

turboshaft engines came

with the need for more _—..}‘ e
thrust at relatively low !!!!_.“l'@

S p e e d S Inlet L= High- jCombustor]H] L. Afterburner
. pressure | pressure Ly B
COMPressor | compressor T
0 2 25 3 4 5 [} 7 8 9
4.5

HPT = High-pressure turbine
LPT = Low-pressure turbine
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Compressor stage GE J79

16
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Bumer "cans” Annular Bumer Liner

Bumer

Inlet Nozzle

Annular Can Can-annular Compressor Turbine

18
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Turbine Stage GE J79

Turbine Blade
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All the sections of the engine must operate in such a way to
efficiently produce the greatest amount of thrust for a
minimum of weiaht.

L [11]
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TURBOREATTORI COMPLESSI

# post-combustione
* aumento della spinta per brevi periodi

21
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o

Exhaust

Afterbumer

Inlet
Nozzle

Compressor
= mass flow rate

= velocity

Thrust= F
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General Electric J79 turbojet with afterburner

23
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Afterburner GE J79
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TURBOREATTORI COMPLESSI

doppio-flusso

* parte dell'aria compressa
inviata direttamente
all’effusore

* aumento rendimento
propulsivo alle basse velocita

* intermedio tra semplice elica e
turboreattore

Un turbovertola Pratt and Vihitney provato nella basze &
aerea di Robing, Georgia, USA. La galleria dietro allo

scarico del motore serve & ratfreddare il flusso ed a
dirminuirne lirtenso rumore. La grata attaccata davanti alla

presa d'atia serve ad evitare lingestione da parte del motore di
corpi estranei e non & parte integrante dello stesso.

25
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Fan

Cormbustion  Los-prossrs  Nozzin
afiarmitesr Bur b

L - pr B BLTE
COMmEra ssr

Diagramma che illustra un turboventola biglbero ad alio ]
rapporto di dilvizione a flussi separsi. In verde |l

complesso a bassa pressioneg, mertre in blu il complezso ad
alta pressione.

Diagramma che ilustra un turboventola bislbero a basso &
rapporto di diluizione a flussi associati. In verde il
complesso a bassa pressions, mentre in biu | complesso ad

afta pressions.

26
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Turbofan Engine

a turbofan gets some of its thrust from the core and some of
its thrust from the fan.

27
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Turbine
Section
Combustion

Fan Section Sectlon
Compressor

Section

Accessory Drive Section

Cutaway diagram of the General Electric CF6-6 engine

28
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V = velocity
m = mass How rate
Free Stream

Fan Exhau_st Core Shaft

Cowd
Fan Shaft

me

Nozzle
Fan Turbine

Thrust = Thrust of Fan + Thrust of Core Bypass ratio = bpr
1 " bpr=m_/ m,

Mass flows

F=mV—m‘J+mV—mV Mg= M.+ m_

F=myV,-myV, + bpr m_V,
29



CF56-3 turbofan, lower half, side view.



http://en.wikipedia.org/wiki/CFM56
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A Rolls-Royce RB211 turbofan mounted on a Boeing 747.
31
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The Turbofan

The turbofan engine consists of an inlet, fan, gas generator,
and nozzle.

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

Generally the turbofan engine is more economical and
efficient than the turbojet engine in a limited realm of flight.

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

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

* The frontal area of a turbofan is quite large compared to a turbojet
and for this reason more drag and weight results.

* The fan diameter is also limited aerodynamically when compressibility
effects occur.
32
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13 17
18

Fan
Low-pressure
£ompressor

Inkt

2 15 3 4 45 5 T8

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

h* N Sy i\&\_i
g %

Figure 8¢ - General Electric CFS turhofan

Figure 8b - Pratt & Whitney PW4000 turhofan 3 3
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Figure 8f - SNECMA CFMS6 turbofan

34
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The Afterburning Turbofan Engine

These high performance afterburning turbofan engines are
used in both the F15 Eagle and F16 Falcon supersonic
fighter aircraft.

Fhig le-picsaans
COMpresos

Frroe
sLreain

—_———— r———— —

35
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Figure 9¢ - General Electric F110-GE-129 afterburning turbofan

36
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RIGENERAZIONE

* molte difficolta
* perdite di pressione negli scambiatori e aumento peso propulsore

37
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Turboelica

’#‘".1‘:
-
=7 |

Il motore turboelica, anche indicato in lingua inglese come
turboprop, costituisce una tipologia di turbina a gas.
Differisce dal motore a getto in quanto € progettato per
produrre la potenza attraverso la rotazione di un albero e non
con la spinta dei gas di scarico. In altre parole la potenza del
motore aziona un albero al quale e collegata un'elica.

38
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Turboprop Engine

The exhaust velocity of a turboprop is low and contributes
little thrust because most of the energy of the core exhaust
has gone into turning the drive shaft.

39
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Prop Gearbox Compressor Turbine Exhaust

Combustion

— |:[> chamber

A schematic diagram showing the operation of a turboprop
engine.

40



* The P&W PT6, one of the most popular turoprop engines.
41



http://en.wikipedia.org/wiki/Pratt_%26_Whitney_Canada_PT6
http://en.wikipedia.org/wiki/Pratt_%26_Whitney_Canada_PT6

#* Polish turboprop, single engine, two seat trainer PZL-130
Orlik TC-I of Orlik Aerobatic Team

42


http://en.wikipedia.org/wiki/Poland
http://en.wikipedia.org/wiki/Trainer_%28aircraft%29
http://en.wikipedia.org/wiki/PZL-130_Orlik
http://en.wikipedia.org/wiki/PZL-130_Orlik
http://en.wikipedia.org/wiki/Orlik_Aerobatic_Team
http://en.wikipedia.org/wiki/Orlik_Aerobatic_Team
http://en.wikipedia.org/wiki/Orlik_Aerobatic_Team
http://en.wikipedia.org/wiki/Orlik_Aerobatic_Team

MO Universita del Salento - FACOLTA'’ DI INGEGNERIA INDUSTRIALE - Brindisi
-\ Dipartimento di Ingegneria dell’lnnovazione - Lecce

—

| |
V = velocity m = mass flow rate

Drive Shaft

/Dlive Turbine

Inlet Compressor

Propeller
Thrust = Thrust of F’rupeller + Thrust of Core Mass Flows
F=mDV] mV +mV—mV rﬁu:nmc
F=myV,-V,) + me(V,-V,) m, ~m,
(Large) (Small)

43
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Free Stream

Propeller Disk

b = density Thrust=F = A Ap
P = pressure Ap =pte_ ptu Ap=‘l--_"'p(\"EZ_‘V.Z)

V = velocity 5 2 0
F=5pA(V.-V])

44
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TURBOALBERO

Il motore turboalbero € un tipo di
turbina a gas usato Compressor

COimpresacs Busr s Exhmest

principalmente sugli elicotteri.
Differisce dal motore turboelica, a
cui € per molti versi simile, per il
fatto che la potenza del motore
viene erogata attraverso un
sistema di ingranaggi che € posto
a 90° rispetto al motore stesso.

Questo sistema & spesso montato SUTRVRE. LTS TaNE), TIE
vicino al baricentro del motore, in

modo da distribuire lo sforzo su lSl:;hema di funzionamento di motore turboslbero &

entrambi i lati dell'unita di
potenza.

45
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The Turboprop and Turboshaft

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

* The turboshaft engine is used quite extensively for supplying power for helicopters.

The limitations and advantages of the turboprop are those of the propeller.
*  For low speed flight and short field takeoff, the propeller has a performance advantage.

* At speeds approaching the speed of sound, compressibility effects set in and the propeller loses its
aerodynamic efficiency. Due to the rotation of the propeller, the propeller tip will approach the speed
of sound before the vehicle approaches the speed of sound. This compressibility effect when
approaching the speed of sound limits the design of helicopter rotors and propellers.

* At high subsonic speeds, the turbofan engine will have a better aerodynamic performance than the
turboprop since the turbofan is essentially a "ducted turboprop."

=— Propeller—==———— (G as generator -

il == T

] FORETES SV

46
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Figure 10b - Allison T56 turboshaft

Three-stage
axial [low
COMPTESSOT A ccpssory

Exhaustoutlet  Diffuser /Ir et

Free (power turbine)

Corngres sion .-
Combustion n:i:hin p Centrifugal
g COmpressor

Figure 10c - Pratt & Whitmey of Canada PT6 turhoshaft
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Motore propfan

Il motore propfan € un motore a
getto turboventola modificato con
le ventole poste all'esterno della
gondola motore, sullo stesso
asse delle palette del
compressore. In apparenza il
propfan ha una configurazione
simile a quella di un motore con
elica spingente. Il concetto che
ha portato alla creazione di
questa tipologia di motore era
quello di unire la velocita e le
prestazioni di un turboventola con
quelle di economia di
combustibile di un motore
turboelica. Il motore propfan e
anche conoscuto come motore a
grande rapporto di diluizione
(ultra high bypass).

48
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NG

Afterburning jet nozzles on an F-18
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Co-annular

Maneuvering

Extemal Geometry

Nozzle

Convergent

Inlet

Turbine
Convergent-Divergent (CD) Compressor Bumer
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NDORETTORE razzo - rocket

* calori da reazioni nucleari
(razzi nucleotermici)

* accelerazione di particelle
elettricamente (razzi elettrici)

* campi elettrostatici o
elettromagnetici; plasmi (ioni +
elettroni)

* emissione fotoni

Prova off tiro (collaudo) oi un motdre &
della navetta statunitense Space
Shuttle.
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(combustibi
comburente)

* combustore + ugello
Laval - | -
* iniezione di liquidi mediante 2.8 e aasil
gas inerte o pompe di RS
iniezione (mosse da turbogas)
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ENGINE

s INTERFACE

OXIDIZER DOME
MAIN DXIDIZER VALVE

MAIN FUEL VALVE o
| _-— OXIDIZER PUMP
aH PRESSURE
DXIDIA&R DUCT

1;_*‘ _— FUEL PUMP
)%
FUEL DUCT

'\ e ! _— TURBINE
HIGH PRESSURE ‘ g L))

GAS GENERATOR
HEAT EXCHANGER
THRUST CHAMBER — ¢
TURBINE EXHAUST
MANIFOLD

NOZILE
EXTENSION

R-1

55



o

,:'-_‘;“*-__-.'._ Universita del Salento - FACOLTA'’ DI INGEGNERIA INDUSTRIALE - Brindisi
=7\ Dipartimento di Ingegneria dell’lnnovazione - Lecce

X-15
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propellente solido
* barre (grani

Zefiro 9
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Rocket Body Nozzle

N\

T— —— — — — ——— — — — —

m = mass flow rate
p = pressure

V = Velocity

A = Area

Thrust= F=m V., + (P.-P,)
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AUTOREATTORE (ramjet)

grandi velocita u di trasporto

AT Y T T PO T T TR A BT
Inded Fual injechon Mozzla
{M=1) (M=1]

Statoresttore g

Compression Combustion Exhatist
(M<1) chamber (NE=1)

NI TN TAT T TN TN N TN TN TN A TN TN F TN T P TR N F I TN P I F TR N TN IR TN AR TN TN F TN TP TR TN I A TN F TN F IR AP TN INF TN AR TN T

| Schema di funzionamerto di uno statoresttore 52
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Fuel Injectors
Inlet

Flame Holder

Nozzle
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X — 15 with

ramjet engine
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p = pressure m =mass flow rate
V = velocity A=area

P —Pp

Thrust= F = lﬁeVe -ﬁ10V.:.+ (pe_ p“)Ae
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The Ramjet

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

The ramjet operates best at high supersonic velocities.

* At subsonic velocities, the ramjet is inefficient and, in order to start the
ramjet, air at a relatively high velocity must enter the inlet.

Fuelspray ring  plame holder

——=r

Inlet 444— Combustion zmm—»lq— Nozzle —»t
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The combustion process in an ordinary ramjet takes place at low
subsonic velocities. If the inlet has to decelerate a high supersonic

velocity air stream to a subsonic velocity, large pressure losses can
result.

By using a supersonic combustion process, the temperature rise and
pressure loss due to deceleration in the inlet can be reduced. This ramjet

with supersonic combustion is known as the SCRAMJET (supersonic
combustion ramjet).

Fuselage forebody Inlet compression Fuselage
' i chamber afterbody

. Supersonic
combustion
chamber

: = =

ol

Jet exhaust

64
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It must be remembered that since it takes a relative velocity

to start the ramjet or scramjet, another engine system is
required to accelerate aircraft like the X-30 to ramjet

velocities.

Figure 12h - Conceptual drawing of the X-30 6 5
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SCRAMJET

Il termine Scramjet € I'acronimo
di Supersonic Combustion
Ramjet e, come il nome lascia
intuire, € una variante della
propulsione Ramijet (in italiano
"Statoreattore"), dalla quale
differisce principalmente per il
fatto che il flusso d'aria in camera
di combustione € a velocita
supersoniche; per velocita molto
elevate, infatti, I'aria che viene
rallentata dalla presa dinamica
raggiunge temperature troppo
elevate e non e piu possibile
somministrargli calore.

Universita del Salento - FACOLTA’ DI INGEGNERIA INDUSTRIALE - Brindisi
- ,\ Dipartimento di Ingegneria dell’lnnovazione - Lecce

pid® Casdes LDVET AREER
WPPIE- 5 AT WAE Tkl g i B teunl Plu-g dehassi & (L0 - & il
'E g Mipiedd T el {4 @) WS MELE T Lk iy i P R G

Il weivolo x-43 della RASL a Mach 7

gy
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Inlet body Fuel injection Nozzle

Supersonic Combustion Supersonic
Compression Exhaust A

% Diagram illustrating the principle of scramjet operation
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# X-43A with scramjet attached to the underside
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ULSOREATTORE

orifizi aeradinamicamente irreversibili

Pulse jet schematic. First part of the cycle: air intake (1), mixed with
fuel (2], Second patt: the valve (31 iz clozed and the ignited fuel-air mix

(4] propels the craft.
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ENDOAEROREATTORI

Air-augmented rockets (also known as rocket-ejector, ramrocket,
ducted rocket, integral rocket/ramjets, or ejector ramjets) use the
supersonic exhaust of some kind of rocket engine to further compress air
collected by ram effect during flight to use as additional working mass,
leading to greater effestive thrust for any given amount of fuel than either
the rocket or a ramjet alone.

They represent a hybrid class af rocket/ramjet engines, similar to a ramjet
, but able to give useful thrust from_zero speed, and are also able in

some cases to operate outside the atmosphere, with fuel efficiency as
good or better than both a comparable ramjet or rocket at every point.

/0
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A turborecket is a type of aircraft engine combining
elements of aet engine and a rocket.

Once a jet engine~goes high enough in an atmosphere, there
IS insufficient oxygente_burn the jet fuel. The idea behind a
turborocket is to supplement the atmospheric oxygen with an
onboard supply. This allows operation at a much higher
altitude than a normal engine would. allow.
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jets engines feature a cryogenic fuel-cooled heat
exchanger between the air intake and the (LP) compressor,

to precool the airentering the compressor. After gaining heat
and vapourising in the.heat exchanger, the fuel (e.g. H2) is

burnt in the combustor.
A liquid air cycle engine (L
engine that attempts to gain effici
oxidizer from the atmosphere. Ina L

)

IS a spacecraft propulsion
y by gathering part of its
LH2 blpropellant

dramatically lower the take-off weight of the spacecratt.
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Turbojet/Ramjet Combined Cycle Engine

The J58 operates as an afterburning turbojet engine until it
reaches high Mach when the six large tubes bypass flow to
the afterburner. When these tubes are in use, the
compressor, burner, and turbine of the turbojet are
essentially bypassed and the engine operates as a ramjet
with the afterburner acting as the ramjet's burner.

/4
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Figure 13b - Lockheed SR-71 Blackbird



f
.}:*:“""”z: Universita del Salento - FACOLTA’ DI INGEGNERIA INDUSTRIALE - Brindisi

-;"j‘,"l Dipartimento di Ingegneria dell’lnnovazione - Lecce

Relative suitability of the turboshaft (left), low bypass
turbofans (middle) and ordinary turbojects (right) for the flight
at the 10 km attitude in various speeds

350 = 1 mach

0 100 200 300 400 500
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OPERATIONAL ENVELOPES

Each engine type and airframes will
operate only within a certain range of Lift (stall) limit
altitudes and Mach numbers %
(velocities) - corridor of flight.

The corridor is bounded by a lift limit, a
temperature limit, and an aerodynamlc

Ramjet
L]
\ roc ke

Upper limit :
turbojet —

Orbital velocity

Altitude

turbolan

T Temperature
force limit. | ¥ e
* The lift limit is determined by the Helicopter  Upper-limit_i .4
maximum level-flight altitude at a given trboprog™ § | L
i [ JAmited by
vel ocity. o L il’[’er']i""t--’i E aerodynamic
* The temperature limit is set by the plstOnARgae s } force loads

structural thermal limits of the material
used in consfcruction of the _aircraft. At
any given aI_tltudQ, the maximum Inlet Fuel ,mectm —
velocity attained is temperature-limited (M>1) (M=1)
by aerodynamic heating effects.

* At lower altitudes, velocity is limited by
aerodynamic force loads rather than by
temperature.

Mach number

Schematic diagram showing simple | \

ramjet operation, with Mach numbers

of flow shown. Compression Gcmbustmn Exhaust
(M=1) chamber (M=1)

//
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PULSO SPECIFICO o

c = F/(m+m,) = [uw(w-uyxw]/(u+1) = w - u/(u+1)*u
razzo u»=0 c = w
esoreattore puro u->0 oc=w-U
perunitadipesoc=(w—-u)/g

/8
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Propulsion

Thrust is a force.

I% F=meve_ ';]uvn +(PE-PD)QE
where p = pressure, V =velocity, A = area, f = fuel / air ratio
m = mass flow rate = mass/ time
For P.=P,: F=mJ}V_ - muVu n'1E=(1+i)n.1ﬂ
F

Specific Thrust Fs = (1+fV_-V

my,

/9
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Propulsion Performance
6,000 X
H‘,, Theoretical maximum
\ with HC fuel (42MJ/kg)
5,000 \
'\.'.\
4 4,000
= 5
S ‘»
@ Turbofan *
5 3000 F
= a
3 Turbofan i
= 2,000 - with et )
£ Afterburner i
a
“ 1000 |
0 | | | | | | | | 1 |
0 2 4 6 8 10
Mach Number

*  Specific impulse as a function of speed for different jet types with kerosene fuel (hydrogen Isp would be
about twice as high). Although efficiency plummets with speed, greater distances are covered, it turns
out that efficiency per unit distance (per km or mile) is roughly independent of speed for jet engines as a
group; however airframes become inefficient at supersonic speeds
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http://en.wikipedia.org/wiki/Specific_impulse
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ENDIMENTI

rendimento termico (equivalenza motore) n,

* incremento
massa m, riceve

I'energia cinetica rapportato all’'energia cinetica spesa
ergia cinetica w?/2

massa um, riceve l'enéergia cinetica (w3-u?)/2
H,. potere calorifico della Ml
Ne = [ (W2-u2) + W2/ [2 H,, (1 +p
RAZZO p=0mn,=w2/(2H_)

ESOREATTORE p->0 1, = (W2-u?) / [2

*
*
*
*
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-

NTO GLOBALE n,

* rapporto tra pqotenza utile resa e energia ricevuta nell’'unita di tempo

POTENZA: forza *\elocita spostamento

* per aeroreattore, velocite
alllatmosfera u

*n,=Fu/Q=(w-u)u/H,
ENDOREATTORE
* velocita non piu definite

* perdita di masse portate a bordo che hanno acqui
cinetica grazie al funzionamento precedente

spostamento = velocita relativa
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per I'esoreattore si puo tenere conto del termine m,/tu?/(2n,)

che descrivetl.calore che deve essere stato speso
precedentemente~per comunicare alle masse espulse la
velocita u

* Mg = [ (w-u)+wlu/[H, (ToRp) + u(2 1, )]

RENDIMENTO PROPULSIVO™, =1/,
* perdita dell’energia cinetica
* 1,= 20 [p (w-u) + W]/ ([ (W?-u?) + w?] [1+u?[29,H,(1 + p)])])
* RAZZO n,=2u /(w2 [1+u?/[2n H_]1) = 2u / (w [1+
* ESOREATTORE n,=2u/(w+u) =2/ (w/u+1)

83
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ce of the engine 1 ,

propulsivo) fromthe
exhaust speed/airpla
speed ratio, c/v

0.8

= | o

0.2 '

84




|/~

MO Universita del Salento - FACOLTA'’ DI INGEGNERIA INDUSTRIALE - Brindisi

\ Dipartimento di Ingegneria dell’Innovazione - Lecce

-\,,".1-‘
—_—

speed ratio (v/c) for
engines

]
o
Y
Q
o

Propulsive efficiency

0.5

2.5
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ONSUMO SPECIFICO

* rapporto del consumo di combustibite_nell’'unita di tempo alla spinta
* Qs =Q, U

* Q.. kg, .../(S-N) = s/m; um/s
* se G, la portata in peso del combustibile
* (,, = G,/ F =3600/427 u/ (n, H)

* q,. kg/(h-kg) = 1/h; G, kg/h; F kg
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RESA DINAMICA

al rallentamento della corrente relativa nel tubo di
aspirazione si.ha (trasformazione adiabatica):
. i2'i1 = (Uz'sz)/z - (Tz'T1)
* 2 uscita presa dinami
Vi corrisponde un aumen
rendimento politropico n,,
* p,/p, = (T/T 0= [1+(uz-w,?)/(2¢ T]
* nei reattori w,2trascurabile rispetto a u?

| pressione in base al

n  x/(x-1)
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Fresa d'sria supersonica a cono o un MiG-21

|

ﬁg

il numera di Mach in ascizsa &d il rapporo tra la pressions totale a monte &d &
dellurto. Come si veds, aumentando & onde d'urto diminuizcono e perdite di
pressione.
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E Y Sistemi di spillamento
Presa aperfae
rampe allineate

Presa chiusa e rampe inclinate

=chema di una presa dinamica dellEagle. \
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sore deve essere a sezioni crescenti quando u €
minore della*velocita del suono, decrescenti e poi crescenti

gquando u € mag
anche condotti semp

seppure con minor rendi
voluto

velocita supersoniche: si usa la so
onde d’urto frontali

mente cilindrici possono dar luogo,
to, allaumento di pressione

ressione dietro le
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duct work.on an A-7 Corsair
— the decreasing diameter
of the inlet duct slqws
Incoming air.
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Aircraft Engine Performance Parameters

The two most useful performance parameters for
airbreathing engines in aircraft propulsion are the thrust of
the engine (F) and the trust specific fuel consumption (S).

www.aircraftenginedesign.com

92
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FATTORI DELLE PRESTAZIONI

SPECIFICHE
FATTORI ESTERNI

* velocita aereo
* quota di volo ovvero temperatura captazione aria

FATTORI INTERNI

* lavoro di compressione (rapporto di compressione)
* temperatura di ammissione in turbina
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The predicted variations of
uninstalled engine thrust (F) and
uninstalled thrust specific fuel
consumption (S) with Mach
number and altitude for an
advanced fighter engine are
plotted.

Note that the thrust (F) decreases
with altitude and the fuel
consumption (S) also decreases
with altitude until 36k ft (the start
of the isothermal layer of the
atmosphere).

Also note that the fuel
consumption increases with
Mach number and the thrust
varies considerably with Mach
number.

50,000 ¢
]
= SL
= 40,000p
- 10 kft
Z 20 kft
= 30,000
B 30 kft
g 36 kit
£ 20,000F 40 kft
-
10,000 F / LML
“ a 1 [ ] '] | |
0 0.4 0.8 1.2 1.6 2

Mach number
Figure 14a IIninstalled Thrust at Maximum Power

220

Alt (kft) _SL

2,15
2.10fF
2,055

200
1.95k

1.90

1.85p

Uninstalled fuel consumption S [(Ibm/hr)/1bf]

1 L. i L J
I.EUO 0.4 0.8 1.2 1.6 2

Mach number

Figure 14h Uninstalled Thrust Specific Fuel Consumption at Maximum Power
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Figure 14c Uninstalled Thrust at Military Power

L15¢

Alt (kft) 30
0

1.10

1.05

1.00

0.95

0.90

0-75 L L L i ']
0 0.4 0.8 1.2 1.6 2

Mach number
Figure 14d Uninstalled Thrust Specific Fuel Consumption at Military Power

Uninstalled fuel consumption S [(Ibm/hr)/1bf]
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COMPORTAMENTO DEL
TURBOREATTORE AL VARIARE DELLE
CONDIZIONI DI IMPIEGO

comportamento spontaneo del turboreattore

comportamento controllato (intervento del regolatore)

* mantenere costante la velocita angolare o la temperatura di
ammissione in turbina

mezzi di regolazione
* variazione portata pompa combustibile
* variazione sezione dell’'effussore
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The predicted partial throttle performance of the advanced
fighter engine is shown at three fliaht conditions in Fig.

Uninstalled fuel consumption S [(Ibm/hr)/1bf]

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6
0

36 kft
0.8 Mach

Sea-level
static

- 10 15 20 25 30 35

Uninstalled thrust F (1000 1bf)

Figure 14e Uninstalled Partial Power Performance 9 7
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The takeoff thrust of the JT9D high
bypass turbofan engine is given in
Figure 15a versus Mach number
and ambient air temperature for two
versions. Note the rapid fall-off of
thrust with rising Mach number that
is characteristic of this engine cycle
and the constant thrust at a Mach
number for temperatures of 86F
and below (this is often referred to
as a flat rating).

The partial throttle performance of
both engine versions is given in
Figure 15b for two combinations of
altitude and Mach number.

50,000,

Thrust (Ibl)

35,000

30,000

= 0.80¢

=
=]
h

Fuel consumption S [(Ibm/hr)/Ibf

40,000

0.70p

0.65F

45,0001N

A *,-_; Universita del Salento - FACOLTA’ DI INGEGNERIA INDUSTRIALE - Brindisi
-\,,".1-‘ '\

ween JTID-TOA
- JT9D-70

L
.*.
-
-

i ] ']
0.1 02 03 04 05
Flight Mach number

Figure 15a JT9D-70/~-70A Takeoff Thrust at Sea Level

a Maximum climb rating
* Maximum cruise rating

4

8 10 12 14 16
Thrust (kIbf)

Figure 15b JT9D-70/-70A Cruise Performance
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REQUEST FOR PROPOSAL (RFP)

describing the desired performance
a milestone of a new engineering development program
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UNITA’ DI MISURA

Conversion factor
British Engineering (Multiply British
. . . System s Enginearing system
British Engineering (BE) Quanit et it togeSivalue
t Length ft m 0.3048
SyS em Mile 5280 ft 1.609 km B
Mautical mile (NM) 6080 ft 1.853 km
Area i m? ' 0.092580
Mass Ibm ke 0.4536
slug kg 14.59
Force Ibf N 4.448
Pressure and Ibiffi® (psf) N/m? (Pa) 47.88
Stress Ibffin.? (psi} kN/m? (kPa) 6.895
Density Ibm/fit? kg/m® 16.02
Temperatore difference *R K 1/1.8
Specific enthalpy and Bm/bm klfkg 2.326
fuel beating value
Specific heat {c,, ¢.) Bu/(Ibm-"R) K/(kg-K) 4,187
Gas constant (g.R) (k) m3i(s2-K) 01672
Rotational speed pm rad/s 2w /60 = 0.1047
Specific thrust (F /rit) Tbf/(lbm/s) N-s’kg = m/s 9.807
Thrust specific 1bm fuelh _ Ibm  mg foelfs _ mg 28.33
fuel consumption (5)  Ibfthrust Ibf-h N thrust N-s
Power i hp W ' T45.7
Bto/hr W 0.2931
Power specific Ibm fuelfh m_;p’s _mg 0.1690
fuel consumption (Sp) hp W Wes
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THE ATMOSPHERE

B
_
~J |

properties presented in terms of the ratio to sea level
reference value (subscript “std”)

nonstandard atmospheres to probe the impact of reasonable
extremes hot and cold days
* tropical day for naval operation

ATMOS program
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geometric or actual altitude h

geo-potential altitude z only used
for internal calculations
(r,=6356.577 km)

variation of temperature and
pressure by piecewise functions

T,=288.15 K
9,=9.80665 m/s2

R*=8314.31 J/kmol-K
W,=28.9644 kg/kmol

P,=101325.0 N/m2

z=rohf(ro+h)

T=T +Liz—2z), i=0through?7,

i nGm) L (Kfm)
0 0 -6.5

1 11 0.0

2 20 +1.0

3 32 +2.8

4 47 0.0

5 51 -2.8

6 71 —~2.0

| .

84.852
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P

P

L (%) —8o Wolz — 2;)

T

v Li#0, or P=Pexp

R*T; '
0 PW,
R*T
Cold day Hot day Tropic day
i hi km) L, (Kkm) h(km) L, K%km) K& (km) L, (Kkm)
0 0 +-25 0 -7.0 0 -7.0
1 1 0 12 +0.8 16 +38
2 3 -6.0 20.5 +14 21 +2.48
3 9.5 0
4 13 - —8.88
5 15.5 0
6 18.5 +4.6
T 22.5 ~0.775
M
Sea level base temperature
Day Cold Hot Tropic

Hh(K) 22210 31260  305.27

Ly

0
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Fig. B.1 Four atmospheric temperature profiles vs pressure altitude (k).
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RELAZIONI FLUSSI COMPRIMIBILI

\
.

| or nation temperatur _
total or stagnation temperature :r,=r(1+*’——iui)
2
' y—1 =
total or stagnation pressure pfzp(umz_uz}
mass flow parameter (based 7 I LY, &(Hl’-ﬂw)ﬁ%’
P - RA R 2

on total pressure)

_

P 'k
n= pAV = AMaV ART = PAM:
m =g (RT) a ) = 1\ RT

AMaP, \V K(RT,)
’ ] _|_ 11{[ - l }h[{.l:-'llj ll_r'.:+J'l-'|_"|_:.'—ll|

"m =
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static pressure mass flow
parameters (combining
egs.)

impulse function

* axial force exerted on the fluid
| .-l

* reaction force exerted by the
fluid I -l

exit 'entry

entry” 'exit

General:

9"':‘: Universita del Salento - FACOLTA’ DI INGEGNERIA INDUSTRIALE - Brindisi

__-'ﬁvl‘-?_:_ VEe
MFp = PA _M‘/R (1+__i )

I =PA+mV =PA(1+ yM?

2 F urfa | (Y dV + | Ty * n dA
CV Cs
EFZEE +EF|I'.\LII'

d [ = [ == L
— ‘ IrJIL"' av + ,r’J]l{ 1-r “H) dA

YCV “IC§
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dynamic pressure pV?

ratio of specific heats

* REPRESENT THE BEHAVIOR
OF THE GASES

* temperature and composition
change (combustion)

* AIR1.4

* 2500-3000 °R 1.33 (1400-1700
K)

* 3000-3500 °R 1.30 (1700-1900
K)
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REQUEST FOR PROPOSAL
AIR-TO-AIR FIGHTER (AAF)

F-15

The F-15's maneuverability is derived from low wmg loading welht to
wing area ratio) with a high thrust-to-weight ratio '3 5_“

to turn tightly without losi The F-15¢ ). tC

feet (10,000 m) in around NC ;

engines is greater than the air  \/ '
accelerate in a vertical cI
are designed so that one -
to-air combat. T S T
Empty weight: 28,000 Ib (12,700 ke "%
Loaded weight: 44,500 ,200 kg ;
Max takeoff weight: 68,000 Ib Qﬁ% kg -
Powerplant: 2x Pratt & \Whit "- F100- 220 orge
turbofans e v T
#  Dry thrust: 17,450 Ibf (77.62

*  Thrust with afterburne;
for -220; 129.0 kN for -22

Maximum speed: L

ol —r

o

AN\ .
i

*  Low altitude: Mach 1 2 “‘ 11
* High altitude: Machzsfa' 5 mp
Ferry range: 3,000 nm (3,500 mi, 5
conformal fuel tanks Ay
Service ceiling: 65,000 fi (
Rate of climb: >50,000 ft/ -
Wing loading: 73.1 Ib/ft? (358 kg/mz)
Thrust/weight: 1.12 (-220), 1.30 (-229) 108


http://en.wikipedia.org/wiki/Wing_loading
http://en.wikipedia.org/wiki/Thrust-to-weight_ratio
http://en.wikipedia.org/wiki/Foot_%28unit_of_length%29
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Maximum_Take-Off_Weight
http://en.wikipedia.org/wiki/Pratt_%26_Whitney_F100
http://en.wikipedia.org/wiki/Turbofan
http://en.wikipedia.org/wiki/Afterburner
http://en.wikipedia.org/wiki/Vno
http://en.wikipedia.org/wiki/Service_ceiling
http://en.wikipedia.org/wiki/Rate_of_climb
http://en.wikipedia.org/wiki/Wing_loading
http://en.wikipedia.org/wiki/Thrust-to-weight_ratio

\' . - Universita del Salento - FACOLTA’ DI INGEGNERIA INDUSTRIALE - Brindisi
‘_,/ '\ Dipartimento di Ingegneria dell’Innovazione - Lecce

F-16

General characteristics
Empty weight: 18,238 Ib (8,272 kg
Loaded weight: 26,463
Max takeoff weight:
Powerplant: 1x F

inl J 4
aﬁerti)urmn m,'

* Th

Alterna
Genera
turbofa
* D
* Th
Perfor

Maxim
km/h) a

Comba
hi-lo-hi

Ferry r:
Service
Rate of
Wing Ig
Thrust
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http://en.wikipedia.org/wiki/Service_ceiling
http://en.wikipedia.org/wiki/Rate_of_climb
http://en.wikipedia.org/wiki/Wing_loading
http://en.wikipedia.org/wiki/Thrust-to-weight_ratio
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F-22

* The dual afterburning
Pratt & Whitney F119-P
turbofans incorporate
thrust vectoring. Thrust
in the pitch axis only, wit
+20 degrees. The maxi
classified, though most s
place it at about 35,000 |
per engine. Maximum sp
estimated to be Mach 1.
supercruise mode and
external weapons; with g
it is "greater than Mach 2
km/h), according to Lock
Martin.



http://en.wikipedia.org/wiki/Afterburner
http://en.wikipedia.org/wiki/Pratt_%26_Whitney_F119
http://en.wikipedia.org/wiki/Turbofan
http://en.wikipedia.org/wiki/Thrust_vectoring
http://en.wikipedia.org/wiki/Flight_dynamics
http://en.wikipedia.org/wiki/Classified_information_in_the_United_States
http://en.wikipedia.org/wiki/Pound-force
http://en.wikipedia.org/wiki/Mach_%28speed%29
http://en.wikipedia.org/wiki/Supercruise
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The F119-PW-100 is an
afterburning turbofan
engine developed for the
Lockheed Martin

F-22 Raptor advanced
tactical fighter by
Pratt & Whitney
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General characteristics

Length: 62 ft 1 in (18.90 m)

Empty weight: 31,700 Ib (14,379 kg)

Loaded weight: 55,352 Ib (25,107 kg) High-pressure High-pressure
Max takeoff weight: 80,000 Ib (36,288 kg) '\ rrr HE e

Powerplant: 2x
Pratt & Whitney F119-PW-100 Pitch
vectoring turbofans, 35,000 Ib (155.7°kiN).

each

Performance

Maximum speed: =Mach 2.42 (1,620°m| L
2,575 km/h) at high altitude Akl

Cruise speed: Mach 1.72[39] (1,140 mph
1,825 km/h) at high altitude

Ferry range: 2,000 mi (1,738 nm, 3,219k |
Service ceiling: 65,000 ft (19,812 m) Low-pressure Low-pressure
Rate of climb: classified (not publicly shaft turbine

availabl e) Low-pressure Combustion MNozzle
Wing loading: 66 Ib/ft? (322 kg/m?) compressor chamber "y

Thrust/weight: 1.26
Maximum g-load: -3/+9 g
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MISSION

Supesscak
Peretation

Subsonic Cruise Cimb

Combat Alr Palol

I Wiksmeup
and Taksolf

1-2

2-3
34

45
5-6

W&nn-upandtakmﬁ.ﬁaldisatﬁﬂﬂﬂftpﬂsmalﬁmde@h] with air
temperature of 100°F. Fuel allowance is 5 min at idle power for taxi and
1mmnﬁﬁmypma{mﬂw}fwm-up.wmdroﬂplu.s3s
rotation distance must be < 1500 ft on wet, hard surface nmway (urg =
0.05), Vro = 1.2 Vi

Accelerate to climb speed and perform a minimum time climb in mil power to
best cruise Mach number and best cruise altitude conditions (BCM/BCA).

Subsonic crnise climb at BCM/BCA until total range for climb and cruise climb
is 150 n miles.

Descend to 30,000 ft. Ne range/fuel/time eredit for descent,

Pecform a combat air patrol (CAP) loiter for 20 min at 30,000 ft and Mach
number for best endurance. 113
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In aviation, pressure altitude is the indicated altitude when
an altimeter is set to 101.3 kPa (29.92 inHg US and
Canada).

B l ( 11'_‘)” ) 0. 1902603 288 . J. 5
*= 1"~ \To1325 * 0.00198122

114


http://en.wikipedia.org/wiki/Aviation
http://en.wikipedia.org/w/index.php?title=Indicated_altitude&action=edit
http://en.wikipedia.org/wiki/Altimeter
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13 Subsanée Cruise Climb

Supersonic penetration at 30,000 ft and M = 1.5 to combai arena. Range =
100 n miles. Penetration should be done as a military power (i.e., no
afterburning) supercruise if possible.

Descend 6-7
And
Land
7-3 Combat is modeled by the following:
L_, 14 Fire 2 AMRAAMs

! Wam-up Perform one 360 deg, 5g sustained turn at 30,000 ft. M = 1.60
Perform two 360 deg, 5g sustained turns at 30,000 fi. M = 0.90
Accelerate from M = 0.80 to M = 1.60 at 30,000 ft in maximam power

(max power)
Fire 2 AIM-9Ls and 1/2 of ammunition
No range credit is given for combat maneuvers.
Conditions at end of combat are M = 1.5 at 30,000 fit,

59 Escape dash, at M = 1.5 and 30,000 ft for 25 n miles. Dash should be done as a
mil power supercruise if possible.

0-10 Using mil power, pecform a minimum time climb to BCM/BCA.. (If the initial
energy height exceeds the final, a constant energy height maneuver may be
used. No distance credit for the climb.)

10-11  Subsonic cruise climb at BCM/BCA until total range from the end of combat
equals 150 n miles.

11-12  Descend to 10,000 fi. No time/fucl/ distance credit.

12-13  Loiter 20 min at 10,000 ft and Mach number for best endurance.

13-14 Descend and land, field is at 2000 fi PA, air temperature is 100°F. A 3 s free
roll plus braking distance must be = 1500 ft. On wet, hard surface runway
(g = 0.18), Vrp =1.15 Verass.
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PERFORMANCE

Performance
Ttem Requirement
Payload 2 AMRAAM missiles
2 AIM-9L missiles
200 rounds of
25 mm ammunition
Takeoff distance® 1500 fi
Landing distance® 1500 fi
Max Mach number® 1.8M/40 kft
Supercruise requirement®* 1.5M/30 kft
T T —————
Acceleration® 0.8 — 1.6MJ/30 kit
r=50s
Sustained g level® n = 5 at 0.9M/30 kit

n = 5 at 1.6M/30 kit

— T
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