
Propulsion and 
Power



LECTURE A

1
. fuel cells 2. Different 3. Propeller

ELEMENTS OF A PROPULSION SYSTEM
batteries engines Nozzle

Uydoser
3. thrustproducingmechanism

Gasoline

1. Energy source 2. Energy to work converter

THERMODYNAMICS :

Zeoth Law : Thermal equilibrium and th concept of temperature

First Law :
Conservation of energy and its intranet ability

• AE = DUE  + DPETSU = constant U=  internal →  independent Of P an OT

• enthalpy : h=u + pv U=flT ) and DU - Cv . dt

•
Cv=l2u4aT)u

so du = Cv°dT constant volume only
• Cp
=ldhtdT)p

so dh = Cp . OT constant pressure only
.

Second Law : Defines entropy [ Hhs . kkor 7k mole ]
• measure of randomness and disorder

.

• State function
/

• Change Of entropy As = sfnae - smhal → negative means more Order .

• Focuses In a spontaneous process ,
d. creases in an equilibrium process .

• The entropy change in a irreversible process is always poslhue .

Third Law : Entropy of a system is 0 at absolute 0 k°
.

BASK EQUATIONS For IDEAL GAS :

• Ideal gas  is P . v =Rt P= pressure 1 V= specific volume |R=gas constantIt  abs temperature

• Heat supply at  a constant pressure .

• dh = dQp= du + pdv = Cvdttpdu Ratio between CPIG ± k isotopic component
.

• ( d%r)p = co  + p . @yotgp )
• P . v = R . T so P . ( dvlot )p - R

• Cp = Cv  + R



Ideal Gas Law :

• Isothermal process : p .v=  constant

• Isobaric process : v IT =  constant

• Isochlonc process : p/T= constant

• Iatroplc process : p.Vk= constant

• Pocytropic process :

p.VE
 constant

Isotropic Process :

• ss= 0 Cp= constant Cu= constant Cpkv = K

• p . Vh = constant
• T . vh ' '

=
constant

• p
. v = R . T - P = RTN

• P .v= R . T → v= IT
P

• RTW.vn = constant • P . HI )
"

- constant

. RT.vn -1
 

=  constant D= constant ' PF '

.t=  constant

'

1F) "¥
= constant • T2=T . MMKMH n =

PI
Pi

• ty
,

=fP÷p) "¥
• I - I - I. { n' " " h

. a }

Power CYCLES :

PCARNOT Cycle : Ideal Process .

T

Gun
. Isothermal heat adihon and expansion ¥ fanV

so

• Isotopic  expansion ↳ so *

• Isothermal compressions and heat rejection
to . • t
Gout 9- out

• Isotropic compression
v

s



Second Lecture Otto Cycle :

p
* °

•
T

•

an
• 3

¥'l•u # wootIta
; ,

win

;_•
•

Qout
•

v s

(G- in
- 9- out ) + ( Win - Wout ) = 0

( fn + Win ) - foot  + woot
Nth =Wf÷

Gin = Us - Uz = Cu ( t , . tz ) Gout  
= Un - hi  = Cu ( Tu - IT )

Hu = waffle = otinjftoot = i. ftp.t#=1 .

t ' l¥ ' t )

al¥z - 1)
Process 1- 2 and 3-4 are isotropic

,
and V2=V3  and Vu - V ,

¥=#
"

= (F)
"  '

= ¥ - ¥ - ¥
,

so na - e - In
hlh = 1 - FI = 1- ( E)

" ⇒

= 1 - ( f.)
hit

CR = compassion ratio
.

CR > A

+ B-

g

t.sn#fpL.I
.

✓



ASSUMPTIONS OF AN IDEAL CYCLE :

• Ideal
gas with constant Cp and Cv and constant composition .

Dayton cycle
• Constant  mass flow o

•
3

• Compression and expansion adiabatic  and reversible
.

T

• No pressure losses pain •

yoxpaao

"
#_•h

• A kinetic energy per component  = o

.µ!g
98

(3
= g

V

IDEAL CYCLE - Process DATA 2•

S

Compassion 2-3 : W 2.3 =

Mcp ( Ts - Te )

Heat supply : Qs . u = Mcp ( Tu - tg )
W 2-3 + Q 3 - u = W4

- g
+ Wgg + Qs -2

III.IE?i::u:mIaitIm):I:Iwwis:a...
Heat Discharge : Qs - 2  = Mcp ( Ts - Tz )

M is the pressure  ratio of tee  cycle

Yth = Thermal efficiency of the aycle : M = p3/pz = Pulp . K = Cpkv

7th = ( wnoerahtonoptopft ) = ( Wu 's
- We -3 ) = ( Colt - Ts ) - Cplts - Tz )

Qs - a cp ( Tu - is )
)

ntnl '"iIIIY÷ ) fF÷t=n÷aw¥z=n÷

n←µi¥¥
.it#HttFEt.fti*HaiItIEdthtu=ft

- ate]
GAS Power

Specific Power
:

Tg - I - ( Tstz ) = Tu - Tz ( AE - 1) ws.gs

B=RlI÷)± . Raft .

,t÷ki÷±y±oFz=¥[ta¥f[a¥ . 4



Specific Power and Efficiency : Optimal Pressure Ratio

Wgg = Wg . 8 = Mcp ( Tg - Ts )

nh÷=I±=I÷ → to - ¥+2
Differentiate www.r.t To and eauohns to zero

Wsg - Mcp ( Ts - tjftz ) = - Mcp •K¥2
teen

no .+=lEy÷t¥t÷"

Thus : Wyse =ma× una
- €7

Intel
#

. I Fiat
'

Hah. .
= ft . FEI

Rauwwe Cycle Combined : BRAYTON AND RANWWE



VARIATIONS OF  THE STANDARD BRYTOW CYCLE

T

S

LAND BASED GAS  TURBIUE GAS .

IURBWE WITH POWER TURBINE

T

1

1

1

1

1

1

1

Gas turbine with Reapeator : Jet Engine with Rewperator : vydifiwet .

exhaust

T

s



LECTURE 3 REAL BRYTON CYCLE

4
• PREVIOUS ASSUMPTIONS :

µ →

Constant Cp and cv :  ideal gas . s

Constant mass flow .

→ -8
2 |v

Adiabatic compression and expansion

No pressure losses is ducts and heat supply and rejection .

kinetic energy per component = 0

REAL Process
U.s diagram of jet engine

U - s In a stationary gas

turbine

s

Cp and k reality :

Cp
Cp

,a=
1000 Hhs .k

µ q
GS = 1150 Tang . K→ a  = 1.4 ( before c. c)\

k kg = 1.33 ( from CC onwards )

T

. As Temperature  increases :

→ k decreases : increasing fuel to  air ratio .

- viscosity increases

→ Cp increases :

increasing fuel to  air ratio -



TOTAL PROPERTIES

^

s[m(h+%v2+gz)]=Q . W ho . ....¥tvkTotae enthalpy : ho=h+ qzvoz h .
- .

LIFT
Total temperature :To=T + VI }

ZCP

Total pressure :Po=p[ If ]
#

=P[ + zVg÷t]h÷

NON - ISENTRODIC Compression AND EXPANSION

-

To.o= |D:

COMPRESSION

T .

1%10
pop Too = Tom = To ,2

. # . ÷Togo →  Realistic i µTo ,2 | 1

,Po
1

I/ :
':c

To -
- - -

→o ;

o 1 I

S

EXPANSION

s
.

8

T 'tip ÷j
PMG

' Reaeshc
€

s



STATIONARY GAS TURBINE INTAKE
. Total pressure stays

tie same
,

no energy

added
to tie flow .

-

AIRCRAFT GAS TURBINE INTAKE

• External and internal diffusion near an intake of an aircraft gas turbine
.

a.) High flight speed and how Ashe load
.

( wise )
genetPERFORMANCE

NO rounded

why ?

⇐
o -

b) Low flight speed and high engine load
. ( take-off )

}TWLET
PERFORMANCE

ILET EFFICIENCY

To ,z=t + zV÷pa = To (

t.tk#mo2)uaP0r=Pof+yin.zEaTo
]h÷ '

. Po µ + no . kjfno . ]
" "



REAL Process ROTATING COMPONENTS
Compressor

his .com .
= wats

www.eae
=

31 is -1-0,2

TO
,

] - To ,z

Real Combustion CUAMBEZ :

maroon :na=pg÷ t.FI ;
"

S

Efficiency .

. Mac =

M. Cpisas . (TO ,u
. To

, } )

ring . LUVG

Tur3wE

hisiturb - Wwthfubj,TY= Tan - Tos

Tom . To ,sis

COUNTING EQUATIONS AND

PARAMETERS
I

 

I
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MYMan



GAS GENERATOR With LOSSES

Specific power and thermodynamic efficiency of

a Sas generator with losses
.

Mth

:Mamhih-

From MAPLE Ta :

Single stage compressor replaced by hivcooled muehstase compressor and a cheater

is used
.

C same Pessoa and temperature limits )

• Network : increases
.

• Heat rejected : increases
.

Single stage compressor replaced by intercooled multistage compressor ( same pressure
limits )

• Compressor work : decreases ( fuel flow unchanged)

• Thermal efficiency : decreases

Single stage compressor and turbine replaced by intercooled , recuperated
,

reheated cycle .

( same pressure and temp hmts )•

Not work : Increases

. Heat reject : Decreases



Chapter 4 AERO - ENGINES

PROPULSION

LINEAR MOMENTUM EOWATON

F- AI - Ioot . In Picture
.

T= ( m +  mf )Vf - MVO

T= m ( Vj - Vo )
FORCE CAN BE CREATED :

Small amount of mass a large acceleration

. A small acceleration to a large mass : Propeller . Large amount of mass a small acceleration .

• A large acceleration to a small mass : Jet
.

• The mass can also be taken  with you .
Rochet

.

CHOICE
,

what Is The most EFFICIENT ?

• Power available Pa - Total efficacy Mtot

* Jet Power Pj → Propulsive efficiency . Ypop

• Thermal Power
'

Q → Thermal efficiency nth

Power AVAILABLE

Reversed Aircraft
9. Bea.

a.

Work : Power :

W= F. DV p=W_ =

TCXZ - Xi )
st D=

= TSE = to

w=T(
Xz - × ' )

Pa=TVo

JET POWER ; increase in kinetic  energy of the flow .

- - - -

-
- Pj= tzmvj '

- tzmVo2
-

Ente
-

-

-

-
.  .

.  -

-  
-

o j
•

.  .
.

- .
-

.  -
- -

.

.

...

•
. .  - - -

-
-

.  - - .



Thermal Power Q

Heat energy supplied to the process ( burning fuel ) Q=mf LHVG

TOTAL EFFICIENCY

Zato of Power available over Thermal power .

Not ' Pat Y .↳t= PZF . ?f÷= Npopnthth

PROPULSIVE EFFICIENCY

npos=PaE=n?v÷

• Conclusions :

• Faster speeds become more efficient .

• Lower speeds : propeller . ( turboprop )

• Higher speeds : jet  engine .

^

s

DESIGN CONSIDERATIONS

Sfc ~

airspeed

Nth . Ypop
Introduction of gears

4th hpnp to reduce speed of fan
blades

.

press q wmpurut TET ^
ran

efficiency } PTETF
bypass raho |

higher mass flow
tr

needed for  coolers ; compromise Larger and heave

more  weaconosion Ashe  more nacelle
drag



USEFUL DEFINITIONS

Thrust Power Efficiency

T=m( vj - Vo ) Pa=TVo thrust Power that - Ba = nj.nu
Pj=tzmvj2 - EMWZ

tfpop =Pfg==Q = Mf . LUVF 1+4
Vo

hth .
I
Q

A closer Look Into Thrust

For  =m( Vi - Vol + An
.

. ( p ,  
- Po )

O 1
2

=
Fi .z=

milk
- Vi ) + Az ( Pz - Po ) - A±(p ,

- Po )
- - FZ . ]=ni( V ,

- Vz ) - Ar ( Pz - Po )=
to .2=m( vz . vo ) + AZCPZ . Po ) |NEt=#
to -3 . in ( Vz . Vo )

CONDOSMON OF Thrust

# Thrust  = m ( Vj - Vo ) + Ajlpj - Po )Vo
- Vj#

Po
p¥#pt3i Goss Thrust : to  = E[mVj  + Ajlpj - Po ) ]

po
Net Thrust : Fu =E[ m ( Vj - Vo ) + Ajfpj - Po ) ]

Specific Thrust : Fs - Flm

Specific fuel consumption : Sfc - Tf
JET ENGINE POWER AND LOSSES

Jet Power : Wpnpjet  = tzm ( Vj 2- ✓ 02 ) Power Loss : Peoss = In ( Vj - Vo )2

Thrust Power : Wthnst  
= m ( Vj - Volvo



JET ENGINE SAOUEY DIAGRAM

I

CHEMICAL POWER 700010

D incomplete
combustion Ytu

1%
HEAT 901%

as power ⇒F) "
Foot |

|# heat

9% Not
PROPULSIVE JET POWER 46%Ty

hn
. energy ) Ypop

THRUST Power 2h40 12 %

htuonae =

£{%ml "
 " " 2 "

nµp=E{mcvs'  
- uo ) }v°

=
2

Mf . LHVF E{ km ( vjrvoy } 1+4
Vo

Not  = hpop.nu =

E { mlvj - Vo ) }vo

Mf . LUVF

Ifcz  EASE PROPULSIVE
Efficiency

GAS Power ENGINES

Gas turbine

Shaft Power kinetic energy
t

•
Turbo Turbo

Indirect Direct
shaft POP

Turbofan Turbojet

Turbojet : all air through combustion chamber

Turbofan : bypass , mixed vs . separate ehaustnootles
.

Turboprop : propeller  +  exhaust get thrust
. free  vs . fixed power turbine .

Single vs .
multiple shaft  engines .



JET ENGINE CONFIGURATIONS Turbo shaft C- prop ) CONFIGUZANONS

AFTERBURNER :

÷
- y

'

'

9

⇐
.

The engine bums much more fuel than  into Whittle

engine and Occupies much less volume than tee  earlier

.
combustion chambers

Why SO MANY ENGINES ?

3 Spool TURBOFAN



NGWE IMPROVEMENTS
UEL

-

÷
RUST

ENGINE INTAKE SYSTEM

Constrains

• Engine Operation / Control • FOD containment . Noise

• Cost . Weight , she , ground clearance

. Minimizing Pressure toss
, dras . RCS 1 IR

INFORMATION :

• Essentially a fluid flow duct  whose task  is to process airflow in  a  way that  ensures that the engine

functions properly .

• Provide adewate amount of uniform airflow

• Cruising :  conversion of Esun  into Epot ( pressure )

• Ran compression 1
"

Ran recovery
"

• Supersonic vs. Subsonic htale

•
"

Belenouk " intake ( test bed stationary )

• Subsonic  meets are dominated bz the boundary layer behaviour .

• Supersonic  inlets  are dominated by the shock structure
.



RAM Compression WITHOUT LOSSES

08101 ,external

qq.fi#afmmddA
to '=Tot ftp.tofithaenoz ]

¥
-a% Pa ,  - B  + [¥]hI÷ .

. Po [i+ua÷ny¥aa

AT cruise
Po ,o His = ( ¥0'S¥0 )

T

*÷¥.%:n@HE:* ¥
.

To

: 2 S

Zcp

Man =
PORI

easier to measure Nis and 4am can he used interchangeable
Pao - Po tile me 0.8

Po ,2=Po ( it his .LI )¥t = Po ( ' + nishino ' )±÷
po

,
,p .

Por

subsonic Intake into " "
-  '  'j.I.jo#IivPI

/ ZCP
a) Rest b) State  t crosswind c) Low - speed flight .

H=PF÷
. µ±M v. =:

ENGINE EXHAUST SYSTEM

• Mlnmlths Pressure loss
,

drag • Thrust vectoring / Reversing • MHMIZHS Welsh +
a she

• Cost • Noise

• Engine operator Konkol • RCSIIR

INFORMATION :

. Accelerate the flow to a high velocity with minimum pressure loss

. Match exit pressure to  atmospheric , as closely as possible

• Suppress jet noise

r Permit control of the ersire operating characteristics
.



INFORMATION ( CNTD )

• Permit afterburner operation

• Mix core and bypass streams of turbofan if necessary

. Allow for thrust reversing is desired

. Thrust Vectoring control

. Suppress radar cross - section

. Suppress infrared emison .

. Minimize cost , weight  and drag while meeting reliability .

NOZZLE EFFICIENCY :

7

• 8 this
, noz  = ( Toit - Ts

7 • Tafe )
• if } No isotropic¥t+ ,

-  '

'

efficiency .

B. ,
- To ,t - Ts

.

. this
, not  =

-

8
' 8 Represent losses :

oars
.  .

'

'

• to ,+f . tf÷j÷)
••

.  -
-

-

-

-
-

-
- a.

8

LOSSES :

• CD : discharge coefficient  = Aetfttgeom ~ 0.95 - 0.97

• CV : velocity coefficient  = Vjet I Vjet ideal ~ 093 - 098

} smear loss
.

• CX : thrust coefficient  
=

FG 1 FG ideal ~ Qas . 0.98
W

↳ gross thrust

Thrust Loss :

• Due to the exhaust veloab angularity .

• Due to He exhaust swirl

. Due to loss of mass due to leakage
.

• Due to reduction in the velocity magnitude caused by fiction .



CRITICAL PRESSURE RATIO

nice

Po
.

.

Po

n Poi ' IpoCr

( n -

- n )

COMPLETE EXPANSION Calculation recipe for undocked nozzle

Po Edo Poet -

-

Po .

- Patni Toa - Ts = To
,

an his ,
no , ( A -

%÷
)

Pjet -
- Po  = pain Yet  = Fu = m . ( V8 - Vo )

INCOMPLETE EXPANSION Calculation recipe for crooked nozzle
.

Pon
. Ps -

- Pon.  Iftar
⇒

> Ao =

it

use
ng . a T8 = To .tt/TRcrf. is.no?cas....dteo--EEVs--kTgRTTcng--

1)

As =
MRTS

- FN = m ( V8 - Vo ) + As ( Ps . Po )Ps . V8

COMPRESSIBILITY :



LECTURE  5 AERO - ENGINES

Turbojet Concorde → Rolls Royce - Snecma Olympus 593 / Variable geometry Intake .

g-dg_E#TEgggy

Tale off 1 subsonic

Supersonic TBFBE.gg#dfnBstEffggggo

Engine Failure

_g__ag_ngga•Inlet pressure ratio is 0.92 at takeoff

Po
,

2=0.92 . 101325 Pa  = 93219 Tz = 288 k

PQ2s= Por . no = stzstgpa
TIE = It n÷( (Pope)

( k¥1 )

IIIIII:I:L:O ! t÷enfuH¥d⇐H

• Combustion Chamber :

Tqu  = 1450 k nnguee =

ND icpsas ' AT 00h done  in LPC :
' Mcnair . ( To .zs . To ,z )

mifvee = 3.la hsxs
l " ✓ °%° Work done  in UPC = th ' Charlton - to ,zs )

Pau = 0.97 . Po
, ]  = 1446758Pa W . LPC  → 26.352mW

mh=ms + nifuee = 163.19 hys
b. NPC  →  41.4 ,  nw

To .us - To ,s= ( wlpc ) kmusicpsas -

men ) = 141.9k } foods - 1- his , at (a - ( tptjsz
,
) "¥)|

To ,s  = ( 1227k - 141.9k ) = 1085.1 k

Pqs = 390365



. Afterburner :

PO
, 7  = Po

, s . 0.97  = 379 233.79 Pa Top  = ( 850 given

in fuel , ab =

Mis . Cp , gas . ST
-

= 3. s , } ↳ a
in7  = his iniab

LUV ' Nab

•

Nozzle :

'¥ai[ a.KI .u÷n⇒= " " ,I¥IIow :

TS = To ,7 . ( ¥ , ) = 1587.98k I = Pop (four ) = 19761

A = ( ¥÷ ) = 0.434 hshn ] Vs = T.R.to = 778.56

As = Anoi
.

 = (Fia ) = 0.493 F=ni ( Us - Vo ) + As ( Pa . Po ) = 177.41W

SFC = ( Mf¥ ) = 37.78 SYW .s

F0RTURBOorOpLOOhIwMES4DtS



LECTURE G TURBO MACHINERY

Rotating equipment Hat performs work on a fluid or extracts work from a fluid .

Types of Compressors :

AXIAL Compressor

FLOW PATTERN

- Velocity 02
sea

triangles a

Ie#zB2 IN- Cuz)p

t.ci#

Euler Formula :

l
. F=Mz . Cuz - mi . Cu ,

→ force exerted on the fluid.

2. t = Mz . Coz . rz - mi .co , .r ,  
→ torque ended on fluid .

3. W= t . W → Torque x Angular velocity
Power input to he fluid .

4. W = Uor - Hai  = M ( Cuz Uz - Cue . UD

Wsp -
↳ without m → hz - hi



PERFORMANCE CHARACTERISTIC OF A COMPRESSOR

PRESSURE RAMOS

rife

AXIAL TURBINES



COMBUSTION

KEROSENE AS AVIATION FUEL OPTMAL FUEL For GVIL : JET B
T [ ° ]

• Diesel problem ,
it can feat after 5hm  attitude . GRAPH

• kerosene maximum frere point is :  -60°C Sood .

• Clean combustion  n Good energy density

• Good Kemal stability

COMBUSTION : exothermic oxidation process ( jet  engines supposed a reuohhon )

NON PREMIXED PIFFUSION )
Fuel

The night CLASSIFICATION ; M×W° OF

Combination
FUEL AND PREMIXED
OXIDIZER

gives combustion
.

Fire
LAMINAR

NATURAL
Triangle

TURBULENT

0×0 , #
Temperature PHASED  OF HOMOGENEOUS

FUEL  AND

OHDIZER NON HOMOGENEOUS
LAMINAR DIFFUSION FLAME

Frame Flame front There is  a difference between

front
- Nz combustion  and fire !

- FI.

COMBUSTION STOICNOMETRY : balance the equations to#f#a man:n::L:c:

FUEL TO AIR RATIO

GAS COMPOSITION

Rich mixture : more fuel than  air 0>1
H H H ) - > thai  necessary .

Propane : C C C H Lean  mixture : more air than fuel . 0<1

H  H  H

=
Mair

Butane : YYHH mguee
" ¥

 
→ fuel to  air  ratio

.H - C - C - C - C - H
'  '  '  '

H  H  H  H

hair
j ,

C Fla ) actual

} deviation fromAfmobe =
-

AFTER COMBUSTION : ( Fla ) Stach

hfuel stoichiometnc  conditions .

KEROSENE As AVIATION FUEL



HEAT OF REACTION FLAMADIUTY Limit

.

ghemcd T3=  const

WE Reactants y | psionst HTMSU
s

.

" release
'

products Rich

go

µEa¥tmhon

s Combustion .⇒p
y LHV Lean

.
Cxhnhon

To T '

=
Air Mass Flow

Temperature

EFFECT  OF  TEMPERATURE ON THE FLAMMABILITY

B. . and

pf To
→ Ps has the

astn€¥;o) exact same effect

- Air  mass flow
the moment

,
we  reduced the site  Of chambers

a lot
.

CNMBUSTWN CHAMBER REQUIREMENTS

. High combustion efficiency over  wide  operators conditions .
• exhaust emmisslon consistent  with regulation .

• Low pressure loss over the combustion system .

. minimum lersth

. Stable combustion over  a wide range of inlet  conditions
.

Lou cost  and good durability
,

maintainability
and mass flow reliability ( cost )

B

' Wide range Of equivalence ratio ( operational reliability )
tons operating life ( engine life )

•

Combustor exit temperature pattern Cesare life)
. Reliable starting capability ( operational reliability )

. Multi - fuel capacity . C in future )

CONVENTIONAL COMBUSTOR

Primary Zone :

• Anchors the flame
. Provides sufficient time

, temperate and turbulence .

Three sled process :

• Endothermic disassociation of full

. Exothermic formation of CO & H2O

. Exothermic  conversion of Co to 002



Factor of complete combustion
.

Temperature distribution :

Primary Zone of the combustor :

The air around stabilizes tie flame when its close to the end
.

EMISSION COMBUSTION PERFORMANCE

0
enmsfnofou

N°2 s00+
( via  +  ins ) cast

efficiency : Nec =

ing LUVF

Ee # Aa . Io÷
o pressure losses :

equivalence  tatroDP
] ,u = Dpwed + Dphot

lean stoeohiometnc rich Dphot  
= ¥× Tfg - 1

Wrbushon

Types OF COMDUSTWN Chambers

° Elements and aspects • Build in configurations
→ diffuser

→ can type
→ wall and lining

→ annular type
→ cooling → annular type

→

reverse flow

IMPACT OF AVIATION IN THE ENVIRONMENT

No effect on the Stratosphere ,
but  in He troposphere the release of • 2 inox , produces Curate change .

At sound level
,

he most concerned problem is the sound .

Jet fuel consumption beeps Gowns . ALTERNATIVES :

Electric motors
,

hydrogen , uhlitary aircraft



ELECTRICAL POWER SYSTEMS

* rouides power to several components late vehicle .

Aircraft combination

REQUIREMENTS : _SP→
. Power types : Alternate arrest or Direct arrest non constant and constant voltage .

ooVoltage and arrest level : for Ac : root mean square Cms ) are given .

•

Frequency and number of phases : for AC only Future DC systems with high voltage .

reducts he size of Vehicle
,

DEFINE SYSTEM POWER OF AC SYSTEMS

- voltage
Apparent Power Pappa  = V. I - current

pF=ws( a ,
' DC systems PF= 1

Actual Power Paowd = V. I .(Pf) → power factor { . AC systems PFE 1

because of phase shift
.

0.8 =PF  early design .

Units : Actual power : kW Or hp ' lhp = 0746kW
} to see what

power is
.

Apparent power : KVA - 1wA= 1kW

EXERCISE ?

500 HVA  at PF  = 0.8

@ Actual Power ? 400 hk �2� worn of 8 hours
,

total energy ?

P actual = Pappaest . PF Etotaepactual  . time

Power ONARCRAFT : new - generation spacecraft and aircraft heavily rely On electrical

power . Spacecraft use very Ettee power compared to aircraft .

HOW MUCH ELECTRICAL POWER IS NEEDED

z to 5% total power Is not used for propulsion electrical Power system needs

15 to 20%  of this power is  used by electrical system
's

.

} " aircraft 0.45 to 4- %

FUTURE B.

A



SYSTEMS OF AN AIRCRAFT

e

RELIABILITY ISSUES : COMPONENTS

• In aircrafts is good oaaaaz
• Function is

to generate
, regulate and distribute

. In space launches oaaz
the electrical power throughout the vehicle

. In spacecrafts 0.87

Aircraft

ENERGY Sources :

good
• External Sources : Outside vehicle

. masslwstl size budget out of the vehicle
.

Sood
. Internal Sources : Stored or

producedinside the oehlde
. Autonomous vehicle

.

Power GENERATIONS :



TYNAMC ELECTRIC GENERATORS

. Electromagnetic induction systems capable to convert kinetic energy into electrical energy .

• In aircraft ,
a driver by the engine through a belt

.

d) Rotating coil : input kinetic energy is used to

rotate it at a given speed .

Piave
(2) Stationary magnetic field : produced by permanent

magnets or electromagnets .

(3) Semi - Cylindrical contacts ; produce  a
constant -

directionelectromotive force

Rotating all causes the Alternate current
.

• Minimum force : coie velocity is parallel to nasnetlc field .

.

} annotator males that

sinusoidal wove is always in
• Maximum force : are velocity is perpendicular to magnetic field -

he same direction
.

GRAPU :
DIRECT CURRENT GENERATORS

. introduce a second

Rowe connutator to reduce

Minimum

• Each coil is connected to

He load circuit when

AC GENERATORS :
the electron  one force

Is higher .

• Same as a DC generator : without
. four coils produce reasonable constant uoltse .

annotator .

• Two options :

→ Rotating armature

→ Rotating magnetic feed .

. Debt  driver or axis drives
. simple , lighter and cheapo .

• Provide sufficient power at low rotating speed .

r Constantspeed : synchronization with electrical frequency . or add controls
.



Basic EQUATIONS ( PERFORMANCE )

Electromotive force produced : E
• N number of windings C turns ) of coil

E= N.B.A.W.sn ( wt ) ( voet )
• B magnetic field strength .

Tesla

. A Area enclosed by a single turn

. W rotational speed . radg

Output voltage :

• I Current  in the circuit
V = E - I. Ram = N . B. A Wish ( w ) - Iron

. Ran Intend resistance of the armature

Power P
:

p=I2R= ¥ → time dependent :  →  remove it using average power .

Pau =Irms2 . R = Vrnstroot-

mean

R squared

EFFICIENCY OF GENERATOR
✓ png =

Vpeah

y=
D- At lower rotational speed → lover efficiency .

2T

Pin → input power
to generator.

OUTPUT FREQUENCY

• n rotates speed ( rpm )

f = hizpo
. p number of magnetic polls .

Multi PHASE ALTERNATORS

Two or more symmetrically spaced coils present .

Each coil produces a phase shifted

AC voltage . ( 3 are
-

bpicallg used ) Produce a phase shift of 120
°

Smaller and cheaper :

PHASE 8 UIFT
Urns = 53 . ( Vans ) snfe phase

.



DRIVE SYSTEMS

. Use the internal combustion engines or the ran air turbines
.

Pwnd = Az par . Ablade . Vwnd
'

• Also  use a solar dinamic drive system . Sun heats gas , gas moves turbine .

• The dnue system input power is higher than the generator input power .

Pin ) generator
= Maxis . Ypnue ' ( Pin ) drive

↳ connection between generator  and dnue . ( 90 to 95 %)

STATIC ELECTRIC POWER GENERATORS

• THERMOELECTRIC Converters ( TEC ) two different metals or semiconductors Connected

In a closed loop .
. If they are at different temperatures a potential is generated between them

.

( Seebeoh effect ) Peltier cells : opposite .

PHYSICAL LIMIT : NEVER HIGHER THAN CARNOT EFFICIENCY

Marmot  = y -

toed

# usually not more than 20%

• Thermo - Ionic CONVERTERS : ( Tlc ) vessel containing two metal electrodes CPlates )

with an ion , table gas between them
.

The hot electrode is heated at moo - gook and

causes ionization of the gas.
between the plates .

Gas generates voltage difference .

10 to 25% efficiency
.

• RADIO . ISOTOPE THERMAL Generator : ( RTG ) Power obtained from He radioactive decay of

a radio - isotope material
.

Heat  is canceled to electricity .
Deen space missions Usually .

PHOTOVOLTAIC GENERATORS
:

rlmary energy source of spacecraft .
Available at no cost

,

unlimited and eternal .
Depends on Sun

.

• Solar cell : semiconductor dlode : electronic component that  conducts current  only in on direction .

→
Material that  is an insulator  at absolute to temperature but  conducts electricity
at room temperature .



• A p
- n junction Is obtained by connecting two different types of semiconductors :

• A positive charge carrier ( ptype ) When illuminated , electrons are released
.

• A nesatue charge carrier ( n . type ) IS the circuit  is closed
,

a current flows in it
.

• Solar cell : arrest source in parolee with a diode
.

I
B. I  = Iph - Id

,
0 when NO light

p Ipn

Id

*@↳Vd | ✓ Coad
.

•Iph : photovoltaic wrest  also
,

Isc ( short - circuit current

current diode
source

• Id :  diode current

T .
to reverse situation wrcrt

- ^ Iph
Id = Io (e9¥t - 1 ) ;

h Boltzmann  constant i. 38.1523

ftp.msn#v
G elementary eeeann arose to io '9C

a T Temperature .

TPOWER DELIVERED -

Iv wrue Of the solar cell
( Ii

• p= V. I
oppdoiwt

Curat #' Power from solar all

• Pmax  = Vmpp . Inpp = Voc . Isc . ft
↳ maximum power point

↳
short  circuit

Voltage V
FF .

.

Fill factor : FF  
= 1 when

It curve shape is completely rectangular .

EFFICIENCY : y =
The It  can still be improved , max  of 4440

Pin

PHOTOVOLTAIC MODULE

Made of solar cells connected in series and in parallel .

• Wales in series form a stms
.

,

} comedy ales have he same IV curves

. Males in parallel form a  module

Vanous modules together form  a solar array .

Single cell voltage Vceec

} →

N aeesn  series : }
Malls in parallel

Side  all avert  Ieee Va  = N . Vall Ia  = M . Ioele



EFFECTS OF CELLS AND STRINGS FAILURES :

. Open . circuit failure of a single cell : a Short . circuit failure of a string :

→ The enhre strns fails . → Lower string uoltase

→ Avoid by including shunt diodes
.

→ Reverse current  might occur , higher tempoawcs

in he cells .

→ Avoid by including blocking diodes
.

PERFORMANCE AND SIZING

. The efficiency of the solar ( eecs  in space is 1 to 3 to lower
. Efficiency is based On a

reference temperature of 25°C

• Variations of the I V curve with temperature are expressed by the Temperature Coefficient .

EFFECTS OF  TEMPERATURE

I
• Increase of Temperature :

T 4 Max power and efficiency

short circuit arrest slightly increases . Io?os%
,

. § decrease .

Open circuit  voltage significantly deceases .

Voc ( T ) = Voc ( To ) + LIT - To ) ← v

Voc - 0.5401°C

•

Operational range -60°C to 55°C

• Thermal control is needed .  Bad surface reflectors ,
Feelers at  out the aogy of wavelengths .

EFFECTS OF AGEING

Caused by high energy radiations
. Also by atomic oxlger ,

thermal cydns , micrometeoroid sinks
.

Total life degradation : L D= ( 1 - 8) ×

→ Px . years = Ld PBOL
← w

8 is the yearly power degradation
' →  maximum cell power at begging of

life

EFFECTS OF Solar FWX :

1000 Your

Depends on distance from the son .

THand



INFLUENCE OF  INCIDENCE ANGLE

Depends on influence Area

Ae = A . cos (a) - maximum for perpendicular .

EFFECT OF SOLAR RADIATION SPECTRUM :

• Solar radiation depends on height ,
decreases when in the atmosphere .

• Efficiency of he cells on Space is higher than in space .

• The air mass coefficient SM is defined as Koso O :  angle between he solar radiation direction

and he earth Surface .

AVAILABLE SOLAR Array POWER

sobararras area

-
>  incidence angle

m

Psa = Sin  A. n.IO . Ld . wsco )

W W
W

Inherent degradation :  vary from 0.5 to 0.9

Incident efficiency life
solar of solar degradation due to Shadow effects , temperature effects , packing

flux cells factors .
 → 0.6 to 0.9

SOLAR ARRAY DUTY CYCLE AND REQUIRED POWER

Nominal Power
,

power during day

day t.me - > power during night

Psa .td =
Pd . to R.tn - night time

+

Nd efficiency day Nn - efficiency night↳ total available power



LECTURE 10 ELECTRICAL POWER SYSTEMS

BATTERIES : series of voltaic Cells

voltaic cell : two electrodes made of different materials immersed in a conductor .

cathode : positive electrode also called a constant  voltage

anode : negative electrode
source

.

Chemical reactions in the cell generate a voltage difference between the electrodes
.

when connected to a load
, arrest flows from he cathode to the anode .

BATTEN OHARACTERISMCS - CELL VOLTAGE TYPES OF BATTERIES :

•
Voltage decreases during discharge .

• Wet Cells : liquid electrolyte
• Voltage is strongly dependent on the

• Dry cells : paste electrolyte .

chemistry and he matnals .

• Primary : non rechargeable•Nominal voltage : voltage at 50%
. Secondary : reouargeable

discharge
. ( mpv ) mid point voltage . •End of discharge voltage . *

The uoetase of a battery while charging is different to its voltage Ounns discharge .

• Cell capacity : total amount of energy that a cell can deliver
.

- total amount of moos '

[ A/h ] Nominal capacity : conditionsC = ¥ - nominal cell voltage 50%

. Total discharge time

• Discharge temperature

• RATE  DISCHARGE CURRENT : conditions * End - Of .discharge voltage

I =
C-

for  a different discharge
+ D - discharge time t.me

, capacity will not be

nominal .

• SPECIFIC Energy =

TOTAL ENERGY
Energy Dews ,+y =

TOTAL ENEROY

CELL mass
CELL VOLUME



C- RATE OF A CELL

→

Indicationof its rated discharge time
.

• C=1  → discharge rate of A hour
• Cz = 2 hours

. 2C = % hours
.

→ Indication of he rated discharge current .

I = 4to - C- RATE  = 43 → 3 hours → for
C - G → |2A#Tf

EFFECTS OF  DISCHARGE CURRENT :

•

If a cell is discharged at  a current higher than Its rated discharge current
, he

actual capacity of the cell Is lower than the nominal capacity . > 1

Peukotcnst
.

Peuhert 's Cow !
• C = nominal cell

v
h - 1 Capacity1C

My catodicifafae .↳|
.ca#e=ayaaageee

9C

TD . Actual =

C ACTUAL .

Iaavd = actual Disch

wrest
Capacity C Iaatuae

to =
nominal disch

time

EFFECTS OF  TEMPERATURE

• Cell capacity decreases when temperature decreases . Thermal control is

• TP ' calls : 1% per each oc below nominee raced temperance .

} important !

CELLS IN SERIES AND PARALLEL

• Battery is he connection of cells in series
.

n Series : C = same V = N . Vcele

• Connecting in parallel muttisle batteries forms an array

• Parallel : V= same C = N . Cbatt



CHARGE / DISCHARGE EFFICIENCY

Mbatt  =

Ed 's - discharge
Edis < Eoh

Ech →  charge

CYCLE LIFE OF A BATTERY

• Each charge / discharge cycle reduces the capacity of a battery .

• CYCLE LIFE : number of complete c and d that can be performed before the

Capacity falls below 8040 cg the initial value
.

• Typical around 500 - 1200 cycles .

• To extend the cycle life it  Is possible to reduce its Depth of Discharge
-

how much he battery is

discharged at each cycle .

BATTERY SHZWG

C actual =

Pload . top
° Pcoad : Average power required by the load .

• top : max Operational time before  recharging .

Mtot . Vload . DOD
. Not : Total efficiency ( discharge efficiency x transmission )

. Vcoad : Load voltage
• DoD : Depth of Discharge

Fuel CELLS

• oel cells produce electrical energy from chemical reaction

• One reactant hydrogen flows thrown the aodc and gives electrons
,

the Other reactant ( oxign ) flows through th cathode and receives electors
.

• A fuel all can not be reusable
.

CHARACTERISTICS

• Typical efficiency of 40 - 60% Higher power  →
lower efficiency .

→  space :  reactants mass

is to -20 tires higher
• Tpically used for high . power loads ( 1 - 10 hw ) than dry mass

Total energy• Ulster Specific  energy than batteries
. same energy with lower  mass

. SE  =

Cell mass



SIZING : consider two parameters .

• Specific power : cell dry mass
.

• Specific energy : cell reactants only .

Capacitors :  characterized by similar characteristics as batteries
.

• Made of two  conductors insulated from each other by a
dielectric

.

*Store electrical energy and provide  it back uher connected to a load

• No chemical energy conversion tales place

• Faster discharge Than  on batteries .

• CAPAGTANCE : amount Of Charge .

c = Qg
→ electrical chose

→  voltage difference
.

• ENERGY :
• DISCHARGE

E  = tzcv2=tzQv -
&

*
IH= Yg @

' ¥0
2C

• Capacitance depends on :

•
Vcltl - Vo . I ¥

. Ageing and cycling
.

E

*

QLH - CVO @
RC

• Temperature
. Discharge current

• Connecting N capacitors :

• Series : to = tat + the *  .  it €n
* Parallel : G  

= C , +

czt
. .

. .  + CN

POWER MANAGEMENT

• Used to adapt the electrical power to he type of load that it uses it
.

• Because of different voltage lament

• Extends life of a device by forcing it to work under more
" comfortable h conditions



ALTERNATORS

. An usual requirement of AC devices is to receive power at constant frequency .

• Energy source
,

operates  at  variable Speed

• USE 1 INTEOAATED DRIVE GENERATOR 1 ( IDG )

→ Constant speed Drive
,

installed between the engine and generator
→ The CSD

,  hydro mechanical device
.

• USE 1 VARIABLE SPEED CONSTANT FREQUENCY I Converters
.

Made of electronic components ( ACIDC converter + DUAC one )

Solar Arrays :

. The Iv curve and the maximum power charge over time
.

° A voltage regulator is used to control this
.

ONIOFF SWITCHES

.
he only available control is on the number of array strings that arc connected to the load

.

• Current  can  not be controlled
.

SERIES REGULATORS :
Rs

An adjustable resistance  is installed in series between the solar array and the load
. .hn v out

•
•

Iload
V out  =

Vin - Rs  Iliad Iload can also be adjusted .

↳ adjustable Low efficiency .

resistance
.

Pin  = Vin . Ioars

Pdiss  = Rs .Io^o2



SUUNT REGULATORS :

. Smaller excess power is dissipated in the regulator .
 

→ higher efficiency .

• Shunt regulators  mole use of Zero diodes ( allow for  current  in reverse direction )

• V out  
= Vin - R . ( Ioaa  + ID ) ( R

'

. fixed regulator resistance )

( Ib :  current  nth diode )
Is allows for dissipation of
excess power in the low resistance diode circuit

.

Shunt regulators  are  used at low power .
 To emit the heat dissipated through the regulator .

PROBLEM  ILOAD  =/ Inpp

SWITCHED MODE REGULATORS

• An electronic controller is used to decouple the solar array

current from the load current
.

o Both solar array AND load can uorh at their optimum avert level .

. Used to manage high power levels ( > lbw )

• High efficiency but high cost  and lower  reliability

s

BATTERIES Application
)

• BATTERY CHARGE REGULATOR ; adjust the voltage provided

by the power source to the optimum point for battery chasing .

Remain power goes to the load .

• BATTERY DISCHARGE REGULATOR : ensures constant voltage to

He load while discharge .

• Longer life of battery and loads at  a higher cost  and decrease

in efficiency .



Power CONVERSION AND DISTRIBUTION :

CONVERSION : AC to DC

• A transformer Rectifier Unit

1. Transformer reduces the AC peak voltage

2. Rectifier forces he uoetase to be always in the same direction

3
. A smoothing circuit males the voltage constant .

smoothing

circuit Dc

CONUERSLON ! DC to AC !

• Inverter :

:3
way switches are switched back and forth with he required frequency to change

the direction of the DC arrest → also transistors can be used .

• Peak voltage can be modfied with a transformer .

Conversion : Dc to DC

Pulse width modulator : charges voltage .

Switch network converts the Dc input into a square wave .
time % when 0 voltage.

A low . pass filter converts the swore wave into a DC output Chigher duty cycle )



CONUERSLON : AC to AC

Transformer : same frequency , different peak voltage .

If we want to Chase frequency .
AC - Dc - Ac conversion required .

Transformer rectifier unit  + Pulse width modulator  + Inverter .

SIZING FOR ELECTRICAL WIRING

• Define the length and diameter of all wires
.

• It shoved keep the wire loss lower than 5%  in the complete circuit
.

a Wire gause : measure of dancer of a  wire

→ Lower swg → higher diameter  → higher  mass - . lower resistance

→ Higher wire current  → higher diameter → higher mass  → lower AWG
.



ROCUET PROPULSION

Rockets work with the principle of action - reaction
,

a massispropelled
in the opposite direction of motion .

^
. The energy of the fluid is increased .

External fluid → aircraft
internal fluid → rochet engine .

2 . The energy is converted into kinetic energy .

POSITIVES :

• Almost Independent of ambient conditions and flight velocity .

NEGAPUES :

• higher propellant consumption .

COMPONENTS AND FUNCTIONS

1. Provide tie fluid to be expelled ( Propellant 1

2. Store he propellant ( tanks )

3
.

Feed and distribute the propellant ( pipes , values . "

1

If power peat .

4. Accelerate the propellant thruster )

5. Provide the required power to the system Components . ( power plant .

1

CLASSIFICATION :

Based on : how the propellant is accelerated

Thermal expansion
,

electrostatic forces ,

electromagnetic forces .

Based on : what type of energy source is used

Cold gas , Chemical energy ,
Nuclear energy ,

Solar energy ,
Electric energy .



APPLICATIONS :

WORUWG PRINCIPLE

MOMENTUM :

the momentum changes when a TOTAL MOMENTUM :

I = M . J force acts on tie body remains
Am of momentums of he different

constant  if no force applies .

bodies ate system .

System : M ,vi.my The faster we speeehe propellant the more velocity we  can attain
.

THE ROCKET EOWATIOU :

momentum at time t :

I=M . V .

,
no  extend forces .

PROPELLANT  Is EXPELLED : dmp with a jet ueeoatg Ve : Ve is in the  oposlle direction to

the flight direction .

absolute ueloaty
of propellant.

MOMENTUM :

I+dI= ( M - dmp ) ( Vtdv ) - dmp ( ve - V )

÷bet  momentum Expelled propellant
momentum

MULTIPLY Out

I + dI= Mv  + n . dv - Omp . V - dmp . dvtdnp . V - dmp.ve

-
> low artier

.

Mu dI= M . du - dmp .v - dmp .dV + dmp . v - dmp.ve

dI= m.dv.dnp.ve  →  no eternal forces . |dI=# M . dv = dmp.ve



• separate variables and integrate

Mdv = dmp.ve → dude = dnM1 = - and Tswlhoushy Equation

Fefou - font - utesv . Alan ) save .en( mm".mp )

• we have assumed Ve = Constant → Not Vaud It

CMWGES over  Time
• NO gravity

. dnp= -
on • no oras ] !sEeIaIIon

• Min  =  initial massof the rochet
,

Mfh  = final mass of the Ncwt a No forces
PLANET  surface

• Mp total mass of propellant expelled . mp=m , ,  . Mfn .

. propellant expelled straight
NOT  WHEN  AXIS  DOES  NOT  ALIGN

WITH  FLIGHT  PATH .

Indicator of amount of energy needed
,

even if some  assumptions arc not true
.

ASSUME GRAVITY FORCE

tb= burn time
sv=Ve . ln ( nthnmp ) - 9. tb

g= acceleration of gravity .

in

gravity loss

Rocket Thrust EQUATION

Before dt-n.dv-dmp.ve → divide by dt

-
> pressure forces

od¥=m . off - ve done =Fp + Foto
↳ gravity ...

equal to the external force acting on

tie system

Fp is generated by the
pressure of the fluid around He rocket

.

y
consider  Po  on the rest  of He rochet

.

CONTROL VOLUME

Po Ae AM
Fp  = faopo . Ito  + Pc . Ae a )

Bee Ve

Pc : pressure of propellant.

when a  uniform pressurecontrol volume
Constant  over Ae acts  on  a closed surface

the total pressure force
shall be too .Fp - 0 = |aPodAo  +  Pe . Ae -

faopa
. dao - Pa . Ae

faopa. dAo  + Pa. Ae  = 0 ( z )

Fp - hypo - Pa )dAo  + ( Pe - Pa ) . Ae = Foray + ( Pe - Pa ) . Ae
-

Aerodynamic
drag .

 Foras



ROCKET Thrust EQUATION ( CNTD )

{It = M . ffe - Ve . dnyt = Fpttoto .
 = Foray + Fotwt ( pe - Pa) .ae

> Propellant  mass flow .

M . dohf = Foras + Fotw + Ve .
in +

( Pe . Pa ) . Ae

.
this must be also  a force .  →  Ft :  rochet thrust

.

Ft  

= ni .ve  + Cpe - Pa ) . Ae

in -

action Pressure
.

reaction

ROCKET Thrust Us At  HUDE

Thrust
. .  - .

.tn?rsteaatatgesprIYoomsatpYoecn:Y@aase
.

• Vacuum Pa  =  0 Pa
1600 •

p I

0 Chm )
130

Altitude

EQUIVALENT JET VELOGTY

Veg = t.me = vet
C re - Pa ) Ae

Ft = hive + ( pe - Pa ) . Ae . in Vegin

W
NO physical meaning .

 used to simplify .

when Ve = Veg ,
Pe=Pa SV = Vee . ln ( mhn

"

. np
)

TOTAL IMPULSE

When a force acts on a body for a longer line a eager momentum change is obtained
.

Total this effect into account
, define total impulse

.

I # = [¥t . dt
Ft =  constant

ft .tb
Vef=  constant

Itot  

= fottfnveg
. dt  = Veafotbonp =Vanp

SPECIFIC Impulse

Proportional to tie total impulse divided by the total mass of propellant used

Isp = got .

£¥ "

veaianstat
= v±

.

fotbmdt

ftbm .dt So
f.tumor

= Vg¥



SPECIFIC

IMDULSE
: ( CNTD )

• A higher specific impulse means that a lager momentum change car be generated by a

Smaller mass of propellant.

Isp = Vgat ;
Specific impulse is proportional to the ewiodat jet velocity .

Velocity change SV and rochet thrust F are also proportional
→ Higher Isp = Uyno F and Higher DV Isp increases when altitude  increases .

• So is in Isp because expresses Isp as time which Is a  universal measure
.

VOLUMETRIC SPECIFIC IMPULSE

Propellant volume is used instead of propellant mass .

Ip = go .

So
"

.  ' dt
• Higher Ip : larger momentum with less volume .

So"±pidt_propellant density
s Important to define she of a rochet

.

JET POWER AND CYCLE EFFICIENCY

Pjet : measure of available amount of power in the jet of expelled propellant

Pjct  
= tzft . Veg = tzri . Veg 2

cycle efficiency
how  much power

Bource : provided by the
energy source → compare to Djct % =

Bet
provided by source

Boore is converted to

( 70% ) lnwhc energy .

THRUST POWER AND PROPULSIVE EFFICIENCY

7 : measure of the anmount of power effectively used to propel the rocket

PT  
= FT . Vo = in . Veg . Vo

OVERALL ENERGY EFF

to
D= hp . nooctet  velocity component in the dreohon of thrust

.

Absolute jet Power : amount of jet Power not effectively used for thrust
.

Poet
. abs  = tzhi ( veg - vo )2 2¥

Propulsive efficiency : yp=
Pt Veg

=

PT  + Poet
. Ads 1 + ( Vfeg)2

In  rockets Vo > Veg  is possiblejetabsobk velocity .

so Vo  = Veg is the optimal .



IDEAL Rocket Theory :

ASSUNPTIONS AND BUILDING BLOCUS

Min
Ft  = vii. Ve - ( Pe . Pa ) Ae depend on propellantAV=Vef°h (

nn - mp
)

neat .rs and acceleration
Veg = Vet ( Pc - Pa ) Ae

Isp =
Ve± Process

.

ni

go

EUAWARON OF  PARAMETERS : Ve
,

Pe
, ni

INLET  THROAT @ Exit EXPANSION RATIO

C
*

1

'

=
'

,
E=AA*+

,
1

in. in .
,

1 11=1
-

Combustion chamber Convergent . Divergent Noozce
. High pressure • Propellant  is accelerated
. I Uyh temperature) .

No eternal energy is provided .

• Low speed

ASSUMPTIONS :

1.)Propellant in the chamber + route is a perfect gas .

2h Propellant in the chamber + nozzle Is a  calorically ideal gas ( specific heats  are  not dependent  on temperature)
.

3.) Propellant in the chamber + notice has homogeneous and constant  chemical composition .

4.) Flow in the nottle is steady ( not dependent  on time )

5.) Flow in the notzee is  isotropic C no extend energy applied , no lost )

6.) Flow in the nottle is 1
.

- dimensional ( quantities  vary along notice  axis )

7.) Flow velocity is purely and
.

8.) No external forces  act  on the propellant flowing in the nottee .

9.) Propellant in the chamber has negligible vcloaty .
C Uc=o )

CONSERVATION EOWARONS :

Mass ,  momentum and energy :  variations  are very small
.

because we  are  considers a small nozzle portion .

Velocity : ✓ vtov

Pressure : P p  +  dp

Frontal area : A A  +0A

p + Op
Density :p htdh

Enthalpy : U Ttdt

Temperature :  T



MASS CONSERVARON EQUADON :

in =p . V. A no mass generated or extracted DCPVA ) =o

PVA  = constant
.

MOMENTUM CONSERVATION EQUAMON :

I = in .V momentum equations can only be balanced by pressure forces .

dcmiv ) =p . A - ( p + dp ) . A ni .dv= - A. DP

ni =p . v. A m . dv =p . v. A. dv = - A. dp

dp+p . V. dv = 0 pttzpvz = constant

ENERGY CONSERVATION EQUATION

.

he propellant does not exchange any energy ,
no total enthalpy variations are possible :

d (h + tzv 2) = 0 dh + VDV = 0 Inteoraiion ht tzv2= constant

DEAL GAS EQUATIONS

EQUATION OF STATE

p  =p . RIT  •  P : gass pressure T : gas Temperature
MW •

• p : gas density
• Mw : gas  molecular  mass

• Pa : universal Sas  constant 8314 TH kahnoe )

¥ w=cp
- a V= ¥

cp =L
.

.Rn÷ ; go
:

:  constant pressure  specific heat

Cv constant  volume  specific heat
.

h= Cp . T dh = Cb .dT } ENTHAPY

ISENTROPIC  FLOW '
.

Mach NUMBER

Pg . constant p # 1¥ )
= constant

that a- = ( dottp )ans+a+
 entropy

a2= 8. Rtnw .T= V. ¥



CONVERGENT -DIVERGENT Nozzle :

Differnhahns the mass conservation equation and dividing by the ( constant I mass flow role :

p. v. da
dcpv .ai=o

#
+ vjajdta + oj?¥I=o off + of + dF=o

Momentum conservation equation and speed of sound :

*pv .dv=o→p=- ftfu a
"

(0¥ )
constant

entropy

of = - otfv . du =
. va÷q= . may

} ¥ - n

?¥tdF=o01=42
- 1) d±

A V

met m > 1
. convergent  when Mot

Convergent DACO DV > 0 DVCO When M=A da  = 0
• Divergent  when M > 1-

-
Dweeeut da > 0 duco du > 0 throat

THE NOZZLE SHOULD BE  DESIGNED TO HAVE M=1  AT NOZZLE

NOZZLE FLOW EQUATIONS

ASSUMPTIONS

conditions of propellant in the chamber are known
. I. Pc

propellant composition and characteristics are Grown . V
, Cp , Mw → constant

.

#
ENERGY EOWARON :

ht 1zV2= constantFIERY:&!@n¥ n.ae ,
} Eptgtotcptttsn

chamber -
generic noble

.

REURFE AS : SPECIFIC HEAT AND  ISENTROPIC  FLOW

v= Fats cp=E
, .at#v=2FEtwEots=PIEocFIf

j - A

n.FM#yIkfiEfo.atEy:p



NOZTLE Exit VELOATY JET VELOCITY

v= preF±°¥w . Taft .

fp±Ep÷]" ' aeroetuecoaty :

• Increasing I • Reducing Exit pressure

• Reducing Mw

VE
.

limit is attained when the exit pressure Pe=O .

MASS FLOW RATE AND EXPANSION RATIO

MACH NUMBER RELATIONS :

cptc . Cpt . i Em - ¥=1+z÷= Cp= # '

II. a
,

PT
( ¥r)= constant CpT= # . r . RI .t=ya÷

.

↳ P§f¥j¥t= ( i. ¥ .my# It . 1  + If
.Va÷=1tt¥m2

SONIC THROAT

¥*=t+rz±= ' ¥ Pga = ( if )÷±

MASS FLOW RATE EOWARONS

-

• if =p .v=pc.f÷ .F÷i¥F¥d¥ ] F. = constant

• ¥=sv=a.n÷±.2÷ffff¥y¥T FYFE )
"

Pc=pc . R÷wTc

÷iEe:÷ # ÷fh÷i÷t a=⇐
Flwtc

CONSTANT THROUGH NOZZLE



SONIC THROAT

I÷t÷l÷ pp÷y¥1÷r
MASS FLOW RATE

÷*=:p.

.:÷t¥*i÷tt¥*i÷l=÷E±F÷÷E÷i
Pc

. A
"

m=

gay
' Mr ) Mr )= FIT } Vandenhoohhoue

Functions

↳
only one value males the throat  conditions possible ( chocked flow )

AREA Ratio EQUATION

A T ( y )
• for  a given chamber  conditions C Pc , r ) and throat

- =

A* area A* , this equation gives the flow pressure

y2÷ . ( Pq )% . fy - ( pq )¥) corresponding to  each nozzle section of area A
.

• Two solutions for each area
,

subsonic
, Supersonic .

Exit AREA RATIO :

•

Direct
relationship between @ *passion

E= Aye =

Mt )
ratio E and the pressure  ratio Pelpc

y2÷ . ( Iec)% . f- (¥E)¥ ) • Nozzle pressure ratio Peltz can be

calculated as a function Of 8 and ( Ae
, A*j

EXPANSION CONDITIONS :

( 11

(11 Pecpa over expanded

(2) Pe  = Pa adapted expanded (2)

131 Pe > Pa under .expanded
( , ,

(1) , (3) Shock waves are  created

to adapt to Pa
.



CHARACTERISTIC VELOCITY AND THRUST COEFFICIENT

THRUST EOWARON !

FT  
= M.Vet ( pe - Pa ) . Ae combining THE PREVIOUS EQUAITONS

• FIXED NOZZLE COEOMETRY Maximum THRUST WHEN ( Pa  = 0 )

• FIXED ATMOSPHERIC PRESSURE MAXIMUM Ttrusi ( Pa  = Pe )

CHARACTERISTIC VELOCITY : Thrust Coefficient ;
Combined :

c *  
=

Pc .A* C ,==
Ft

- F- = vi. c* . Ct
ni

Point
'

always lower

than 2

CHARCACTEDISTIC VELOCITY

c
*  

= ftgy
,

. FEE Depends Only Of } measure performance of propellant . { Better
.

chamber conditions .

THRUST COEFFICIENT

Depends mainly on noztle geometry .
( Pelpc )

measure of effects on nottee geometry .



CLASSIFICATION OF ROCUET ENGINES

Baran

Liquid
Biggs Bipnp

Liquid Mono propellant
Solid

.

hi

remorse

wed gas

COLD GAS Rochets : Attitude Control . DISADVANTAGES

• Not heated
,

accelerated from the chamber at
Tc low

, limited performance

ambient temperature .

( jet velocity and specific  impulse )

• Thrust frompropellantpressurization ADVANTAGES

RFORMANCE Simplicity and safety .

Low Isp ,
Low Thrust

.

• Compact ,
Smale satellites

.

S

GarageCare

e

Regulator •

efface

PROPELLANTS

Thr#dggfgsgf

• Gaseous at  ambient conditions .
Lowest Mw generate Highest Isp ( helium )

• Chemically not  . safe
• Highest mw generale Highest Ip ( xenon ) Less  volume  used .

Uebwm  and Nitrogen .

�1� LOW - DOWN SYSTEMS

No pressure regulator is used pt=pc Tanh pressure Pt decreases with time

b to 30 bar=Pt
Pp÷u= constant  

;
Isotropic : h=8 tpanhwbme

 constant

Isothermal : h= 1
Fu

=  constant



LIQUID MONO -
PROPELLANT Rockets attitude controls

, propulsion belts

• Propellants are heated by a chemical reaction in the combustion Chamber .

• Energy used to generate thrust comes from propellant pressurization and from chemical reaction
.

• The chemical reaction  Is a decomposition of the propellant .

PERFORMANCE

Low Isp ( 2001 Low Thrust ( 20N )

PROPELLANTS :

• Hydra 't INLC

• Hydrogen peroxide

:
 s

CHAMBER TEMPERATURE

• The decomposition power Pdec of a mono propellant can be expressed as a

function of :

Poec = hi . His Heat of decomposition ( ↳ hoe )

• Power needed to  increase te temperature of decomposition products from To to To is ,

Pheat  
= nicp . ( To - To )

• Assume that Pdec
is used to heat the products of the decomposition

Pheat  = Pdec → in . HD = in . Cp . Ctc - To ) → I  = To  +
↳

Cp



LIQUID BI - PROPELLANT Rockets Launchers
,

missiles
, orbit  insertion

,
transfer orbits

.

• Two Propellants are used ( oxidizer and fuel ) combustion

• hypergolic propellants if combustion tales peace spontaneously when they enter in contact .

• Oxidizer / fuel raho ( OIF ) is the ratio of oxidizer to fuel mass flow rates :

O/f  =
m oxidizer

in fuel

PERFORMANCE

• Relatively high Isp

• High or very high Thrust



PROPELLANTS

• Oxidizers : Liquid Oxga , Nitrogen Tetroxide
, Hldroger Peroxide

,
Nitrous Oxide

• Fuels : Liquid Uldrosa , Liquid Methane , kerosene
, hydrazine

crioglric

p
temp .

very low to keep the

liquid .

TEMPERATURE

Combustion Power Bomb can be expressed as :

Bomb = riyfuee • Hu Heating value of fuel at rain  and 298k

Power Beat needed to increase the temperature of combustion products from their initial

value TO to a final value I must tale into account the entire amount of Propellant ( Fuel +  oxidi )

Phcat  = ( irfuee + in oxidizer ) . Cp . ( Tc . To )= nnfuee( 1 + QF ) - Cp . Ctc - To )

Equating Bomb and Phcat we get the chamber temperature

Uv
Pheat  = Pdec in fuel . Hu = in fuel ( ni QF ) . Cp . ( Tc - To ) → Tc  = TO  +

( p ( a  + O , ,= ,

COMBUSTION Products PROPERTIES

The combustion products properties are evaluated as molar average of the properties of he

single components
.

ncoz =  Rules

}
molar  averaged valves of Cp and Mw

CR Hb + ¥02 → 1202+13420 huzo  = 13
Cb =

12 - CD 62  + 13 Cpuzo

÷ 3

Mw  = Same



Pump - FED ROCUETS

Large engines , not comblniert to use pressure gas l tooheavy )
.

Propellants are pressurized by a pump .

More conuhiert when thnst  is higher than 204N

Power required by the pump :

Bump =

m . DP Required pressure increase
.

he
> Pump efficiency ( 50 %)

SOLID PROPELLANT ROCLETS

Oxidizer and fuel are mixed together in a solid - state grain .

The combustion is initiated by an igniter and can not be stopped once started .

NO propellant feed System is needed : simpler

Mass flow rate is much higher than lisuid . More or less same Isp but higher thrust
.

REGRESSION RATE

Mass flow rate :

ni =p , or . Ab
- burning grain  surface.

↳ regression  rate
.

measure of

burning speed of the solid grain .

Regression rate :

depend on solid propellant
r= a. pc "

↳
Stability : na 1  stable

Chamber temperature he > 1  unstable
.

CHAMBER Pressure

mass flow rate is also Combining the two equations :

Pc . A *

in = - in =p ,
. a. pin . as =RiA*c*

c*

R= ( atf.I.sn )±n
↳ changes with time

.



GRAIN SHAPES :

Ab=r - db . L

• Since dlametvdb increases during burning He burning Surface

L
also  increases .

db


