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Flight Mechanics
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Question

A Boeing 747 runs out of fuel at 10 km altitude
Suddenly all engines stop...
How far will this aircraft be able to glide?

a) 180 [m]
b) 1800 [m]
c) 18000 [m]
d) 180000 [m]
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Flight mechanics
Key questions

» What is the performance of a given aircraft; i.e. how far, high,
fast, slow can it fly?

* How long can an aircraft remain airborne following an engine
failure and how far can it glide?

» How is aircraft morphology related to aircraft performance?

% . .
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Flight Mechanics

The performance of the complete vehicle is analyzed

Transfer orkit, e
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High altitude Steep climbs iy Orbits
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Flight Mechanics

Aerodynamics

Aircraft

4 p
Atmosphere Structure

Equations
of motion

\, /

Pilot

(flying
strategy)

Propulsion

system
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Flight mechanics

Hours 1 & 2 : Introduction, general equations of motion
Hours 3 & 4 : Horizontal flight performance
Hours 5 & 6 : Climbing and descending flight
Hours 7 & 8 : Flight envelope
Hours 9 & 10: Example questions and solutions
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What do you need to learn?

* Most important!!! Lecture sheets (blackboard)
 Introduction to flight: paragraphs; 6.1, 6.2, 9.1 9.2, 9.4, 9.6

e Better book to consult for more information: Ruijgrok, * Elements
of Airplane Performance’ (only 14 euro’s at VSV)

* Practice questions (blackboard)
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Equations of motion
Overview

* Newton'’s laws

» Coordinate systems
* Assumptions

» Equations of motion
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Equations of motion
Newton’s laws

Newton’s laws only hold with respect to a frame of reference which is in
absolute rest. This is called an inertial frame of reference

Coordinate systems translating uniformly to the frame of reference in
absolute rest are also inertial frames of reference

A rotating frame of reference is not an inertial frame of reference

% . .
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Equations of motion
Coordinate systems

Angles: ) = I'\
0 - pitch attitude A
a - angle of attack 0 G: Earth axis system
y - flight path angle B 5 E: Moving Earth axis system
vy Y5 B: Body axis system
Xg Ze Za A: Air path axis system
P L,
!
+ L
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Assumptions

Centrifugal force
w Vv?

Assumption 1: the earth is flat  ¢="> R +h
c__ v
w (R,+h)g
. Example
V:B(Re+h) I/ =100 [m/s]

R, = 6371 [km]
g =9.80665 [m/s’]

=0 [m]
2

C _ 100 — 0.00016

W ~ (6371000 + 0)9.80665

(0.016%)

\/ Valid assumption
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Assumptions

Assumption 2: the earth is non-rotating

We

IS
polar parallel of
axis N latitude

equator
meridians

centrifugal force Coriolis force

% . .
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Foucault - story
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Assumptions

Assumption 3: Gravity is constant

M. M
F - AV Vo (Newton’s law of gravitation)

R2

At maximum altitude for atmospheric flight (60 —
80 km), g is very close to g at sea level

Note: these assumptions are fine for flight
mechanics but not for orbital mechanics
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Equations of motion
Free Body Diagram - Forces

Important:

\ e Lift vector perpendicular
‘\ to airspeed
W # - e Drag parallel to airspeed
v Y4 e Thrust not necessarily in
Z, direction of X,
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Equations of motion
Kinetic diagram - accelerations
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Equations of motion

ZF//V :V—Vd—V=T cosa; —D-Wsiny
g dt

> Fy .W d7t/ L-W cosy +Tsina,
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Propulsion
Overview

Fundamental equations and definitions
Propeller or Jet engine?

Pure Jet engine

Propeller

i o e
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Propulsion
Fundamental equations

~
-~
-
~
-~
-~
-~
~
-~

- Propulsion R

System |
Vo Force ) Vi
Momentum equation Conclusion
E—Al=| —] A force is created by acceleration of

mass. Two fundamental options:
(m+m )V, -mv,

1. Give a small amount of mass a large
T acceleration

2. Give a large amount of mass a
small acceleration
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Fundamental equations

spark plug

» A small acceleration to a large mass:

mechanism

propeller blade

Centrifugal impeller

ressor)

* A large acceleration to a small mass:

» The mass can be taken from the surrounding
air (airbreathing engine) but it can also be
taken along
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Fundamental equations

PROPULSION PRINCIPLE

IMPARTING MOMENTUM TO A FLUID SO THAT REACTION
FURNISHES PROPULSIVE FORCE

PROPELLER

——

L /o VB

——

large small

1]

TURBOJET AND RAMJET

o, = PR

small  large
HEAT ADDED
ROCKET

s Vi F=m Vl

— small very
\ large

HEAT ADDED
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Fundamental equations

* Which propulsion type is the best?
* Propeller
 Jet
 Turbofan
» Ramjet
+ Rocket

o Before we can answer this question we must define what
is efficient
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Useful definitions

e Power Available
e Jet Power
e Thermal Power

!

» Total efficiency
e Propulsive efficiency
» Thermal efficiency
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Useful definitions
Power available

oV
AX
t+ At

Work (energy) Power (energy per second)
W = FAX o W

W =T (%, —x) At

poTe=X) A o
At At

=] 4
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Useful definitions
Jet power

Jet power is defined as the increase in kinetic energy of the flow

Fuel is added to the mass flow  ~~--____ T
Propulsion
—_—> - >
V System V.
0 Force J
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Useful definitions
Thermal power

Thermal power (Q) is the heat energy supplied to the process

(burning fuel)

Q= m, H Variables:
m¢ mass flow of fuel [kg/s]

FH F fuel flow [N/s]
R H heating value [J/kg] (constant)
g m mass flow of air [kg/s]

i, heat per kg air [J/kg]

Q — I'nqin
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Useful definitions
Total Efficiency

» Total efficiency is defined as the ratio of Power available
(energy for transportation) over Thermal power (fuel required)

Mot = il
tot

Q

PP
ot =5 ~ =11
tot P Q th
o It is also the multiplication of propulsive efficiency and thermal

efficiency
% . :
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Useful definitions
Propulsive efficiency

P, 2
771'_ F) __ \/
] 1_+__J_
V 100
951 \ Vj/V > 1 when thrust is positive
Conclusions: 90l
85
* The ]et VeIOCIty VJ mUSt be —~ SO i T Vi/V< 1.5 results in a high
larger than V in order to £ 75 ; efficiency (>80 %)
create thrust 70t
e Therefore propulsive 65+
efficiency must be smaller 801
than 100%! 551
501 1.5 é 2.|5 3
ViV
] . .
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Useful definitions
Jet or propeller?

T =100 [N]
T=m(V;-V)

Option 1:

T =1(200-100) =100 [N]
Option 2:

T =1(300—-200) =100 [N]

n., = = = 66%
) Vv 200 : :
1+ 4 1+— ¢ At large airspeeds it becomes more

Vv 100 efficient to give a large acceleration to

2 2 . air
iz = T 7300 80% * At low airspeeds it is more efficient to

1+ 1+ — give a large amount of air a small
200 )
acceleration

%
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Useful definitions
Jet or propeller?

PROPELLER TURBQJET ROCKET

PROPULSIVE
EFFICIENCY
. 2PN
1+Vi.'V°

FLIGHT VELOCITY, V,

%
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Useful definitions

Summary
Thrust Power Efficiency
P =TV P,
sz(Vj _V) : . ) , 77tot:6:77j'77th
Pj = EmVj —§mV P 2
FH L
Q=— TP V,
g J 1_|_ _J
V
P,
Thn = 6

Try to understand what these equations mean. Then you will be able to derive them.
Do not memorize them
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Working principle jet engine

Compressor Turbine Nozzle

‘¥
}

Combustion Shaft
chamber .

See also, Physics 1 — lecture 7 (Chapter 9 of Cengel & Boles)
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Working principle jet engine

» The compression at the intake depends on the flight velocity (kinetic
energy)

e The compression ratio (p, / p;) at the intake is relatively low (in the
order of 1 ~ 2)

» Compression ratio in the compressor is relatively high (in the order of

30 —40)
» Jet velocity is very high T=m (V _VO )
J
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Propulsive force
Typical analytical assumption — Jet

Thrust is assumed to be independent of airspeed

thrust, | » speclflc
S
kN 20F &.wmum continuoY fuel 1.6]
Maxi _ consumption,
W" N/Nh 14}
15+
‘??a . 1.2 B
e
10T Mum cruise
1.0
5_
08F
0—02 04 06 08 1.0 060702 04 06 08 1.0
flight Mach number flight Mach number
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Jet engine - simplified

For basic flight mechanics applications, thrust of a turbojet can
be assumed to be constant with airspeed for a given flight

altitude
Thrust
A
> Airspeed
% . .
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Working principle turboprop

Schematic

Prop . Gearbox Compressor Turbine Exhaust

\

\\

|
Shaft Combustion
chamber

R,

2%
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 Shaft power (P,,)

Ir

e Propeller accelerates a

1oNs

foil sect

air

propeller
blade
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Working principle propeller

Motion of a propeller blade section

wr=2Znnpr Vr

blade section
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Working principle turboprop

Induced velocity
Vo

VO +VQ

X actuator disk
\ pO p3 = po

© 0le - ®

P2
jh p3 - po
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Working principle propeller

Actuator disk theory — blade element theory

streamlined spinner
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Working principle propeller

Local velocities at a blade section

axis of /
rotation ,

[ plane of
dK - rotation
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Working principle propeller
Variable blade pitch

forward thrust forward thrust zero thrust reverse thrust
fine {low) pitch,  coarse (high) pitch,  full feathering, landing brake,
takeoff, cruise flight, propeller stopped, large negative
small blade angle normal blade angle  large blade angle blade angle
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Working principle propeller
Variable blade pitch

: NACA -16 AF =90
Jmax~, _ = — =

08 }

06t

04 ¢

0.2 ¢t

0O 02 04 06 08 10 12 14 16 18 20
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Propulsive force
Typical analytical assumption — Propeller

20

thrust

|}
i
propeller \ shaft power
\ Pyr= 1200 kW

T, kN
12

'nj.= 0.75 (constant)

actual propeller

h‘_‘
N

0 1 ] 1 1
0O 200 400 600 800 1000

airspeed, km/h

1.0
propulsive

efficiency K

n.
To6

0.4

0.2
0

P, is assumed to be constant and independent of airspeed

- - e — e

actual propeller

0 200 400 600 800 1000
airspeed, km/h

%
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Propeller - simplified

For basic flight mechanics applications, power available of a
propeller aircraft can be assumed to be constant with
airspeed for a given flight altitude

Power available
A

> Airspeed
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Lift

Aerodynamics

coefficient &

A\
i o y\
S &C
w2 1 o .

1

S pC OV/G‘V

L=W
1 2¢C _
CL 3 pl/ 5 = W -
w2 1
V= |22
S pC
wing lift
coeéf;_uent CLme
//T“
// slot
open
slot
closed
/ |
/ . angle of attack «

7 Aa

slat

siot closed

slot

slot open

angle of attack a

%
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Aerodynamic forces
Drag polar

Iowgr than freestream
static pressure

equal pressure

higher than freestream ‘94%
static pressure L

Q
%
S,
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Aerodynamic forces
Drag polar
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Aerodynamic forces
Lift — Drag polar

C2
C,=C, +—¢
°  rAe
total drag
coefficient C,
wing drag
ift coefficient Cp,, 0.22 ‘
coefficient N Cp from Lift-Drag polar (flaps up)
C i -
L / 018 | figure 4.3-2
e
. S=233 mz
parasitedrag Y C, S 6
coefficient %’ 014t Re=5.5x10
M=z=0.2
induced drag boli
coefficient Cp; 0.10 parabottc
approximation
profile drag Cp,=0.04
' 0.06 | 1%
coefficient Cp,, A-9.22
e=06 ‘
: 0.02 . : -+ . .
drag coefficient Cp, 0 04 08 12 16 20 5 2.4

CL
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2
C,=C, + ¢

°  rAe

%
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Aerodynamic forces
Drag as a function of airspeed

Lift Drag
%
= C,=C, +
L 1W , o % rAe
CoopV™s =W D=C,5pV°S
¢, W2 G
tS pl? D=C, T’ 5 > —L_1 /%S
0 rAe
w?* 4 1 1
D=CosV' S+ g i aaat V'S
WZ
D=C, LpoV%S +
o 22T el p/%S

So, one part of the drag decreases (!) with airspeed (1/V2)
and one part increases with airspeed (V?)
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Aerodynamic forces
Drag as a function of airspeed

Aircraft are quite
unique in the sense
that drag increases
when airspeed

ST decreases!
ni .

-lift drag D
drag zero-lift drag Do D-D,+D

Dy=Cp, 3 0V°S

drag

total dragD

stall
limit

induced drag Dj D = w*
ce— " rmAelpV’S
Vs VDm;n velocity

'i"U Delft Flight mechanics 59




Aerodynamic forces
Consequences for aircraft design

e D, predominant factor at low airspeeds
- Large S; low wing loading (W/S) required
» D, predominant factor at high airspeeds
—->Small parasite drag C, and small S; high wing loading (W/S)

Very low speed aircraft (bicycle plane) high speed aircraft (F104 Starfighter)
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Summary

e You should be able to derive the

‘W dVv :
equations of motion for 2 Z Fiv 'EE =T cosa; —D-Wsiny
dimensional flight W dy _

> Fy :_VE: L-W cosy+Tsine;
g9

e The thrust (T) of a jet aircraft can be
assumed independent of airspeed

C/
7 Ae

Cp=Cp +

e The power available (P,) of a
propeller aircraft can be assumed
independent of airspeed

» The complete aircraft aerodynamics
can be represented by 1 equation;
the lift drag polar
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Questions

\ ‘\
,,\\‘ ‘

‘ v

tw-r
"
v ]

%
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Additional material
Actuator disk theory

Extra information which may be useful for the propeller practical in
the AE1100 project is included in the next couple of sheets. You do
not have to learn this for the exam.
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Working principle turboprop
Actuator disk theory

Vo
<:::'5€::| VO +Vg

—«at» M~ actuator disk

- Po P3=Po

© 00 ®

j_px p3: po

%
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Working principle propeller
Actuator disk theory

Bernoulli
Po "'%/OVO2 =P +%,0(V0 +Va)2

P, -I-%,O(VO +V, )2 = Po +%p(VO +Vas )2 e

T = 7R? ( P, — pl) actuator disk

T=7R’ (%,O(VO +Va3)2 _%pvoz)

VO +VQ

p3=p0

®

T =7R* V5 (Vo +3Vsas)
Momentum equation - 1

' Va — fva3
T=m(V,-V,)
T= m((vO +va3)—v0)
T=mV,,
T =72R*pV,5 (V, +V,)

%
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Working principle propeller
Actuator disk theory — propulsive efficiency

Shaft power P,, may be expressed as the increase in
kinetic energy of the air mass flow

Ry :%m(\/j2 _Voz)
Ry :%P”Rz (Vo "‘Va)[(vo +V,3 )2 _V02:|

I:)br = pﬂ'RZ (VO +Va )2Va3

n. = Wo_ Mo 1 This efficiency is a theoretical upper limit

J I:)br VO +Va 1 Va

_|_
0 Assumptions:

n = 2 - No rotational kinetic energy in slipstream

. Lo e T - Axial velocity is uniform over the disk

PRV}
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Working principle propeller

Actuator disk theory — blade element theory

streamlined spinner
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Working principle propeller

Actuator disk theory — blade element theory

axis of /
rotation ,

plane of
dK ~ rotation
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Blade element theory

How to calculate the thrust and torque of a prop

Step 0: assume induced velocity is equal to zero

Step 1: Calculate angle of attack of blade element

Step 2: Calculate Lift and Drag of element

Step 3: Integrate forces over whole blade (thrust and torque)

Step 4: Calculate induced velocity (actuator disk)
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