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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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Equations of motion
General equations of motion in symmetric flight (1)

Free Body Diagram Kinetic Diagram

% . .
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Equations of motion
General equations of motion in symmetric flight (2)

—_

F =ma
]V:TCOSaT—D—Wsiny:m%

1V:L-Wcosy+T sina, =ml/ﬂ

at
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Propulsive force
Typical analytical assumption — Propeller

P, is assumed to be constant and independent of airspeed

20 v 1.0
propeller \ shaft power propulsive
thrust \  |Pyr=1200kW| | efficiency F--=-=pemmm oo -mmm—1
T, kN n j
12 0.6
actual propeller
8T / 047 actual propeller
4 'nj.= 0.75 (constant) \_ == 0.2
0 ] | | ] | | l l
0 200 400 600 800 1000 %0 200 400 600 800 1000
airspeed, km/h airspeed, km/h
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Propulsive force
Analytical assumptions - summary

Jet: Thrust is (assumed) independent of airspeed

Propeller: Power available is (assumed) independent of airspeed

A
thrust

— jet
= = prop

power
available

>

airspeed

A

airspeed

%
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Summary previous lecture

* You should be able to derive the W dv
equations of motion for 2 Z Fyy - EE =T cosa; —D-Wsiny
dimensional flight
Y F Wyadr_ | w cosy +Tsina
1V g t T

» The thrust of a jet aircraft can be
assumed independent of airspeed

C/
7 Ae

C, :CDO +

» The power available 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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Introduction
Horizontal flight performance

» How fast can an aircraft fly?
* How slow can a given aircraft fly?

» At what speed should be flown to be able to fly as far as possible?
(Interesting for airliners)

» At what speed should be flown to stay in the air as long as
possible? (Search and rescue, military purposes)
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Introduction
What to learn?

Most important are the lecture sheets!!!

Background material:
Introduction to Flight (Anderson)
Par. 6.1 — 6.2

Par. 6.3 — 6.6

Par. 6.12 — 6.14
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Equations of motion
General equations of motion in symmetric flight (1)

Free Body Diagram Kinetic Diagram
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Equations of motion
General equations of motion in symmetric flight (2)

—_

F =ma

1/ i 7T cosa; —D—Wsiny:mz—lz{

dy
at

1LV:iL-Wcosy+Tsina, =mV —

Flight Condition:

The aircraft is performing a horizontal (straight) and steady
flight.

Assumption:
The thrust is assumed to be in the direction of flight (o = 0).

TU Delft Flight Mechanics 17
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Equations of motion
definitions

 Straight flight: flight in which the centre of gravity of the
aircraft travels along a straight line (dy/dt = 0)

» Steady flight: Flight in which the forces and moments acting on
the aircraft do not vary in time, neither in magnitude, nor in
direction (dV/dt = 0)

* Horizontal flight: The aircraft remains at a constant altitude
(v =0)

o Symmetric flight: flight in which both the angle of sideslip is
zero and the plane of symmetry of the aircraft is perpendicular to
the earth (B = 0 and the aircraft is not turning)
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cross wind

| component
— .'-’ ~ ‘
!
runway | centerline 5
% slip angle to counteract drift
T %
I bank angle to counteract drift

http://www.youtube.com/watch?v=TCUHQ -16Qg
B52 landing in crosswind
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http://www.youtube.com/watch?v=TCUHQ_-l6Qg
http://www.youtube.com/watch?v=TCUHQ_-l6Qg
http://www.youtube.com/watch?v=TCUHQ_-l6Qg

Equations of motion
Horizontal, steady, symmetric flight

P_ —_

1 TcosQK - D - W;fﬁ m7Z—
LVil-Wc 5y+r5|QA m|/7Z

| o

' 1V :T =D
1V:L=W
Note: Clearly this
is the most simple
form of the

equations of
motion

How do these forces (aerodynamic, propulsive, gravitational) vary

with airspeed?

%
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Performance diagram

 For a given altitude, configuration and engine control setting, the
drag or power required and thrust or power available are plotted
against airspeed

e Also called Pernaud diagram

 Very useful to determine aircraft performance parameters
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Performance diagram

» Typical shape:

a. turbojet airplane b. propeller airplane

force power
- thrust

wer available

&
& e§
Ac DoweS <
velocity velocity
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Performance diagram

thrust (maximum continuous rating )

400 -
force, (@
kT I
300 F
200 F
II"rf-‘_:'min
100 ' =D.V
B /
80,000 = power
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KWW —
a0000F |7
/ pOWer
L required
\
0 VMSV-‘:I’Fminﬂmax Viqcmax IL"'}ma:»c
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Jet (thrust / power)
— — = Propeller (power)
— - = Aerodynamics (power / drag)

Force ; Power
/
R
K
* / ’
- > -
airspeed airspeed

] . .
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Horizontal flight performance

e Minimum airspeed (How slow)
* Maximum airspeed (How fast)
* Range (How far)

e Endurance (How long)

» Speed stability / instability

Assumptions: Horizontal steady symmetric flight
(L=W,T=D,P, =P,), except for the speed stability section
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Minimum airspeed

angle of attack a

K
o'.&%o
lift -0
coefficient ®
L=W 2y
C, LolV2S =W w2 1 & &0
L2 P min DR © r‘o“ﬂ
S pC oy /0/
,_ w21 -
S pC, A
7 . Aa
C slat
wing l.if'l'
coeéf;_uent CLme
P Ry
e Ik slot closed
7/ slot
open
slot
slot
closed
/ slot open
7 P

. angle of attack «

%
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Minimum airspeed

Flaps

slots
C:(\ plain flap < 2 double slotted flap
R —— split flap Q‘\ Fowler flap

complex slotted

C—ﬁ\ A sl g @'\.\ flap with slat

lift coefficient
of wing
CL flaps down

flaps up

s

4 '

angle of attack o
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Minimum airspeed
Performance diagram
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Minimum airspeed
Example calculation

» Question: An aircraft has a wing loading (W/S) 2400 N/m2 and
C.max = 1.4. Find the airspeed at which stall occurs (minimum airspeed)
at (i) sea level (p = 1.225 kg/m3) and (ii) at 5000m (p = 0.737 kg/m3)

e Answer:
=W \/2400 2 1 519

I = =251.0 m/S

CL %pVZS =W OV, min 1.2251.4 /

w2 1 2 1

= = i =,[2400 =66.8 m/s
Vo \/ SpC. ... (1) Vo \/ 0.7371.4 /
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Maximum airspeed
Jet aircraft

* Pilot applies maximum throttle
(max. thrust or Power available)

Force 4

Maximum thrust

\

Solution

Tmax:D

L=W

Tmax :DE:&W
L C

C, =G, +k-C

C
Do _|_k_CL — Tmax
C, W
T

C? ——12.C +Cy, =0

(ax2+bx+c=0)

N C =..
D,
rag V>V L:W:V:\/%%CL
Vmax :
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Maximum airspeed
Example

The following data is known of the Cessna Citation II (subsonic jet)

Aircraft Weight : W = 60 kN,

Wing area : S = 30 m?,

(Parabolic) Lift-Drag polar : C; = Cp, + kCL?; Cp, = 0.022, k = 0.047, C,0y = 1.35,
Maximum Thrust at 0 m ISA :TO = 12 kN.

The aircraft is flying at an altitude of H = 0 m in the International Standard
Atmosphere (p, = 1.225 kg/m3)

Thrust is assumed to be independent of the airspeed

Calculate (1) the maximum airspeed of this aircraft when flyingat H = 0 m
and (2) the corresponding Mach number

'i';U Delft Flight Mechanics 37
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Maximum airspeed
Solution

Steady symmetric horizontal flight:
L=W,T=D

With

L=C 1pV’S, D=C,1pV’S

Thrust must be at maximum to achieve Vmax
Combining the above yields:
C, W 60000 C
C, T 12000 ° 5
Lift drag polar:

G =G, +k- C

C G

C>_=L_
“ Bk k

¢ 0.022

5.0.047 0.047

Q@

C =0.11

_ ﬂgi:\/soooo 2 1
"™ NS pC 30 1.2250.11

=172.1 m/s

Maximum Mach number?

a=+yRT =+/1.4-287.05-288.15 = 340.3 m/s

1721
max T 340.3

0.5

%
« TUDelft

%
TUDelft
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Range

* How can we fly as far as possible for a given amount of fuel?
* How can we fly a given distance with the minimum amount of fuel?

Specific range is defined as the ratio V/F, where F equals the
fuel flow

Dimensional analysis: [K} = M = [m/s] = [m/N]
Fl [F] |[N/s]
Or, put in words, specific range is the distance that can be

flown for 1 Newton of fuel. Clearly, this variable must be
maximised
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Range

Maximum range propeller aircraft

F U CPPb,<:>F:CP&
1;

P, =P (steady horizontal flight)

.
; ;

v_m1

F ¢, D

n; and ¢, can be assumed to be constant as a function of airspeed
(over the range of cruising speeds) for propeller aircraft

Rmax — M] — Dmin - &
F max CD max
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Range

Maximum range propeller aircraft

320
power
required, . | weight 20kN
kW altitude  Om (1.S.A)
160 }
A
80 -
0 2 R o A M 2
drag,
N 3000 } A
2000 | K ¢
vl .
1000 ¢} Vp Dnin
fmin|
Vg
O " 5

0 40 80 120 10 200 240 280 320
airspeed, km/h
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Problem!

Result:
Prop: maximum range at maximum C_ / C;

Dear pilot, could you please fly at C, / C, max?

We must give an airspeed to the pilot
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CZ
: _ L
Solution Cpr=Cp +
TAe
Result:
Prop: maximum range at maximum C, / G,
Co=1(C) < y=f(x
d (C 0 - d(g(x) :hg —zgh
dC, |\ C, dx\ h(x) h
dC
C,-1-C -—=2=2
D L dCL
2 =0
CD
dC, C,
dC, C,
C L=W
C, +—=
2C, _ > zhe
7 Ae C, V = /V_Vzi
\[S 5C
CLZ‘/CDOﬂ'Ae Vo P>
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Range
Example: Spirit of St. Louis

 Charles Lindbergh (1927)
» First solo, non stop flight across the
Atlantic ocean
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N.A.C.A. Teohnical Note No.2B7 .~ Fig.9

7
240 287 B.HP.avilable at| 1980 Ry, M{(£11gnt | teet) /!r Performance diag ram
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IREEmEm ¥
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160 \\ / /.1"’ H
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. f e ﬂa;, - y . that Charles had to
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7 .«’
/ / /- : :
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80 P whta| Light losd Ho gasoline
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40 ///
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Range

Jet aircraft

So, at what speed should the pilot fly to maximise specific range?
FUc. T

Typically, ¢; can be considered to be constant

I =D

F=c, T =cD

4
¢, D

(V/F ) = (V/D)

V/F =

max = (D/V)min
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Range

7).
Jet aircraft V) LV
L=W
Performance diagram (jet) 2 ) & l
I/ max CL I/ max
D
Cips-weyv- W21
S pC
D _ C, W 1 B 74
veed | Vv ¢ w21 wxe
airspeed for c c 2
maximum range S pC Spé
D C,
V) “le2
V min D Jmax
] . .
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Problem!

Result:
Jet: maximum range at maximum C, / C,?

Dear pilot, could you please fly at C, / C,?> max?

We must give an airspeed to the pilot
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Solution Cpr=Cp +

Result:
Jet: maximum range at maximum C,_ / Cy?

C,="1(C)) = y = f(X)

d C_; 0 - d( g(x) :hg —Zgh
dc, | c2 dx | h(x) h
cz.1-c, -2c, 9%

dC,
c’ =0

D
dC, 1 Co
dc, °C,

2 L=W

C, + C
2CL —1 0 ﬂAe W 2 1
zhe ° C, V:\/?_C_
C, = [iC, 7he TP
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How environmentally (un)friendly are
aircraft?

» Example: Boeing 747:
- W = 3000 kN
« S=510 m?
b=60m
* h, = 11000 m
- M, = 0.85

e Estimated:
- Cpy = 0.02; e = 0.85; n, = 0.40
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How environmentally (un)friendly are
aircraft really

e W/S = 5882 N/m?2; A = 7.06
°*a=295m/s; V=250 m/s (=900 km/hr)

W21

CL=———2=0.517
S plV
CZ
C,=C, + L =0.0342
°  rAe
—Lt =15.1

D :%W =198.4 kN

L

=P. =DV =49591 KJ/s

r

(;D
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How environmentally (un)friendly are
aircraft really?

Noop = % = 0.40 estimated (in the order of efficiency power plant)

F-9% _283N/s
H 1o

H = 43000 kJ/kg

P = 0.8 kg/m’

Fuel consumption: 12980 I/hr (in accordance with data manufacturer)
Every hour 900 km is travelled and 12980 | of fuel is used:

69 m/I

With 400 passengers: 27.7 pax km/I

'i"U Delft Flight Mechanics 54
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Comparison to a car

e Car driving 1:15 and 4 passengers: 60 pax km/

» Conclusion: consumption of car is half the consumption of a 747
despite the speed ratio 9:1

» In practice ( seat occupation < 100% ) consumption per
passenger km is similar for car and aviation traffic

'i"U Delft Flight Mechanics 55
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Endurance

» Endurance: time duration spent
in flight

e Do not confuse endurance with
range!

e Solution: maximum endurance for
minimum fuel flow

'?U Delft Flight Mechanics 57



Endurance
Jet aircraft

Cr = ; Performance diagram (jet)
F=cT
Horizontal steady flight
I =D airspeed for
maximum
F=cD endurance
Assumption: ¢, = constant airspeed for
maximum range
CL
Fmin — Dmin = | =
D /max
Vv
] . :
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Endurance
Propeller aircraft

CP = i = F = Cp &
br 77]
P, = P. (steady horizontal flight)
F = CP i — Cp %
7, ;

D W21
F=c, — =
7; 5 pC,
oy [TIT . 7T
n, C, \SpC m\S pC

n; and ¢, can be assumed to be constant as a function of airspeed

(over the range of cruising speeds) for propeller aircraft
3

Emax = I:min = (C_Lz] g (Dl/)min = 'Dr,min
D /max
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Endurance

Propeller aircraft
320
power
'eq‘;'\:ved' 20 | weight  20kN o
altitude Om (1.S.A)) Pr Should be mlnlmall
160
80 }
0
drag,
N 3000 }
2000 t
1000 } v,;_v_D,min
min
N 1 b
0 40 80 120 160 200 240 280 320
arspeed, km/h
% . .
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Problem!

Result:
Propeller: maximum endurance at
maximum C;3 / Cy?

Dear pilot, could you please fly at C,? / C,? max?

We must give an airspeed to the pilot

'i"U Delft Flight Mechanics 61
T




C/
TAe

Solution Cpr=Cp +

Result:
Prop: maximum endurance at maximum C3 / C;?

Co=1(C) < y="f(x)
3 R
d C_; 0 - d( g(x) :hg 2gh
dc, | c? dx | h(x) h
c2.3c?—c?.2c, 9%
dC,
7 =0
CD
dC, 3G
dc, °C,
2 L=W
C, + C.
2C, _3_° mhe W 2 1
zhe ° C, V :\/?_C_
C,=,/3C, 7Ae L
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Speed instability

» General equations of motion F =ma

]V:TCOSaT—D—WSinyzm%

LV:L-Wcosy+Tsina, =ml/ﬂ
at
» Equations of motion horizontal F_ ma
symmetric flight (thrust parallel B
' V
to airspeed ]V:T—D:md—
dt
LV :L=W
% . .
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Speed instability

A
Force Disturbance (gust of wind for example)
D>T
T -D = mdVydt
avydt < 0
Thrust
Drag
. » Airspeed

Vdesired

Conclusion: the aircraft is ‘speed unstable’ and will deviate from the original position
following a disturbance. This makes it difficult for the pilot
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Speed stability

A
Force Disturbance (gust of wind for example)

D>T

T -D = mdVydt
dvydt < 0

Thrust
Drag -
» Airspeed

Vdesired

Conclusion: the aircraft is speed stable and the aircraft will automatically
return to the original airspeed. Very nice for the pilot!
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Speed stability - instability

Force 4

Drag

» Airspeed
< >

Speed unstable  Speed stable
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Summary - Jet

Force 4
Max thrust
"
‘ »  Airspeed
a /
Min. speed ~ Max. Endurance Range Max. Speed
CLmax (CL/ Codmax (C./C.2) (depends
L/ ~D /max on Tmax)
% . .
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Summary — Propeller Aircraft

A
Power Power available

.

— ' » Airspeed
/ AN \
Min. speed |V|(<”:éx.3 Encdgr?nce Max. Range Max. Speed
CLmax UMD Imax (€ JCo)n (depends
On Pamax)
% . .
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Summary — Horizontal flight

L=W
T =D
Minimum airspeed
W2 1
C > Vmin = -
L,max S p CL,maX
Maximum airspeed
Tmax == D (Jet) > CL = > Vmax — V_Vgi
I:)a,max = I:)r (Prop) S ,O CL
C —_—
Maximum range (C—Ej — C, —\/%CDoﬂAe \
- 0 /max W 2 1
%) g )
F C / L
F max Lj > CL — /CDOﬂ'Ae
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Summary — Horizontal flight

L=W
T=D

Maximum endurance

max

(F )i

CL — ’
V

3 /
prop [CLJ » C_=.[3C, 7Ae

Co
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Example exam question (homework)
Problem

The Gulfstream 1V, indicated in Figure 1 is a twin-turbofan executive transport aircraft.
Data for this aircraft are given below: _

S = 88.3 [m?]
b =23.7[m]
A =6.36[-]

e =0.67 [-]
Cpo = 0.015 [-]

CD = CDO + CLZ / mAe
W = 311000 [N]

This aircraft has two Rolls Royce Tay turbofan engines. Fuel consumption can be
represented with the following equation: F = ¢;T, where ¢; = 0.69 [N/hr/N]. The thrust
specific fuel consumption is assumed to be independent of airspeed and altitude

Question:

What is the maximum specific range of this aircraft when flying at 8000m (p = 0.5252
kg/m3) ?
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Example exam question (homework)
Solution (part 1)

Specific range = V/F (m/kg) = V/cT

Steady horizontal flight: T=D; L =W
V/F = V/cD

G is a constant so maximum specific range when (D/V) is minimal

D= DL—C BW

C

_ b\

C_L\fN\/WpCZ

So C, / Cp2 should be maximal. This is the case when C, = V(Cpy,mAe/3 )
(you should derive this on the exam, see sheet 48)

C, =4/%-0.0157-6.36-0.67 = 0.26

2 2
C,=C, + G =0.015+ 0.26 =0.02

7 Ae 7-6.36-0.67

b
Y

%
TUDelft
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Example exam question (homework)
Solution (part 2)

From the lift coefficient, we can calculate the airspeed

v z\/v_vgi :\/311000 21 oot
S pC, 88.3 0.52520.26
The aerodynamic drag can be calculated with the drag coefficient. This must be equal to the thrust

T=D= &W = %311000 =23.9 [KN]
0.26

CL

Now, all parameters are known to calculate the maximum specific range for this
altitude and aircraft weight

VoV 221 — 50 [m/N]

F cT (0.69/3600)-23900
% . .
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