Introduction to Aerospace Engineering

1(-‘U Delft @ ®®@ Challenge the future 1
-




{q;z'*mf’ A ‘,14:" oy
y J ’“* (Vt\ '»,. ‘
" w\ . N R 1 ! e
. ,‘;’_ Cy ' . 4 e - ( \”

’-' b

4 : Y AU & Y o~
}" e Lnl" e Y Xy $ glf ;2.** 2 )‘ -
\ Bl Nt - AWl £ o AR e

b ama

Introduction Aerospace Engineering

Dr. ir. Mark Voskuijl
15-12-2012

Delft
I U D e | ft University of
Technology

Challenge the future




73&3.

Flight envelope

'i';U Delft Flight mechanics 2




Contents

Summary previous lectures

Introduction

Altitude effects on performance diagram
Performance limits

Operational limits

Flight envelope

Flight instruments

Example calculations

BN OhAWNE

'i';U Delft Flight mechanics 3
T




Contents

Summary previous lectures
Introduction

Altitude effects on performance diagram
Performance limits

Operational limits

Flight envelope

Flight instruments

Example calculations

BN OhAWNE

'i';U Delft Flight mechanics 4
-




Summary - Jet

Force 4

Max thrust
\

»  Airspeed

Min. speed /
CL,max

Min. rate of descent
(T =0)
(CL3 /CDz)max

1. Max. Endurance
2. Maximum ygimp
3. Minimum Y4escent

(CL / CD)max

Max. Range
(CL/CDZ)max

Ma>‘<. Speed
(depends on T,

%
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Summary — Propeller Aircraft

A
Power Power available

\

Min. speed / \
Cimax 1. Max. Endurance

» Airspeed
2. Mgg Rate of climb 1. Max. Range Max. Speed
3. |;/||n|mum( rateog)f 2. Smallest glide angle (depends on P,,,)
escent (T= (C,/Cp)
(CL3 / CD2 )max e
] i i 6
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Introduction

 So far we considered the aircraft performance at one given
altitude
» How is aircraft performance influenced by altitude effects?

Question:
How high can this aircraft fly?

Lockheed U-2: High altitude jet aircraft for weather and
radiation research and also reconnaissance missions
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What do you need to learn

The lecture sheets are most important!!!

Background material:
Anderson, Introduction to flight, Par. 6.7, 6.10

Not everything is treated in the book!!!
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» Drag (one particular o.):

One point on the drag curve
corresponds to a particular o

Altitude effects on aerodynamic drag
Consider a constant angle of attack

C C D
D, =—2W —->D, =—2W
1 CL 2 CL
* Airspeed (one particular a): e
- P21
S le CL > V
vV = w2 1 P_ % | One point on the power curve
H S Py, CL r corresponds to a particular o
» Power required (one particular o)
P, =DV, P V,
el H" Hy — 'D,—/-/ _ 'D/~H '0/'/1 — rH, _ "H
Pow, =DuV, o N\ P, P Yy
>V
% . .
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Altitude effects on aerodynamic drag

Overview
18,000
drag, . . . .
N For increasing altitude:
14,000 ¢
10.000 | » Drag curve shifts to the right
6,000 e Power curve shifts up and to the
right
power 2000 1 giplane weight ':?0 /e
required, 150 kN \3’88 S
T
1200 | 3
800 |
400
0 1 1 1 SR L
0O 100 200 300 400 500 600
airspeed , km/h
] . .
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Altitude etffects on

Jet aircraft

Two effects:

* Air density decreases

e Temperature decreases (up to
tropopause)

1. Performance is limited by
maximum turbine temperature.
Lower air temperature allows
more heat added to the gas

2. Decrease in density reduces
mass flow and thus engine thrust

engine thrust

1.0
thrust
ratio

TIT, 08 |

06 }

0.4

02t

0 4 8 12 16 20
altitude H, km
7 (V) = constant

0.75
I _ (ﬁ) (in troposphere)
7, Po

%
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Altitude effects on power available
Propeller aircraft

» Turboprop airplanes show similar behaviour as turbojet airplanes

P, (V') = constant

0.75
% = (ﬁ] (in troposphere)
P Lo

a0

» For supercharged piston engines, power available is fairly constant up
to the critical altitude
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Performance diagram
How does it change with altitude?
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Minimum airspeed
How does it change with altitude?

» Aerodynamic limit (stall) P
« Power limit P "
t P
a, hl
.. . . ,Pr, hl
e Minimum airspeed increases
with altitudet | -~ =P
a, h2
ol ]
I I
I |
[ [
[ [
, , > \/
Vmin,h1 Vmin,h2
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Tilt with respect
to horizontal plane Separation paints

0°

Turbulent wake

Minimum airspeed
As function of altitude .

Maximum lift

18° Separation point jumps
. . - . . ) (stall angle) 5= ﬁf‘i:"ajf
Up to a certain altitude, the minimum airspeed is determined 9%

by the stall. At higher altitudes it depends on the engine Separted o ragion expands
20° ) N
power “ﬂ_ﬁ_?-: 53
Large turbulent wake 250 -
(reduced lift and large pressure drag)

Hu

Stall limit .

\

Power limit

v

Vmin
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Maximum airspeed
How does it change with altitude?

e Power available shifts down P Pr,h2
» Power required shifts up A P
and to the right a, hl T
: l;)r, hl
L.
» Depending on the engine | AT NP
characteristics and altitude, _ '
V.« Will increase or H
decrease '
>V
Vmax,hl
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Maximum rate of climb
How does it change with altitude?

P P2
! P
Pa _ Pr = RC a, hl
W
° RCmax decreases with altitude AT
> V
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Maximum altitude

2400 12
power, RC,
KW m/s
g I
1600 ¢ H=0m(1.S.A))
6 t 3,000
800 | 6,000
3 L
9,000
0E : - : ' : 0 . : -
0 200 400 600 200 400 600
airspeed, km/h airspeed, km/h
] . .
TUDelft Flight mechanics 21




Maximum altitude

Practically it is impossible to reach the
theoretical (absolute) ceiling in steady flight

28 Absolute ceiling

Service ceiling

24

20 -

16 -

Altitude, ft X 10-3

12

i L )
0 0.4 0.8 1.2 1.6
Maximum R/C, ft/min X 10-3
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Performance limits combined

At the theoretical ceiling: Vi, = Vinax = Vremax = Vimax

/

altitude ///
" Vmin. , theoretical
(thl‘USt |lmlﬂ cei[ing
R
Pr
V:nin V;nax
Vmax
P (thrust limit)
V
R S
/ X (stall limit) | V¥max
Vg Vrlnc;gc

airspeed
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Structural aircraft limit

ft/s must be considered at the
design diving speed

* Positive and negative gusts of 25

V.4 (design diving speed)

airspeed V
=

gust velocity U ”‘” T

CL

nUA:An:
W

%
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V.4 (design diving speed)

Structural aircraft limit

» The aircraft is designed to withstand a certain load factor n
» The design diving speed increases with increasing altitude

| |

\ / / Safety margin | /

’

—_—) /
’
’

constant
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Maximum Mach number
Sound Barrier

Bell X-1

First supersonic flight

Chuck Yeager, 1947

Four rocket engines

Thin wings, small aspect ratio

M = 0.88 — 0.90:
Buffet / Tuck under
M= 0.94
Total loss of elevator effectiveness
Normal behavior it S
De Havilland Swallow
'i"U Delft Flight mechanics 28




Maximum Mach number
Operational limit

» Undesirable flying qualities H

associated with buffeting effects :

MMOE Ivlmax
V=M-a=M{JyRT i
Troposphere (<11km): \
T =T, +AH =288.15-0.0065+ Safety margin |
Stratosphere (>11km)
[ = constant

>V
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Cabin pressure

Aft section

Mid section

N
Keelson

Flight station
Forward pressure bulkhead

e Pressurized cabin

» Maximum pressure differential on
fuselage structure (structural limit)

» Maximum flight altitude

wing center section

N Fuselage
afterbody
Aft pressure
bulkhead

Frame
Longerons

Stringer —44
Seat track

Floor beam
support post

support beam assembly

Cargo compartment floor
support beam assembly

%
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Flight envelope

Altitude and airspeed to which aircraft is constrained

altitude, m . .
o 12,000 | altitude limit
» Note that these limits are
fixed 10,000 } Mp
. 8,000 }
e Performance limits can
exceed or lie within these 6,000 }
boundaries £,000 |
» The performance limits 2,000 t
depend on the aircraft oL/ . o/ o
weight as well 200 400 600 800 1000
airspeed, km/h
5 . .
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TWA Flight 841

* 1979 New York — Minneapolis
» High altitude holding (39,000 ft)
* Failure with slat nr. 7

» 34,000 ft dive in 64 seconds

» Landing gears deployed Gltitude,unaoo _ altitude limit
*6'g" pullup
» Safe landing 10000 | Mp
8,000 f
S G ==y 6,000 |
4,000 }
2,000
0 ) ) X i 1

200 400 600 800 1000
airspeed, km/h
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http://www.airliners.net/photo/Trans-World-Airlines/Boeing-727-31/0478979/L/&sid=37e0355b40a46990c4e3d65a89c29e82

Problem!
Stall limit is variable with altitude

How does the pilot know where the stall limit is???

The airspeed indicator solves this problem!

altitud i
Ity 9-12%00 _ altitude limit

10,000 t+
8,000 |

6,000 |
4,000 }

2,000

0 . ) L : 1 .
200 400 600 800 1000
airspeed, km/h
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Airspeed indication
Basic six

TURN COOW‘N‘Tm_“
-*
= -
| - -

2 MIN

WARNING

%
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Pneumatic instruments

Pitot tube(s)
Static port(s)

2 MINL

NO PITCH
INFORMATION

WARNING o
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Pitot tube / static port

STATIC PORT

4
KEEF CLEAN
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Airspeed indication

,ca sule dial
P _/

: " instrument pointer
e chomber ||t
total - <> | gear
pressure train

Displacement is measure of
pressure difference p,— p = 2 pV?
(M<<1)

s\l’gi

200 SP ED

180 KM DTS 100 =%
Sy
160 120\\

140
.'ll\\%\

1 equation
2 unknowns

%
TUDelft
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Airspeed indication

Solution: So, the airspeed indicator does
not show the true airspeed!

1 2 _ 1 2
2 pl/ — 2 IOOI/e y w2 1 TAS
cer [ 5 m‘”_\/s;qmax (145)
Ve =V |— p
V ,00 I/e,min = I/min _o (EAS)
I/emin = W 2 1 (EAS)
’ 5 ,00 CL,max

Minimum equivalent airspeed is independent of altitude!

Note, compressibility effects are neglected for now. This will be explained later. (The basic principle
Is the same; sea level conditions are assumed by the airspeed indicator)
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Altimeter

static pressure airtight case

transmission gear train
mechanism
e i 2 | _glass
1 B sealing
o T“\‘
x pointers
. =
i . pressure
bi-metal spring E scale
gé pressure
scale
= pressure setting
knob
r’ - - o
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Height altitude or level?

-

T : transition layer

altitude height flight level
QNH QFE QNE
transition transition
level altitude
T
oirfieldt elevation
mean actual Y
sea level pressure datum

y

standard pressure datum 101325 N/m?
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Py IS set at
1013.25 mbar

P, at actual pressure
QNH

Sea level
s S S
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Py IS set at

1013.25 mAbar/

Transition level FL 40

P, at actual pressure
QNH

Sea level
s S S
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Vertical speed indicator

Diaphragm
\

\
\\\ \

I
verTicaL & e

N
Calibrated Direct Static
Leak Pressure
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Example Question
Climbing performance of the Beach King Air

Two engine propeller aircraft

Cp = Cp + kC2
Cpo = 0.02

k = 0.04

W = 60 [kN]

S =28.2 [m?]

Power available can be assumed independent of airspeed
Maximum power available at sealevel is 741 kW
Aircraft is performing a steady symmetrical climb

0.75
Pa = Pa,max,sea/eve/ (ﬁj (In troposphere)

Lo

Question a: What is the maximum rate of climb of this aircraft at sea-level (p = 1.225 [kg/mP] and
what is the corresponding airspeed?

Question b: What is the maximum rate of climb at 1000 m (p = 1.1117 [kg/m’]) and the
corresponding airspeed. Explain why your results are different than for guestion a
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