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Introduction
Definition take-off manoeuvre

The take-off can be defined as the manoeuvre by which the
airplane is accelerated from rest on the runway to the climb out
speed V. over a 10.7 m obstacle (screen height) for civil transports
or a 15.2 m obstacle for light propeller-driven and military airplanes

[Ruijgrok]
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Introduction
Take-off manoeuvre

Climb power, flaps up, acceleration
Brakes off, full power

I

. Ground run Airborne Phase
< I >«

|

V=0 Vi Vi Vier Vv,

'l

I )/ -

v x screen height h,
§ Y v v (50 ft, 15.2 m)
77777
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Introduction
Objective

» Description take-off manoeuvre

» Understand balanced field length concept (engine failure during
take off)

 Analytical calculation ground run distance

 Analytical calculation airborne distance
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Introduction
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Introduction
Balanced field length

a) representation of balanced b) determination of decision speed Vj
field length

balanced field length

-
accelerate-climb distance

| e ®

Vv h =

1 =

v i g

&
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accelerate-stop distance ol

. L2

aborted continued v

takeoff takeoff =

engine failure speed
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Equations of motion
Ground run — Free body diagram (FBD)

%
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Equations of motion
Ground run — Kinetic Diagram

There is no vertical acceleration during the ground phase
(aircraft travels along a straight line)

%
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Equations of motion

» Equations of motion: F=ma
: W
» Parallel to the airspeed vector: Eii—\t/ =T-D-D,
 Perpendicular to the airspeed O=N+L-W
e Friction of wheels D, = uN
W dv
——=T —D—,u(W—L)
g dt
N=W-L
] . . :
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Equations of motion

Assumptions:

e Horizontal runway

* No wind

» Constant weight

e Thrust vector parallel to airspeed

Kinematic eguation:

ds

— =V
dt
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Equations of motion
Lift dumpers
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Simulated take off

Ground run during take-off
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Simulated take off

Ground run during take-off, Engine failure a V = 30 m/s
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Operational procedures
Decision speed V,

* In case of an engine failure:

IfV<V;: Hit the brakes! (rejected take-off)
IfV>V;: Continue take-off!!

V, can be found in the flight manual as a function of W, H, temp

V, is generally only slightly smaller than Vj

%
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Extra points of attention

* No wind

* No runway slope

» Ground effect is present

* Landing gear = down

* Flaps in take — off position
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Extra points of attention
Ground effect

I
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Extra points of attention
Ground effect

— No Ground effect
C,C t---- Groundeffect .- ¢
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Extra points of attention
Ground effect
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Accidents

» Caravelle III, September 1963
* Emergency stop El Al
» Aborted take-off KLM 1995
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Accidents
Caravelle IIT (1963)

e

*TOWER AND
TERMINAL

Caravelie leaves apron behind
Follow Me" vehicle

Taxiway 4 mistaken for
taxiway 5 in thick fog patch

Wheel rim fragments, blow-out
stain, oil & other debris
found near Rwy 34 threshold

& proceeds to taxi at
high engine power

On or just before Rwy 10-28
intersection, aircraft turns
& backtracks

Wheel tracks covered in oil
from this point

410m spread of
tyre pieces Returning to Rwy 34 threshold,
Caravelle lines up & is given

take-off clearance

EI .

. Aircraft enters Runway 34
[o]

[E]

SHIELD OF SCHAFFHAUSEN CANTON,

AS CARRIED ON HB-ICV BLACX RAM RAMPANT ON GOLD FIELD

%
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http://www.airliners.net/photo/Scandinavian-Airlines--/Sud-SE-210-Caravelle/1696123/L/&sid=75e4d1c16ccd9f45551c8b27ffcf816a
http://www.airliners.net/photo/Scandinavian-Airlines--/Sud-SE-210-Caravelle/1696123/L/&sid=75e4d1c16ccd9f45551c8b27ffcf816a

Accidents
El Al

Drie weken geleden brak een Jumbo | v
J57 van El Al ook al de landing op | H
Schiphol ‘af. De bemanning slaagde | o
er niet in de kieppen aan de voorzijj- | 0
de’ van de vleugels in de ‘goede | v
stand te krijgen. Volgens woord- | v.
Yoerder Knook vloog dit toestel een
extra rondje in de buurt van Weesp | DI
. .Sche luchtvaartmaatschappij El Al om.de zogenoemde slats alsnog in | Vv:
- lieeft gistermiddag tegen haif vier Jde juiste positie te brengen. Aan | h:
 de start vanaf Schiphol afgebroken, deze route die ook de ramp-jumbo | de
I Det bgma‘nrgmg_\;.‘xa_n  het” toestel in 1992 volgde en die over de Bijl-

) '“‘"aa’dé;b' hoge snelheid 2en ‘mer voerde, werd door-de beman- | ,.C

aakt noodstop n

. _s__t‘oring_,aan

"

Lok

* Van een dhzér"kers‘laﬂg'ﬁéﬁe'rg" SR
§: SCHIPHOL - Een vrachtyliegtuig van |
- - het type Boeing 747 van de isragli:

kg T

; Ning de voorkeur gegeven, re
loestel dat op 4 oktober 1992 opde | .Na , enkele v ergg?fse‘ pogingen | afi
;. Bilmerflats_Groefieveen en Kein-|  {5laagde de beina- Ing erin het de- { nu
7" Kritberg. stortta.. Het ‘toestel kon | fect te verhelp.en’ en ‘maakte het | ble
i ggf'dgﬁ"n;_iod::top'_o;ij gigen kracht | | ’,10?5"31 £en normal e_ﬂig‘nding op de | am
j " plaar; het, wrachtplatform. taxién. | ,Bylte[ryeldeg_t_baa_n,;?;;j, O Sy o |k
| Saar werd de hulp ingéroepen van | | ‘L W Voo m,,‘ﬂ i A e e e
de brandweemn' | R AR

" 'het toestel o koelen. Die waren

¢ “'?"q‘

SRR Y s
gens woordvoe

erder G. Knook

an de verkéersleiding brak de ge I
g voerder de start af toen hi merk-

' gt xier motoren nie
Joed functioneerde; ™ -
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Accidents

KLM

KLM-toestel botst bijna
op vliegveld Lissabon

LISSABON, AMSTERDAM (ANP, Reu-
ter) - Een KLM-1oesiel heeft giste-
ren op het viiegveld van Lissabon op
last van de verkeerstoren de start
afgebroken, omdat gelijktualg een
'Pohugees militair vliegtuig op een
kruisende baan startte. Een woord-
veerder van de KLM op Schiphol
heeft dat meegedeeld.

Het KLM-toestel, een Airbus A3’y
met 124 mensen aan boord, startte
voor een vlucht van Lissabon naar
Amsterdam. Het Portugese vlieg-
tuig was een trar sporttoestel.

ten coggetuige v-rkiza-de dat de
toestellen elkaar op een afstand van
50 meter passeerden. Voligens de
waoordvoerder van de KLM is dat
moeilitk in te schatten. Voigens de

<
e

zegsman hadden de viiegtuigen el-
kaar zonder de noodgreep niet ge-
raakt. ,,Het Portugese vliegtuig was
over het KLM-toestel heengevlo-
gen. Maar de ingreep van de ver-
keerstoren was een goede.” Het

KLM-viieqtuiq i r na het

wident alsnog vertrokken.
'U!'ﬂﬂ'ﬂl'ﬂi ae mmng' toe-

stemming had van de verkeerstoren
te vertrekken. Door een misver-
stand daht de bemanning van het
Portugese vliegtuig dat zij ook
mocht starten. :

Toen de KLM-bemanning vol ga. gaf
en het toestel in beweging kwam,
beval de verkeerstoren de start af te
breken. Het Portugese toestel
maakte toen al veel meer snelheid.

Y - .Lfﬁr

]
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Ground run distance
Analytical calculation

Equation of mot ion y
av
Y

[ d W




Ground run distance
Analytical calculation

» So what is the average acceleration?

azv%(T_—D—ﬁg)

» Average acceleration typically occurs when:

VLOF

J2

V =
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Ground run distance
Summary

2 2
— VLOF — WVLOF

= 29(T-D-D,)

The average thrust, aerodynamic drag and ground drag are the
values that occur at:

',I';U Delft AE2104 Flight and Orbital Mechanics 30 |
-




Content

» Introduction
» Equations of motion
» Accidents
» Take of distance analytical solution
- Ground run
- Airborne phase
* How to determine operational speeds
* Example exam question
e Summary
» Additional topics

'?U Delft AE2104 Flight and Orbital Mechanics 31 |




Airborne distance

Climb power, flaps up, acceleration

Brakes off, full power .
« i" Ground run NAlrborne Phase b ///f»f
V=0 Vi Vi Vier Vv, 7

screen height h
(50 ft, 15.2 m)

SIof
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Airborne distance
Analytical solution

» Equations of motion

V—Vd—va—D—Wsiny
g dt
W %:L—Wcos;f
g dt

» Kinematic equations

dH i
——=VsIn
dt 4

ds
— =V cos
dt 4
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Airborne distance
Analytical solution

Introduce variable s in equations of motion
W dv

g dt dH

V—Vd—VV =T-D-Wsiny i

g ds ds

V—VVdV =(T —D)ds—Wsinyds dh
g sin;/ztam;/:E

Wvav =(T - D)ds —wadh sinyds = dh

9

W Vyor Seer hocr
5 [ vdv = [ (T-D)ds— [wdh
0

Vior SLoF
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Airborne distance
Analytical solution

W Vo Sser hser
5 [ vdv = [ (T-D)ds— [ wadh
0

Vior SLoF

Assume constant (average) T-D

T-D=T-D
W

Z(Vsir —VLZOF ) - (-r B [_))(Sscr —SioF ) ~Wh,,

Assume steady climb at screen height

T-D .
T =SINy,,
V2 _VLZOF ;
= 2 =SINY (Sscr —Sior )_ hscr
g
%
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Take-off distance

Summary
1 2 1 2
. Evscr - EVLOF T hscr
Sairborne T .
SIn Y scr
% . . .
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Airborne distance
Summary

S _ WVLZOF
ground zg (.lr B 5 B 59 )

1 2 1 2
i Vscr VLOF h Scr

S.. =
airborne
sin Vser
Stotal — Sground + Sairborne
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How to determine operational speeds

Ta ke Off SpGEdS a) representation of balanced
field length
balanced field length
° V1 = Decision speed accelerate-climb distance s
: |
s V, = Rotation speed v;/“/ e
» V, = Safety speed (speed to maintain G
- . . . accelerate-s | nc
during engine failure in the second climb ociad continusd
takeoff takeoff
segment)
() V2 > 1.2 Vmin b) determination of decision speed V4
» Without engine failure at screen height in ]
CCel r
general V=V, + 10 kts e “:’&c/,m e
. . . @ [balance &
* Vy, Vg, V, are given in the flight manual as 3|, fe tengtn e
. ot <
a function of W, H, T &
i \esS = "
© occe

engine failure speed
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How to determine operational speeds
Flight manual

FAR PART 25 REQUIRED TAKEOFF FI..D LENGTH DECISION, ROTATION AND TAKEOFF SAFETY SPr..

For FAR Part 25 Required Takeoff Field Length
Takeoff Welght = 11,500 Ibs.

15° Flaps
Fiald Elevation — Ft. s 2000 4000 6000 8000 __(STD Day AtSea Level i
Amblen: Ta:nparnturo N ! Takeotf Wi. _- _ } Rotatlon Speed Salety Speed
Lbs. L il S e ‘ Vp — KIAS l I Vo — KIAS ;
- 20(—4) 1950 2090 2230 2520 2970 . 13,300 105 106 114
—-10 (14) 2030 2160 2360 2720 3200 13,000 103 105
0(32) 2090 2240 2580 2980 3530 e @ @
10 (50) 2200 2470 2860 3320 4030 12,000 98 100 109
20 (68) 2410 2780 3220 3870 4750 14,500 04 ag 107
30 (86) 2760 3230 3870 4680 5870 10,500 88 93 102
40 (104) 3280 3890 4740 5860 9,500 81 a8 97
Takeoft Weight = 10,500 Ibs.
Fleld Elevation — Ft. SL 2000 4000 8000 8000 SECOND SEGMENT CLIMB TEMPERTURE LIMITS
Amblent Temperaturs
ern Takeoff Weight = 13,300 Lbs.
—-20(-4) 1660 1760 1880 2120 2490 Flaps Up, Zero Wind
—-10 (14) 1710 1820 2000 2290 2690
0 ({32) 1770 1890 2170 2510 2850 Fleld Eievatlon -— Fi. SL. 2000 4000 6000 8000
10 (50) 1860 2080 2410 2780 ‘ 3280 t Maximum aliowable ' ;
20 (68) - 2030 2330 2690 3130 4790 takeoff temperature °C 54 B0 46 40 30
30 (86) 2310 2680 3110 3720 4580 ) Maximum allowable
40 (104) 2660 3120 3750 4550 takeoff temperature °F 129 122 115 104 86
%
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How to determine operational speeds
Choice by the manufacturer

e In general V, = 1.2 V_,. and checking the compliance with the
regulations with regarding the climb gradient at V,

 V, such that V, is reached at screen height in case of an engine
failure (in general)

* V, by using the principle of balanced field length

%
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How to determine operational speeds
Minimum climb gradient at V,

No. of engines 2 3 4
1st segment (t.o. power, flaps, | >0% >0.3% | 0.5%
gear down)
2" segment (t.o. power, flaps, |2.4% 2.7% 3.0%
gear up)

& | | |

TUDelft AE2104 Flight and Orbital Mechanics 42 |




How to determine operational speeds
Airworthiness regulations

» Required field length is the largest of:
- Balanced field length
- 1.15 x take off distance without engine failure

e At V, a minimum climb gradient is required with an engine failure
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How to determine operational speeds
Story

on the grass verge by the Air Force Taxiway intersec- disastrous takeoff, from engine separation to impact. (Matthew Tesch)
removing the CF6 turbofan eng:  itself. . .

Vi:139kn_, 3

stalis; roll §°

- Sideslip hoglnr';lﬁg

Calculated critical speeds for NT1OAA -
Vs 124 Stall, takeoff configuration, normal
Vs 158 Stall, as asymmetrically damaged
Vica 128 Min. Control, damaged, wings level
Vucs 158 As above, but with 5 left bank

; « Port wingtip impact;
4 Aircraft flicks over
-¥ . into ground

s
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Slats retract

Close-up of N110AA’s port wing at the instant of engine separation. The drawing shows
the deduced failure sequence of the pylon components and the engine’s dramatic trajec-
tory over the top of the wing. (Matthew Tesch)
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wing lift
coefficient
CL

CL mias

//—I\
/ slot

T~ open

slot
closed

angle of attack «

slat

slot closed

slot

—
slot open

]
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8. OVRHERD
N £ TRKES PRLOW
3 Egne e' 4 WEIGHT VIASUNG
ety ATTACHMENT
SeoroN i
I 5
LAY H 7 cnmng 9. PYLON DISCONNECT
Lovesse | 1% galiep FROM. ABOVE
ONTD 1 cesr {PWD BULKHERD)
[ AND BELOW

(REAR BULKHERD)

B WATEH ANGLE,” | = 0. PAON CARETALLY
CHECK. CLEARANCES § LOWERED CLEAR

ENGING CRADLE oN TRALEY || &. FURKDFT TAKES WEGHT St
FORKLIFTED INTD 1=m£~r|-|.-:n.xY | oF EnaiNE/PVoN /ﬂﬁ/ § o
N .

L
3. CRADLE SECURED TO .~ . DA
: ENGINE = PALON - , ,«’E)-nam-

5 4. ENGINE THEN
SECURED TO CRAPLE BY
dx ATTACH ADAPTERS

]
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Example exam question

From the Euro-ENAER Eaglet, a small propeller airplane built in the Netherlands, the
following data are available for the calculation of the takeoff performance:

takeoff weight - W =8500 N, .
wing area : $=9.84 m% __lﬂgh"__hiﬂ
lift-drag polar . Cp = Cp, + C/’InAe; — S
in the takeoff configuration - Cpo=0.03, Ae =5, |

maximum lift-coefficient ' Cimax = 1.4, o

lift-coefficient during takeoff roll : Cig=0.8, ) ' 'l-it_ M

maximum engine power at 0 m ISA - Py, =115 kW, {16 ) = rL
coefficient of friction during takeoff roll -1 =0.05 rf il

lift-off speed * Vior = 1.05 Vi, |l

" . _Fk N

propeller efficiency L= L4 1

propeller efficiency during takeoff roll: ' 17,=0.5, ¥ oo
propeller efficiency at lift-off and

during the airborne phase : nw=0.8.

% . . :
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Example exam question

a. Draw a clear Free Body Diagram (FBD) and Kinetic Diagram (KD) visualizing all forces
and accelerations that act on the aircraft during the ground run. Clearly indicate the
direction of the velocity and all angles that are relevant for any further calculations.

b. Derive the equations of motion using the FBD and KD for the aircraft during the ground
run. Clearly indicate all assumptions.

c. Derive an expression for the ground run distance s;or in terms of a mean acceleration @
and the lift off speed V| o=

d. Calculate the lift off speed Vo~
Show that the mean acceleration 7 is equal to 2.2 m/s®. Assume that the ground run is
a uniformly accelerated motion. The mean acceleration must be calculated at the char-
acteristic airspeed; V = Vi or 2.

f. Calculate the ground run distance s;or.

%
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Summary

Ground run
Equation of motion:
W dv
Ny =W-L ——=T-D-p (W-L)
4 g dt
Dg - /Lerg - - -
L Kinematic equation:
Sy
@, D - dv/dt T . o
. - — Analytical approximation:
= Vior
< % V s J‘ Vdv _ 1_V|_20|:
D . a 2a
g
Mean acceleration
N W v
=_ 97 5.8 LOF
v a=—|T-D-D_ | at
W |: 9:| \/E

',I';U Delft AE2104 Flight and Orbital Mechanics 53 |




Summary
Airborne phase

Analytical solution airborne phase
(distance)

Equations of motion:
mV =T -D-Wsiny
mVy =L—-W cos y

Kinematic equations:
H=Vsiny

s=V cosy

V2 V2 ]
LOF __
= 2g =3SIN y¢, '(Sscr —SLoF )_ hscr

scr Sser hscr At given VSCF :V o 12 .Vmin = Sscr
W vz = | (T-D)ds— [ wdh -
2g Vior SLoF 0
4 - . .
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Advanced topic

Effect of ground run slope
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Additional topics

Effect of ground run slope

g .
a:W[T—D—Dg—Wsmg]
a:%[T—D—u(Wcosg—L)—Wsina]
Esmall = cosg=1 sing=sing
az%[T—D—u(W—L)—Wsinﬁ]

a=a,—gsing

Vior 2 2 Vfo/_
. dv® _ Vo _ 28, _ S 1
— - 0
o 28 2(&%-gsing) 1 9 1 Y9gine
a, a,
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