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Introduction

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 Vc 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]

Definition take-off manoeuvre
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Introduction

screen height hs

(50 ft, 15.2 m)

V1 Vr VLOF V2
V = 0

Ground run Airborne phase

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

Take-off manoeuvre
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Introduction

• Description take-off manoeuvre

• Understand balanced field length concept (engine failure during 

take off)

• Analytical calculation ground run distance

• Analytical calculation airborne distance

Objective
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Introduction
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Introduction
Balanced field length



9AE2104 Flight and Orbital Mechanics |

Content

• Introduction

• Equations of motion

• Accidents

• Take of distance analytical solution

• Ground run

• Airborne phase

• How to determine operational speeds

• Example exam question

• Summary

• Additional topics



10AE2104 Flight and Orbital Mechanics |

Equations of motion

N W
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T

Dg

D

Ground run – Free body diagram (FBD)

V
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Equations of motion
Ground run – Kinetic Diagram

VdV/dt

0

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:

• Parallel to the airspeed vector:

• Perpendicular to the airspeed

• Friction of wheels

F ma

g

W dV
T D D

g dt
  

0 N L W  

gD N

 
W dV

T D W L
g dt

N W L

   

 
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Equations of motion

Assumptions:

• Horizontal runway

• No wind

• Constant weight

• Thrust vector parallel to airspeed

Kinematic equation:

ds
V

dt

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Equations of motion
Lift dumpers
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Simulated take off
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Simulated take off
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Operational procedures

• In case of an engine failure:

If V < V1: Hit the brakes! (rejected take-off)

If V > V1: Continue take-off!!

V1 can be found in the flight manual as a function of W, H, temp

V1 is generally only slightly smaller than VR

Decision speed V1
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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
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Extra points of attention
Ground effect

CL

CD

Ground effect

No Ground effect

CL, CD


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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 III (1963)

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
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Accidents
El Al
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Accidents
KLM
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Ground run distance

 g

dV g
T D D

dt W
  

dV dV ds dV
a V

dt ds dt ds
  

0

LOFV
V

s dV
a

 

Analytical calculation

VdV
ds

a


2

0

1

2

LOFV

LOFV
s VdV

a a
 

Equation of motion

Introduce variable for the distance

Take the average acceleration

y

x

y

x
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Ground run distance

• So what is the average acceleration?

• Average acceleration typically occurs when:

 g

g
a T D D

W
  

Analytical calculation

2

LOFV
V 
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Ground run distance

 

2 2

2 2

LOF LOF

g

V WV
s

a g T D D
 

 

Summary

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

2

LOFV
V 
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Airborne distance

screen height hs

(50 ft, 15.2 m)

V1 Vr VLOF V2
V = 0

Ground run Airborne phase

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

slof

sscr
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Airborne distance

• Equations of motion

• Kinematic equations

sin

cos

W dV
T D W

g dt

W d
V L W

g dt






  

 

sin

cos

dH
V

dt

ds
V

dt









L

W

D

T VdV/dt
Vd/dt

Vsin

Vcos



Analytical solution
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Airborne distance

Introduce variable s in equations of motion

W dV W dV ds W dV
V

g dt g ds dt g ds
 

Analytical solution

sin
W dV

V T D W
g ds

  

  sin
W

VdV T D ds W ds
g

  

dH

ds



 
0

scr scr scr

LOF LOF

V s h

V s

W
VdV T D ds Wdh

g
    

sin tan
dh

ds
  

sin ds dh  
W

VdV T D ds Wdh
g

  
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Airborne distance

 
0

scr scr scr

LOF LOF

V s h

V s

W
VdV T D ds Wdh

g
    

    2 2

2
scr LOF scr LOF scr

W
V V T D s s Wh

g
    

T D T D  

Analytical solution

Assume constant (average) T-D

Assume steady climb at screen height

sin scr

T D

W





 
2 2

sin
2

scr LOF
scr scr LOF scr

V V
s s h

g



  



36AE2104 Flight and Orbital Mechanics |

Take-off distance

2 21 1
2 2

sin

scr LOF scrg g

airborne

scr

V V h
s



 


Summary
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Airborne distance

2 21 1
2 2

sin

scr LOF scrg g

airborne

scr

V V h
s



 


Summary

 

2

2

LOF
ground

g

WV
s

g T D D


 

total ground airbornes s s 
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How to determine operational speeds

• V1 = Decision speed

• VR = Rotation speed

• V2 = Safety speed (speed to maintain 

during engine failure in the second climb 

segment)

• V2  1.2 Vmin

• Without engine failure at screen height in 

general V  V2 + 10 kts

• V1, VR, V2 are given in the flight manual as 

a function of W, H, T

Take off speeds
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How to determine operational speeds
Flight manual
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How to determine operational speeds

• In general V2 = 1.2 Vmin and checking the compliance with the 

regulations with regarding the climb gradient at V2

• VR such that V2 is reached at screen height in case of an engine 

failure (in general)

• V1 by using the principle of balanced field length

Choice by the manufacturer



42AE2104 Flight and Orbital Mechanics |

How to determine operational speeds

No. of engines 2 3 4

1st segment (t.o. power, flaps, 

gear down)

>0% >0.3% 0.5%

2nd segment (t.o. power, flaps, 

gear up)

2.4% 2.7% 3.0%

Minimum climb gradient at V2
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How to determine operational speeds

• Required field length is the largest of:

• Balanced field length

• 1.15 x take off distance without engine failure

• At V2 a minimum climb gradient is required with an engine failure

Airworthiness regulations
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How to determine operational speeds
Story
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Example exam question
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Example exam question
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Summary

    r
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Equation of motion:

Kinematic equation:

2
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  at  
2
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Mean acceleration

Analytical approximation:

Ground run
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dV/dt
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Summary
Airborne phase
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Advanced topic
Effect of ground run slope



T

L

Nn
Dgn

Nm

Dgm

D
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Additional topics

g
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Effect of ground run slope
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