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Question

Lockheed F-104 Starfighter
Top speed Mach 2.2 (at 10 km altitude)

How large would the turning radius be if an aircraft
performs a horizontal steady turn at this airspeed, with
a bank angle of 30 deg?
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Aim

Calculate turning performance of a given aircraft
e Minimum turn radius (tightest turn)

e Minimum time to turn (fastest turn)

» Maximum load factor (steepest turn)

» Rate one/two/three turn (civil operations)

» Assumption: sustained turns

%
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How to fly a turn?

vertical stabilizer
elevator rudder

atleron
trim tob]

elevator
-

right wing

hori zo_ntcl
stabilizer

wing flap
\ aileron

propeller _
landing

gear
left wing
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How to fly a turn
Steady horizontal flight
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How to fly a turn
Roll the aircraft

Lcos uu <W

Lcosu
A

Only roll:
Vertical 0 =
component of
the lift is
smaller than
the weight v\

(b) side view
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How to fly a turn
Roll the aircraft

Lcosu (increase angle of attack)

L>W Lcdsy 7
Lcos u=W !

|
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v
& | | |
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How to fly a turn
Roll the aircraft and increase the pitch
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(a) 3D-view (b) side view (c) top view
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How to fly a turn

1. Roll the aircraft to start turning
2. Nose up to maintain altitude
3. Increase the thrust to maintain airspeed

(a) 3D-view (b) side view (c) top view
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Equations of motion
Horizontal sustained turn

Free Body Diagram Kinetic Diagram Eq. of motion
0 |f =ma
0=T-D
mVZ2/ R W2
=Lsin u
gR
O=Lcosu—-W
N T=D
0 WV 2
=Lsin u
— | 9R
mVZ2/ R Lcosu=W

AL
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Load factor and performance diagrams

Load factor
Load factor:

Lcosd i

L
n=—

W
L =nW

Load factor during steady horizontal turn:

W =L cos u
L 1
Nyen = -
Lcosu cosu
W
Nyrn30e = 1.15 Video 1 F22 high g turn
http://www.youtube.com/watch?v=n34RwIUInAo&feature=related

ntum 450 X 1.41 Video 2 (pilot’s perspective)

/4 p p 3 /‘ent W@/_'ght ' http://www.youtube.com/watch?v=5L MVVey5bCM&feature=related
] ) . n o~ 2
(C is a virtual / fictitious force) 'm0
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http://www.youtube.com/watch?v=n34RwIUlnAo&feature=related
http://www.youtube.com/watch?v=n34RwIUlnAo&feature=related
http://www.youtube.com/watch?v=5LMVVey5bCM&feature=related

Load factor and performance diagrams
Performance diagram

A
Drag : :
o | What will happen to this
‘ * | diagram in a turn?
> \/
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Load factor and performance diagrams
Performance diagram

Airspeed Aerodynamic drag — Power required
L=nW b-pLl_pm™W P.=DV
C.AAVS =W L L o szi
v [Ww21 D= 0w - Vo p.
S pC, G P_JnW3gc;
V = function(n,C, ) D = function(n,C, ) "\ s pC
P, = function(n,C, )
Note: Conclusion:
T=D V, D, P, are functions of lift coefficient and load factor
PP (In symmetric flight, they only depend on the lift coefficient)
% . . .
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Load factor and performance diagrams
Performance diagram

Effect of load factor (n) on airspeed (V)
(at constant angle of attack)

Effect of load factor (n) on aerodynamic drag (D)
(at constant angle of attack)

Dzﬁnwocn

L

Effect of load factor (n) on Power required (P,)
(at constant angle of attack)

P =DV «n'n

%
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Load factor and performance diagrams
Performance diagram

A
Drag O Each point relates to 1
angle of attack (C,)
/ (note: this graph is purely qualitative)
///
= — > V
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Load factor and performance diagrams
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Load factor and performance diagrams
Performance diagram VR
: min INCreases when n

T, D increases
A

2. V., first aerodynamically

limited then thrust limited
(safety: regulation for stick
force/qg)

V.« decreases when n
increases

At nmax Vmin = Vmax
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Load factor and performance diagrams
Performance diagram

TD? 2 speed ranges
| (\«5\'5“
I /
N
| |
: | T rmax
| |
| |
N :
// 1 1 Q |
| __ 1o | .\

n limited by C,.« / n limited by engine

%
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Turning performance

» Maximum load factor (steepest turn)

e Minimum turn radius (tightest turn)

e Minimum time to turn (fastest turn)

» Rate one/two/three turn (civil operations)

Assumption. sustained turns
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Turning performance

» Maximum load factor (steepest turn)
e Minimum turn radius (tightest turn)
e Minimum time to turn (fastest turn)
» Rate one/two/three turn (civil operations)

Assumption. sustained turns

%
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Steepest turn

T, D Aim: For each airspeed n,,,,
A

=" > V
Vs Vs Ve V; Vg Vg

%
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Steepest turn
Achievable load factor as function of airspeed

> \/
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Steepest turn 7D

A
Calculation of n_ (V) .
N Tmax
e Range A: C, =C ... ¢ !
c Kt >
_ — L max 2 < | I < I
L_nW—>n_VlgiocV f T »V
S pV?° n limited B limited
by CLmax y engine
e RangeB: T=T, VayC,
L CD
Vv :\/Mgi atevery C, —(n,V)
S pC,
e ] . . .
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Steepest turn
Solution for jet aircraft

D, T e D= S0 nw
4 D at Ny C,
C
\: Tmax D/ max
|
|
: —C,=/Cy Ae
I
: > \/
V Note: You must be able
nmax to derive the final step
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Steepest turn
Solution for jet aircraft

T=D=—"nW (A numerical example will follow later)

%
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Turning performance

» Maximum load factor (steepest turn)

* Minimum turn radius (tightest turn)
e Minimum time to turn (fastest turn)

» Rate one/two/three turn (civil operations)

e Assumption: sustained turns
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Do not confuse turn radius with time to turn!

%
TUDelft AE2104 Flight and Orbital Mechanics 34 |




Minimum turn radius (tightest turn)

First we must have an equation for the turn radius
Using the equilibrium equations:

: W V?
Lsin yy=——
g R

W =Lcos u
L 1

W cos u

n

cos® X+sin*X=1=>sin u = 1—n—12
2 2
w 1o = =YY g Y

n~ g R gvn? -1
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Minimum turn radius

V2 \/
R =
gvn? -1

For a given n, R decreases when V decreases. So,
tighter turns are possible at lower airspeeds

>\

An increase in n for a given V results in a decrease
in R

(remember the example of the aircraft turning at Mach 2)
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nmax |

>V

I/Z
R | K=
g\Nn® -1
Tightest turn
\
\
>V
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Turning performance

» Maximum load factor (steepest turn)

e Minimum turn radius (tightest turn)

* Minimum time to turn (fastest turn)
» Rate one/two/three turn (civil operations)

e Assumption: sustained turns
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Fastest turn

N 4
Minimize time to achieve fastest turn /'\
Time to complete a full circle: 1-
> \/
27tR R 4

(Circumference of turn: 2nR)

Ty, = vV }%
v
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Turning performance

» Maximum load factor (steepest turn)

e Minimum turn radius (tightest turn)

e Minimum time to turn (fastest turn)

» Rate one/two/three turn (civil operations)

e Assumption: sustained turns
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Rate one turn

Example:

Approach: V =80 m/s, T_= 60 [s] Vv
Qz\i:R:V: 80 =1502 [m]
R Q /60

@ = arccos (lj =23°

N

%
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Rate one turn

N\

-~
va

b2
B

un

TURN COORDINATOR i

2 MIN

WO PITCH
INFORMATION

WhRNING

45 |

%
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Rate one turn

TURN COORDIMNA

2 NN

ol

Coordinated Turn

]
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Example calculations

soeeed (B

P
« TUDelft '

Numerical example — turning performance at 7000 [ m] altitude

Lift drag polar is known for this aircraft C, =C; +

Aircraft weight, maximum thrust and dimensions are known as well
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Example calculations

Aircraft and atmospheric data at 7000 [m]

p =0.59 [kg/m°] (ISA)
T =8.67 [kN]

C,, =0.021

Ae=7 [-]

W = 60000 [N]

S =30 [m?]

Calculate:

1. Maximum load factor and corresponding airspeed

2. Radius of tightest turn (R.;,) and corresponding airspeed
3. Time for fastest turn (T,, ;) and corresponding airspeed
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Example calculations
Maximum load factor

y 2
n =T (G0 Co =002+ 2 =0042 [
W \CD max [
T =8670 [N] n - 8670 0.68 Py
60000 0.042
C, _
(C_D) =C,_ =,/Cp 7Ae v W2
Nnmax S p CL
C, =~0.021-7-7 =068 [] ) \/2.34-60000 2 1
CE 30 0.59 0.68
Cp=Cp, + e =152.7 [m/s]
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Example calculations

Maximum load factor

Cessna Citation 7000 [m] ISA
11000 5 :

10000+
9000F
8000+
7000

6000+
5000+
4000+
3000r

T, D [N]

210]0] 0] ...................................... .................................... ...................
1000 F ..................................... ..................................... ..................................... .................. :

QJ 50 100 150 200

V(TAS) [m/s]
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Example calculations
Maximum load factor

Cessna Citation, 7000 [m] ISA

2epest turn”
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Example calculations
Minimum turn radius

2000
1800_”””””””m____”ﬂ””.”””m.___””””.”””m____m”””.L”””____m.””.”j””_____

1600_”””.”””m““““mjnn_““““.””””””””””””””””””””f____”””..”””m_ﬂ_”””””_

1400_”””_____“””””f””_____”“””””“_m____””“”.””“mﬁ___”.”“.”””m_f__m”””

1200_”””_____””””_f__m”””.”.””____m”””.””””____mﬂ”””””””_____”j””””””_

Radius [m]
=
)
j=

800_””””“””m____”i””.”“”m____.”“”.””“m_.__m””“.L””“____m”””.”fuu_____

600_”””.”””m____mf””_____”””””””“_____””””””””ﬂ____””””.”””m”j__””””_

400_”””_____””””“ﬁuu_____“”””““””m.___““””.““”mf___”““”.”““m_f__m”““

|
|
|
200_”””_____””””_j””m____””””.”””ml_
|
|

Viin — : tlghtest turn”

] |
0 50 100 150 200
V [m/s]
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Example calculations

Minimum time to turn (fastest turn)

Cessna Citation 7000 [m] ISA
120 ! ! !

100

80+
0
& 60F
|_('\I
40
1
1
20_ ....................................... ..... oo ........................................ .................. |
- o
1 Vemin — fastest turn
i | i i
% 50 100 150 200
V [m/s]
% . . .
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Example calculations
All results combined

27N
tan u =
gT27r
2R
TZ”:L
V =
& 0L et S S SN S N W S N
TUDelft 0 20 40 60 80 100 120 140 160 180 200 220
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Advanced manoeuvres
Immelmann

A

~~ ' " o
\ : \Imm.\monn \l. |

=9

. ’ ‘ N ..‘)‘ l z‘.

%
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http.//www.youtube.com/watch?v=CGbOs0vgYOA&NR =1
(thrust vecotring turn at 2:50)

Advanced Manoeuvres
Thrust vectoring

. *4
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http://www.youtube.com/watch?v=CGbOs0vgYOA&NR=1
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Altitude etffects

Equations
n.. :l & ocp0'75
WiC, )
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Example

400
force,
kN

200 ¢

0

radius of turn,
m

1000

180°- turning
time, s

20
load factor 2.5

2

1

Altitude etffects

 H=0m (1.S.A)

D

=

H=3000m (I.S.A))

<o

H=6000m(l.SA)

3000 t

40t

/

L

15 ¢

04 06

08

04 06 08

04 06 08
Mach number

]
TUDelft
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Altitude etffects

Example
theoretical ceiling
altitude
dmax: Mmax
airspeed
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Summary

» Be able to derive the equations of motion for a horizontal sustained
turn (what is the definition of horizontal and sustained?)

T=D

2

=Lsin u
Lcosu=W

e Load factor is defined as n = L/W

e In a horizontal sustained turn, n = 1/cospu
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Summary

. Tmax CL
e Maximum load factor for jet aircraft:  Nmax =
max

V2

gv1l-—n?

* You must be able to derive the equations mentioned above

e Turn radius: R =

e Timetoturn 360 deg: T, = Zi/T—R

» Rate one turn is defined as 180 deg / min

%
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Example exam question

The following data is known for a small propeller aircraft (Cessna 172)

P, = 100kW (independent of airspeed)

W = 10 kN

S =15m?

The maximum rate of climb in steady symmetric flight of this aircraft equals 6 m/s when
operating at sea level (0 m) in the International Standard Atmosphere.

a.Calculate the maximum load factor and corresponding bank angle of this aircraft in a horizontal
steady turn when operating at the same altitude, power setting and angle of attack
b. The aircraft performs a rate one turn with an airspeed of 180 km/h at sea level in the

international standard atmosphere. Calculate the required bank angle and corresponding turn
radius.

%
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Questions?

]
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