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Climbing and descending flight
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Equations of motion
General equations of motion in symmetric flight (1)
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Equations of motion
Horizontal, steady, symmetric flight

P_ —_

1 TcosQ( - D - W;fﬁ m7Z—
LVil-Wc 5y+rs|QA m|/7Z

| o

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

equations of
motion
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Summary - Jet

Force 4
Max thrust
"
5 »  Airspeed
a /
Min. speed ~ Max. Endurance Range Max. Speed
CLmax (CL/ Codmax (C./C.2) (depends
L/ ~D /max on Tmax)
% . .
TU Delft Flight Mechanics 7




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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Introduction

e How fast can an aircraft climb?

» How steep can an aircraft climb?

» How far can an aircraft glide following an engine failure?
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Rate of climb versus flight path angle

Example case 1 Example case 2
Vi Vv,

Y1 RCl /T RCZ

v1 > v, however, RC; < RG, |
So do not confuse the flight path angle with the rate of climb
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Equations of motion
General equations of motion in symmetric flight (1)

Free Body Diagram Kinetic Diagram

'i"U Delft Flight Mechanics 16




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 —

Simplification:
The aircraft is performing a straight and symmetric flight.

Assumption:
The thrust is assumed to be in the direction of flight (o = 0).
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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
(y=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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Equations of motion
Straight, symmetric flight

—_

F:mé =1

1V 1T cos gf; —D Wsmy mﬂ
-0 at
LVil-Wc 5y+rs|QA m|/7l

!

\W:Tr-D- Wsmy_—ﬂ
g dat

1V:L=W
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Power equation
Straight, symmetric flight

WiT—D-Wsiny =XV

g dat

LV:iL=W

1 Multiply first equation with airspeed

P—-P 1 dV?
=Vsiny + (
74 2g dt

= potential + kinetic energy increase)

L=W

So, excess power (P, — P.) can be used to climb or to increase
airspeed
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Gliding flight
I'=P =0

Question:
How far can a Boeing 747 glide from
10km altitude?

Answer:
Approximately 180 km!
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Gliding flight

Power equation

T=P =0

2
oy i Wav
' at  2g dt

What if the pilot tries to fly a horizontal path?
W dv?

P = — aircraft decelerates
2g dt
Clearly this is not an option... glide at constant airspeed:
aH :
—P. =W —(=WV sin
(= 7)
& | |
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Best gliding performance

1. RC,;, (long time) Option 1 Option 2
2. vmin (lONg distance) -P. =WV siny -DV _siny
RCmin — Pr,min WV
I ymin — Dmin
Conclusion:

1. To glide as far as possible, one must glide at the
condition for minimum drag (e.g. useful for engine
failure)

2. To glide as long (time wise) as possible, one must

glide at the condition for minimum power required
(e.qg. usetul for glide
Note: This is not treated in

introduction to flight’
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Glide as far as possible

Yy = arcsin(—%) = arcsin(—%)
y = arcsin(_C%J

C, ) w21
[C_]maxjc‘_JC"°“Ae :’V‘J 550G

D

Question: Does the aircraft weight influence the
minimum glide angle

a. Yes

b. No

c. ?
% . .
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Glide as far as possible

Yy = arcsin(—%) = arcsin(—%)
y = arcsin(_C%J

C, ) w21
[C_]maxjc‘_JC"°“Ae :’V‘J 550G

D

Question: Does the aircraft weight influence the
minimum glide angle

a. Yes
b. No
c. ?
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Glide as far as possible

Strangely enough, the glide angle is independent of the
aircraft weight!

Y1 = v,and V; <V,
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Story: We have lost both engines

Tt uption

o0 Tt T R

c"me;;
’I?o,.( 4 o

Plot showsd DC-0 nat 1 £ 08
anly penetrated worst © § Foaipiiug
storm celi, but did so at & LI - et
point of steepest ‘I M 51 : ;‘g :'§
intansity gradisnt [ H Ha B
Jkm 50 . {see main text - H : _f =
- : s : s
'Enm ; - t— . Radar limitations") |‘ o LR k_J
1 : . H
H R
E1Q H in

Larger scale map of northern Alabama and Georgia, showing track flown by N1335U from Huntsville to accident site, as determined by
investigators from radar plots and eyewitness sightings. Some published accounts of this accident have spscufated that the seemingly
Inexplicable turn back towards the west might have been the result of the crew's sighting of Cornelius Moore Airport through breaks in the
rain and cloud as they descended. Loss of visual contact, or a sudden realisation of the airport’s unsuitability have simifarly been hefd as
the reason for the further course reversal back towards the southeast, The second interruption to the DC-9's electrical power at this time,
however, obliterated any evidence there might have been on the CVA fo support this theory. The stippling shows areas of storm activily
recorded by National Weather Service radar at the time of the afrcraft's total loss of engine power, its density indicating the estimated

intensity of precipitation. (Matthew Tesch, with acknowledgement to NTSB)
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Story: We have lost both engines

Question: Could the aircraft have made it to Dobbins Air Force Base
if the pilots had decided to glide there?

W = 90,000 Ib (= 400500 N)
S = 1001 sq ft (=93 m?)

b =93.3ft (=28.4 m)

Cpo = 0.02

e = 0.85

Distance to Dobbins AFB: 20 nautical miles (=36 km)
Altitude: 7000 ft (=2134 m)
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Story: We have lost both engines

Answer: Yes!

Maximum distance when C /Cy is max. So:

2 2
(A= b* 284 _g.7)
S 93
C, =/Co,7Ae =40.02:7-8.7-0.85 = 0.68
2 2
C,=C, + CL 0024288 _g04
° rmAe 7-8.7-0.85

Now the glide angle and distance can be calculated:

] C ] 0.04
=arcsin| ——2 |=arcsin| ——— |=-3.4 [de
! ( cj ( o.essj Ideg]

L

distance = h/tany =2134/tan 3.4 =36 km
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Glide as long as possible
Minimum rate of descent

—P. =WV'siny
P. =DV

3
P in = [g ] =C, = \/3CDOTCAe

D
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Summary gliding flight

Minimum

glide angle Minimum rate

of descent

~
Minimum
glide angle
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Climbing performance

P -P . 1 av? : N -
2L =Vsiny+ = potential + kinetic energy increase
4 2g dt ( P I )
L=W
Excess power P
pt r

Pa (at a certain setting of I)

> \V
Vmin Vmax, (hor,steady)
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Climbing performance
Steady flight

* Maximum rate of climb (propeller)
 Steepest climb (jet)
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Climbing performance
Steady flight

 Maximum rate of climb (propeller)
 Steepest climb (jet)
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Steady flight

Maximum rate of climb = maximum
excess power (P, — P,)rax

Forwrer

(a)

Power

Maximum rate of climb

P —P

aW ~ =Vsiny(=RC)

L=W

Excess
power

(8}

%
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Solutions
Maximum rate of climb propeller aircraft

Assumption: P, is independent of airspeed

P A PI’ RCmax at I:)r,min
Maximum excess power This corresponds to the
\ following condition:
H a
\ ; c
: CE max
=C, = \/BCDO rAe
>V
5 . .
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Climbing performance
Steady flight

* Maximum rate of climb (propeller)
» Steepest climb (jet)

'i';U Delft Flight Mechanics 40
T




Steepest climb

Jet aircraft

—— =Sin
W Y

L=W

T a
Maximum excess thrust /
\?

» D
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Solutions
Steepest climb for jet aircraft

Assumption: T is independent of airspeed

T A Yma_x at Dmin
Maximum excess thrust This corresponds to the
following condition:
\

[N
CD max

=, = [C, ke

'i';U Delft Flight Mechanics 4?2




Contents

Summary horizontal flight

Introduction climbing and descending flight
Equations of motion straight and symmetric flight
Gliding flight

Climbing flight

Example calculations

OOk wWNE

% . .
TUDelft Flight Mechanics 43
-




Example 1

Climbing performance of the Beach King Air

Two engine propeller aircraft

C, = Cpy + kG2
Coo = 0.02

k = 0.04

W = 60 [kN]

S = 28.2 [m?]

Maximum power available (741 kW) can be assumed independent of
airspeed. The aircraft is performing a steady symmetrical climb

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

'i';U Delft Flight Mechanics 44
T




Example 1

Solution
Power equation:
P -P 1 av?
2L =Vsiny +—
w 2g dt

steady flight

it =Vsiny =RC

Maximum power available is independent of airspeed (741 kW)

RC,,, atP_.

Pf:DV W2 C?
c, ‘P=w|[~tZ2
L

3
P oin = —‘2 =C, = €, _ 3902, 5
c? \f 0.04

L=W=V-= \/ﬂzi \/60000 21 _53[m/s] (=190 kmyh)

S pC
¢, =G, +kC? =0.02+0.04-0.41* =0.08

28.2 1.2251.22

P =DV =C,1p/?°S=0.08-1.1.225-53° - 28.2 = 206 [kW]

. F, —F£ _ 741000 - 206000 _ 8.9 [m/s]
w 60000
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