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Introduction
Typical cruise flight

range R >
r | w2

altitude

cruise

descent

takeoff weight landing weight

- total range (stage length]
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Introduction
Objective

» Range (distance)
e Endurance (Maximum time)
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Introduction
Equations of motion

General 2D equations of motion and power equation

Unsteady curved symmetric flight

T cosa, —D—Wsin;/:V—Vd—V
g dt
L-Wcosy+Tsine; :V—Vvd—7
g dt
R R =RC +\Ld_V
g dt
Cruise flight

Quasi steady (dV/dt = 0), quasi-rectilinear, (dy/dt = 0)

Weight of the aircraft is not constant

Small flight path angle > cosy = 1, siny = 0

Assume that the thrust vector acts in the direction of flight (o = 0)
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Introduction
Equations of motion

Equations of motion cruise flight

g H
0==(T-D-W
W( siny)

L=W  (quasi rectilinear)

Additional equation

dwW
— =—F(T\V,H)
dt
——— ——rmangeR—
Kinematic equations altitude r Wo
Wy ty
dS t1 cruise
— =V cosy
dt climb descent
:V Sln 7/ takeoff weight landing weight
l«——total range (stage length]— 41
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Introduction

Problem definition
Pilot can choose a certain airspeed and altitude: H(t), V(t)

What is the best flight condition?

1. Optimal initial conditions (V, H at initial weight)
2. Optimal flying strategy (V, H at decreasing weight)

range R__———n‘
altitude W2

Wy ta

f1 cruise

climb descent

takeoff weight landing weight

v_|

\«—total range (stage length)
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Introduction
Criteria for optimal flight

1. Maximum endurance E:
Fuel flow F_;, at every point in time

2. Maximum range R:
Specific range (V/F),,., at every point in time

3. Given range, minimum fuel:
Specific range (V/F),,., at every point in time
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Optimum cruise profile (Jet)
Performance diagram - Jet

For basic flight mechanics applications, thrust of a turbojet can
be assumed to be constant with airspeed for a given flight
altitude

Thrust, Drag

A
C,

T Ae

// Drag follows from: Cp, =C; +

> Airspeed
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Optimum cruise profile (Jet)
Performance diagram - Jet

For basic flight mechanics applications, thrust of a turbojet can
be assumed to be constant with airspeed for a given flight

altitude
Power
A
P.=TV
P =DV
> Airspeed
% . . .
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Optimum cruise profile (Jet)

Thrust specific fuel consumption

FlcT

Additional assumption:
G constant

Specific range

v_V Vv
F c¢T ¢D

SN

What is the corresponding airspeed?

opt
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Optimum cruise profile (Jet)
Optimal airspeed for given altitude and weight

Method to calculate the best airspeed

Optimum Lift over drag Angle of Airspeed
criterion ratio attack (for given H,W)
(D/V)min CLX / CDY —> CL > V

] . . .
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Optimum cruise profile (Jet)
Airspeed

1. Optimum criterion 4. Ratio

D V 21
R : R -
Vmin Dmax l_ S'OCL _\/ 1 2CL

D (C “AW-.S pC2
2. Airspeed ( %JW p o

L=W 5. For a given weight
vo W21
S pC, Vel 1
D \C, »
3. Drag . .
L C 6. Angle of attack for given altitude
D=—D==2W

L C (v) [CLj
D), |ct
max D / max
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Optimum cruise profile (Jet)

Airspeed
(Kj — (l) — (&) & First year:
2
F max D max C:D max
lift—drag— polar (CLj — d (CLJ 0
_ 1 ~L &L
= C_, =iCyrAe cz) T dc, (ce
. . . | c -2c, %o _c2 .4
Airspeed for given altitude and weight dc, 0
Co
L =W dCD _&
dC, 7Ae
V= S 2 Cl Cl =0
,0 L,opt Cz
Cp +—=
2CL=lCD=1 ° mAe
zhe *C_ * C,
C,.=,/5C,,7Ae
] . . .
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Optimum cruise profile (Jet)

Example question
Question 1 — Cruise flight

The Gulfstream IV, indicated in Figure 1 is a twin-turbofan executive transport arcraft.
Datafor this aircraft are gven below:

§=883 [m*]
b=237 [tu]
A=636 ]
e=067 [-]

Cy, =0.015 [
C;
wAe

Cp=Cp +

Figure 1: Guifsiream IV

For jet aircraft, fuel consumption can be represented with the following ecquation:

F=c¢cT
Aircraft Weight W = 300.000 [N] (start of cruise)

What is the best airspeed to fly (for max range) at 9000 [m] altitude?
(p = 0.4663 [kg/m3], T = 229.65 [K])
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Effect of altitude

Performance diagram

Angle of attack is constant
for a given point on the

D drag curve
A
I
I ] H I’ V — 2 1 o~ 1
IN - N
nereasingny . SpC \p
/
:/. D—&Wocp0
Q // C.
\‘\// ;..~_’//
> V
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6,000 A
power 2,000 airplane weight
required,
1200 t
800 ¢t
400
O 1 L 1 e "
0 100 200 300 400 500 600
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Effect of altitude

Specific range

,D¢

Altitude 0 m Optimum cruise level
T at 1_‘cruise / ! !

%
TUDelft AE2104 Flight and Orbital Mechanics 21 |




Effect of altitude

Conclusion

At increasing altitude:
- V/F increases

- V increases

- Engine more efficient

Thus: fly as high as possible ! (up to the limits of the engine)
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Effect of altitude

Theoretical

A Optimum cruise ceiling at T,

level at I' e

T

cruise

I_lcr < ch (at rcruise)
Optimum H_, ~ H, (service ceiling)
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Effect of altitude

In the presence of speed limits (e.g. Myg )

i/ / / » Increasing H

D a

1,

-e/' . >V
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Effect of altitude

In the presence of speed limits (e.g. Myg )

e Optimum V/FatV =V, & First year:
&l -wle)
—£ = __ | ZL|=0
G ), dC\Cp
D. = & = C, =./C. 7Ae ¢, %o ¢
min C L - DO L dCLZ D :0
D/ max G
ac, 26,
ac, rhe
C}#0
C
26, _C "% rpe
rhAe C - C,
C, = [Cyrhe
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Summary — Jet aircraft

» Choose V such that (V/F),..x = (C. / Co?)max
» H as high as possible (limited by the engine)
o If the speed limit is reached at lower altitude:

* V=V,
« His such that C_ / C is max

%
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Effect of weight

( 2 1

V = oc«/(/\/
\/\AS/ p C,

D=Sow oew

L

P =DV cc W W

.

—
D oV ? at constant «
P ocV?® at constant o

> O

Decreasing W

> V

]
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W=180kN
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6.000

2,000 }

power

required,
eqkW 1600 } H=0m(lL.S A)

800 | | W::ggkN
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altitude

r range R >

cruise

descent

landing weight

takeoff weight

total range (stage length]

]
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Best flying strategy

Strategies:

I: constant altitude and engine setting
IT: constant altitude and airspeed

III: constant angle of attack
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Best flying strategy

Constant altitude
I. T = constant: (V/F) << (V/F)yy butV T

II. V= constant (V/F) < (V/F)qy
I1I. o = constant, VI but (V/F) = (V/F)yy

Climb
IV. o = constant, V = constant, (V/F) = (V/F),,, even > (V/F),

<
Q
I

constant, changing V?
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Best flying strategy

Optimum cruise climb possible?

Strategy IV — o, = o4 (C_ is constant) and V, = V,

Is this possible? Are the engines capable
of providing enough thrust at higher
altitude and lower weight?

%
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Best flying strategy

Typical turbojet performance

10
thrust
ratio

TIT, 0.8 |

06t

0.4

tropopause
i1 R T

0 ; S ;
0 4 8 2 16 20

altitude H, km
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Best flying strategy

Optimum cruise climb possible?

Strategy IV — o, = o4 (C_ is constant) and V, = V,

W _
; = constant « This is exactly how a

typical turbojet behaves
above 11km. So there will
be enough thrust.
« Strategy V is not feasible
* Below 11km there will be
enough thrust as well

%
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Best flying strategy

Optimum cruise climb possible?

Strategy IV — o, = o4 (C_ is constant) and V, = V,

The engines can provide just enough thrust
(strategy V not possible)

What happens in case of M;.,?

Mach number is constant at constant airspeed above 11km
- No problem
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Best flying strategy

range R >
altitude r Wo
Wi ty
cruise
t
climb descent
takeoff weight landing weight
-t total range (stage length) : -J
]
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Best flying strategy

=1 cruise

altitude

step climb

——

continuous

climb
climb descent
A distance
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Analytic range equations
Breguet range equation

e Range
dw _dw,, _
dt  ds

R:]lds:V_vf%dW
So W,
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Analytic range equations
Breguet range equation for jet aircraft

e Jet aircraft optimum climb cruise (a, V and ¢; are constant during
variation of W
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Analytic range equations
Breguet range equation for jet aircraft

Y S|

CT CD Wl

R

o If V is not limited: R, at (V C_ / Cp)rax —
(CL / CDz)max and Pmin

o If Vis limited:
Riax @t V =V, and p such that (C, / Cy)max
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Analytic range equations
Breguet range equation for propeller aircraft

Cruise flight with constant o, ¢, and n;:

R:Vf%dw

Wy

R In[W"]
¢, Cp

AE2104 Flight and Orbital Mechanics 44 |
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Analytic range equations
Breguet range equation for propeller aircraft

P a

Conclusion: Altitude is not important w.r.t V/F
But V is larger at high altitude
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Analytic range equations

Unified Breguet range equation
TV

Tha

d

e Propeller aircraft Moy = _TV

HT
g

e Jet aircraft Thot =
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Analytic equations
Unified Breguet range equation

Time 1920 Lindbergh Present
H 43000 kJ/kg 43000 kJ/kg 43000 kJ/kg
Neot 0.20 0.20 - 0.30 >0.40
L/D 10 11 16-18
W, /W, 0.6 —0.7 0.5 0.5
FuDelft AE2104 Flight and Orbital Mechanics 47 |




Content

e Introduction
» Optimum cruise profile
« Optimal airspeed for given H, W
- Effect of altitude
- Effect of weight
- Best flying strategy
» Analytic Range equations
o Story
» Weight breakdown
e Economics
* Summary

',I';U Delft AE2104 Flight and Orbital Mechanics 48 |




Story
History

* 1919: Alcock / Brown: Newfoundland — Ireland
» Fonck, Nungesser/Coli, Lindbergh: New York — Paris

: Overload :
Fuel - Structural safety factor
- Take — off length (W?2)
Passengers - Climb gradient after take off

- Tailwind west — east
OEW (Operational
Empty Weight)
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Story
Spirit of St. Louis

e Charles Lindbergh, 1927
» First solo, nonstop flight across
the Atlantic Ocean

"‘"-"‘5““" TANK  'SPIRIT OF ST, LOUIS'

',I';U Delft AE2104 Flight and Orbital Mechanics 50 |




Story
Spirit of St. Louis

» Charles Lindbergh had to decrease airspeed to achieve maximum

range
A
P,
/
/
//
/ P, for decreasing
/ .
y weight
/
/
’/
> V
',I!U Delft AE2104 Flight and Orbital Mechanics 51 |




¥.A.C.A. Tochnieal Note No.257 . Fig.®
. 280 .

=

(240 z§7 5.HP.aviable at) 1980 RJP.M{{£light [test) /,;‘

320 ' / /

P} Tl R0 e e e | A S
200 d _ \“/ /
| i/
180 \ | / / /
\ Daw/,
160 \\‘ f.z* f/ Vi
~H—] /]

E-.H?.re:‘-uirgd 3F70 b, -/
grogs wh., HR1$ Eaa.uaad.&"—““

20| |\ /fx’f

Brake horsepower, B.HP.

100 \\_H #_,.-/ .
"JI_-_'
A :
. /i_‘ R.HP.requized, §415 |1b.gross
(18] / wi.| Light load Mo gasoline,
. . / 10 gal.oil
/.f
\sn f/
"
% 40 ' : .
TUDelft 50 60 70 a0 30 100 110 . 130 130 CS 52 |

. Ar apeed,U.P.H.
Fig.9 Ryan NYP alrplans.




Story
Global flyer

Burt Rutan

]
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Story
Global flyer

e First part of flight: insufficient strength to withstand gusts
» Best glide ratio: 1:37
* (CL/Cp)max = 37
- Cpo = 0.018 e = 0.85
e H, = 45000 ft = 13.716 m — p = 0.2377
» Distance flown 38000 km
* Time 66 hrs
* Fuel lost 2600 Ibs — actual fuel fraction 71%

%
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Story
Global flyer

* (V/F)max * C_ = [1C, mAe =0.72

C, =0.024= L —30

D

o Vfor (V/F)max 45000 ft, Wy oot V = 175 m/s
e Time for 40.000 km at constant V: 64 hrs
e Guesstimate of ny; :

« High bypass fans at 1000 km/h: 1, = 40%

* Medium bypass fans n, = 35%, ny, = 50%, n;= 70% — V;/ V = 1.86
 Correction for lower flight speed:
*Vj/V=32>n=05n=2%

* Range in ideal climbing cruise: R = 53000 km
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Story
Global flyer

e Cruise at V = constant and H_ = constant: R = 37.500 km
» At fuel fraction 70%: R = 28000 km

e Influence wind ?

%
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Weight breakdown

¢ Wide-body airplane  Supersonic transport
with turbofan engines  with turbojet engines
g
Total fuel
Useful
Total fuel
load <
} Payload
Payload
OEW OEW
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Weight breakdown

Payload range diagram

Weight
A

MTow

MZFW

OEW

Paylci)ad

Reserve fuel

Fuel tank capacity

MTOW = maximum take-off weight
MZFW = maximum zero fuel weight
OEW = operational empty weight

Payload

A

Payload
» R » R

Design range Ultimate range
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Weight breakdown

Maximum zero fuel weight

L/2 L/2 MZFW limited,

amongst others by
£ /\\ —  bending moment of

Y the wing
MZFW

MTOW > MZFW at
same bending
ﬁ/\!) —  moment. MTOW
W:/2 v v W;/ 2 limited e.g. by landing
MZFW gear

| e—
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Weight breakdown

Reserve fuel

» Reserve fuel
- In general:
- Fuel to alternate
+ 45 minutes holding at altitude

 Fuel shortage:
- In general:
- Management problem
« CRM Cockpit resource management
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Economics
Block time and block speed

Key Parameters

Range R

Payload P

Block time Eg

Block speed Vg

Transport product Py
Transport productivity P,
Revenue earning capacity P,
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25
block
time,

h 20 ¢t

15 ¢

10 t

Economics

450km/h

2100

8,000

stage length,km

2000
block
speed,
km/n 1600

1200

v

—

Ver=2100km/h

]
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400 ¢t
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0 4,000 8,000
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Economics
Transport productivity

Wp‘ WpR vV __!C’.__-_WPVB
VB
\\\
R R R R
a. payload b. transport product c. block speed d. transport
productivity
Conclusion:

Maximum transport productivity is achieved at the design range

I Cost (direct operating cost) must be considered as well of course
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Summary

The objective /s to minimize fuel for a given range

Key parameter: D, T

Specific range V/F A
[VI/[F] = [m/s]/[kg/s] = [m/kg]

So it is the distance travelled per
unit of fuel

Performance diagram for jet aircraft

%
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Summary
Effect of weight and altitude

18,000 18,000
drag, drag,
N 14,000 | N 000 |
10,000 10,000 }
6,000 = 6.000
bower 2,000 ¢ airplane weight J)‘('QQQ & — 2,000
requred 1600 PO N N 1600 | H=OmIISA)
KW ’QS kw 16 :
Q’
1200 1200
800 800 | W=180kN
150
120
400 L00 t
0 1 1 ' le 1 0 - " -ig- N
0 100 200 300 400 500 600 100 200 300 400 S00 600
airspeed , km/h airspeed., km/h
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Summary
Key conclusions

Jet aircraft (analytical approximation)

1. Choose V such that (V/F),. — (C_/
Cp?)max

2. H as high as possible (limited by the engine)

3. If the speed limit is reached at lower
altitude: V =V,, Hissuch that C_/ C; is
max

Propeller aircraft (analytical approximation)
1. Conclusion: Altitude is not important
w.r.t V/F

2. ButV is larger at high altitude
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Summary
Breguet range equation

Wy

W,
R: d:
fo T

W,

Jet aircraft ‘/

(analytical approximation)

Optimum cruise climb

Ve [VL]
C’r CD Wl

dwW

.

Propeller aircraft
(analytical approximation)

Cruise flight with constant o, ¢, and n;:

R G In[W"j

C, Co |

]
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Summary
Unified Breguet range equation

_ TV V g
e Jet aircraft ot = —F =
Ho & H
g
* Propeller aircraft TV 7 g
j
Thot = =
qF ¢, H
g

Fuel quality  propulsion efficiency ~ aerodynamic quality

~_ |

e Both: _ H ‘ CL |n£W0j

W — Structural characteristics
1
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Questions?

]
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