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Fuel costs

25% share of airline expenses

915 million tons
2% human-induced emissions
12% general transport emissions



Technological Advances
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https://www.thisdayinaviation.com/8-april-1954/

https:/[www.century-of-flight.net/turbojet-vs-
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https://blog.kim.com/jet-engine-propulsion-the-
comparison-of-power-between-a-car-and-an-
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Global Passenger/Freight Traffic

3 million to 4.4 billion passengers 15510 2151 milllion tonnes per km
1970's - 2019 1970's - 2019
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Energy Balance Methoads
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Rutowski, E. S. (1954). "Fnergy approach to the general aircraft performance problem'. Journal of the Aeronautical
Sciences, 27(3), 187-195.

Statistical Learning Methods
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Figure. Topology of a three-layer fuel flow rate FNN.

Baklacioglu, T. (2016). "Modeling the fuel flow-rate of transport aircraft during flight phases using genetic
algorithm-optimized neural networks'. Aerospace Science and Technology, 49, 52-62.
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Closed-Form Solutions

Aircraft Performance is a discipline that studies the behavior of an aircraft flying, according
to the respective equations of motion of each flight phase.

dmf _ . ‘
ar cj(t)FN(t) = mf(t) = j Cj(E)FN(E)dE

0

dmg/dt [kg/s]: aircraft’s fuel flow rate
¢;(t) [(kg/s)/N]: thrust specific fuel consumption
Fy(t) [N]: aircraft’s thrust
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Take-off Flight Phase

https:/[www.planeskies.com/photos/view/5198/airbu
s/a300-600/n135up



[ake-off Flight Phase — Mathematical Mode/

V = true airspeed
a = acceleration

L = lift
V D = aerodynamic drag
Fy = engine thrust
. W = weight
— .=
?L F, = friction force
FN’
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Figure. Force diagram of an aircraft during take-off.

Filippone, A. (2017). "Advanced Aircraft Flight Performance" Figure 9.7 p. 234



Equations of Motion
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Fu(v(®)) = D(v()) = Fsr (v(1)) = (’;(t)) d’;
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Empirical Relations

(W(t) = Wy + We(t) A
dw d
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Aerodynamic Forces
(L(w(®) = q(v()Ac,

D(v(t)) = q(v(t))AcD

Empirical Relations
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2"d Order Non-linear Ordinary Differential Equation
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[ake-off Flight Phase - Results
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Figure. Velocity variation over time.

Closed-Form Solution of the
Aircraft's Velocity

For the initial value problem (IVP) v(0) = 0:

((t) B ﬂ(l N a%) tan(vVAt/2) A
T, A J1 - (a;/VA)tan(VAt/2)
% A= 4ayay—a? >0 y

Vio = V(ty,) = 66 m/s ~237.6 km/h
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[ake-off Flight Phase - Results

Take-off Ground Run
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Figure. The aircraft's ground run over time.



[ake-off Flight Phase - Results
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Figure. Velocity and ground run during the take-off flight phase.

Filippone, A. (2017). "Advanced Aircraft Flight Performance" Figure 9.7 p. 234



[ake-off Flight Phase - Results

Take-off Fuel Consumption
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Closed-Form Solution of the
Aircraft's Fuel Consumption

For the initial value problem (IVP) m¢(0) = my o:

-
dmy _ ¢j(v(t))Fy(v(D))
dt
d
T = (G0 + 64v0) (RO ~ Fo(©) + R)

~N

J

Mg o = Mg(ty) = 129 kg

Figure. Fuel consumed during the take-off flight ™fpiano-x = 111kg

phase.



[ake-off Flight Phase - Results

e Aircraft Performance Model

* Pollutant Gas Emissions:
» ICAO Engine Emissions Databank - LTO cycle
» Emission Indices (El) of pollutant gases

Di = Amf . EIl — pCOz = Amf . EIC02



Cruising Flight Phase

https://[www.airliners.net/photo/Qantas/Boeing-747-
438/1729381/L



Cruising Flight Phase - Mathematical Mode/
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Figure. Force diagram of an aircraft during cruise.

Cruise - Balanced Forces: https://www.grc.nasa.gov/www/k-12/VirtualAero/BottleRocket/airplane/cruise.html



Equations of Motion

Aerodynamic Forces
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Empirical Relations
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Cruising Flight Phase - Results
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Figure. Fuel consumed during the cruising flight ms ¢ = me(t,) = 16,435 kg

phase.

Mg piano-x = 17,115 kg



Climbing Flight Phase

https:/[en.wikipedia.org/wiki/Climb_%28aeronautics%
29#[media/File:ENTERAIRG-SPENB.jpg



Climbing Flight Phase - Mathematical Model

2"d Order Non-linear ODE
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Conclusions



Conclusions

Our closed-form solutions were proven to provide accurate results by comparison with Pano-X
Aircraft Performance and Emissions (https://www.lissys.uk/PianoX.html) software.
The closed-form solutions mainly provide:

» A closed-form relationship between the aircraft's fuel consumption and aerodynamic,

engine and design parameters,

» A tool for the accurate quantification of pollutant gas emissions.

» A means of studying the aircraft's performance during each flight phase,

»> And enables further optimization and sensibility analyses.
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