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Aircraft Performance for Open Air Traffic

Simulations

Isabel Metz∗, Jacco M. Hoekstra†, Joost Ellerbroek‡, Dirk Kügler§

Delft University of Technology, 2629 HS Delft, The Netherlands and
German Aerospace Center DLR, 38108 Braunschweig, Germany

The BlueSky Open Air Traffic Simulator developed by the Control & Simulation
section of TU Delft aims at supporting research for analysing Air Traffic Management
concepts by providing an open source simulation platform. The goal of this study was to
complement BlueSky with aircraft performance models in order to enable performance-
related Air Traffic Management studies. The aircraft performance model developed
within this work consists of a kinetic Flight Dynamics Model, which stores the required
performance characteristics in a database with type-specific aircraft and engine coeffi-
cients. Currently, sixteen commercial turbofan and turboprop aircraft from different
range and weight categories are represented. To evaluate the quality of the aircraft per-
formance model, its outputs were compared to results from literature as well as from
real flights. It was found that the applied methodologies for the determination of air-
craft performance accurately model high-speed drag polars as well as fuel consumption
for cruising and taxiing aircraft. The fuel consumption model of climbing and descend-
ing aircraft, however, leaves room for improvement. Possible strategies for obtaining
a more precise estimation of fuel burn over the entire flight are recommended based
on the results of this study. With this work, the BlueSky Open Air Traffic Simulator
considers individual aircraft performance. This is an important step in the creation of
an open simulation platform for Air Traffic Management research.

Nomenclature

AR Wing aspect ratio
C Thrust-specific fuel consumption, mg/Ns
CD Drag coefficient
CD0 Parasite drag
Cf Equivalent skin friction coefficient
CL Lift coefficient
CP Power-specific fuel consumption, mg/J
D Drag, N
e Oswald factor
g0 Gravitational acceleration, 9.80665 m/s2

h height, m
k Drag due to lift coefficient
M Mach number
m Mass, kg
ṁ Fuel consumption, kg/s
P Inviscid drag component
Q Viscous drag component
Swet Wetted area, m2

Sref Wing reference surface area, m2

T Thrust, N
t time, s
VTAS True airspeed, m/s
ηp Propeller efficiency
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I. Introduction

To be able to contribute to a modernized Air Traffic Management (ATM) system, research institutes
require real- and fast-time simulation environments for evaluating their developed concepts and proce-
dures. To support independent as well as joint research in the area of ATM, the Control & Simulation
section of Delft University of Technology (TU Delft) is developing the BlueSky Open Air Traffic Simu-
lator.1 This simulator enables the visualisation and analysis of air traffic flows as well as ATM concepts.
BlueSky is programmed in the open-source language Python and its content is based on open data exclu-
sively. Hence, it can be used and modified without any restrictions or the need for licenses. A detailed
description of BlueSky can be found in Ref. 1. The simulator can be downloaded from Ref. 2.

A vital part of an air traffic simulation platform is an aircraft performance model for gaining information
about the efficiency and environmental impact of different aircraft procedures. This work complements
the BlueSky simulator with an aircraft performance model, which is based on open sources exclusively.

Aircraft manufacturers consider individual aircraft performance characteristics as strictly confidential.3

As such, existing aircraft performance models usually are available under license agreements only. In
order to keep BlueSky an open source simulator, an approach for modelling aircraft characteristics
parameters was developed.

One of the best known and widely utilized aircraft performance models for Air Traffic Simulators is
the Base of Aircraft Data (BADA), which is provided by the European Organization for the Safety of
Air Navigation (EUROCONTROL)4.5 BADA comes in two levels of accuracy: The BADA family 3
represents aircraft’s behaviour within the flight envelope’s normal operation part. BADA 4 extends the
model to the entire flight envelope and hence needs much more detailed and thus sensible information
about aircraft characteristics.6 This leads to stringent license terms for BADA 4. The accessibility of
BADA 3 is divided into two parts: The Flight Dynamics Model (FDM), which relies on basic aeronautics,
is described in a freely accessible user manual.7 The individual aircraft characteristics on the other hand
are subject to licenses. The structure of the FDM implemented into BlueSky is compatible with the one
of BADA 3. As a result, holders of a BADA 3 license gain the opportunity to operate BlueSky with the
BADA 3 aircraft performance models.

As BlueSky is meant to simulate multiple aircraft simultaneously, the developed methods need to be
runtime and memory efficient. This ensures a high update frequency of simulations, when handling
traffic scenarios with large numbers of aircraft. On the other hand, aircraft performance should be
modelled as accurately as possible in order to gain representative results. The challenge of this project
was thus to find methods as simple as possible, which lead to adequately precise results.

This paper is organized as follows: In the next paragraph, the structure of the developed performance
model is explained. This is followed by a description of the method applied to verify and validate the
model’s outcome. Finally, the results are presented and the conclusions drawn.

II. Performance Model Setup

The aircraft performance model described in this paper is based on empirical methods. This takes into
account the requirements considering runtime and memory efficiency. Another advantage of empirical
methods is, that they can calculate performance parameters with a limited set of input data. This
is especially important for BlueSky, as only few aircraft characteristics are publicly available. The
calculation process for the relevant performance parameters is visualized in Fig. 1. Its components are
described in the following paragraphs.

II.A. Aircraft and Engine Parameters

The relevant input data for the calculation of the aircraft performance parameters is stored separately
for aircraft and engines. This allows to equip a certain aircraft with all engines provided for installation
by the manufacturer. As such, the model takes into account variations in performance caused by the
different possible airframe-engine combinations, which can be significant.3 For airframes, the stored data
contains information about the the applicable engines, weights, geometrical data, the flight envelope and
the coefficients for calculating drag. The main source is the Jane’s all the World’s Aircraft database.8

The data stored for turbofan engines consists of the rated thrust as well as reference values for fuel
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consumption in different stages of flight. This information can all be automatically derived from the
regularly updated International Civil Aviation Organization (ICAO) Aircraft Emission Databank.9 For
turboprop aircraft, the engine’s power as well as the Power-Specific Fuel Consumption (PSFC), both
derived from Jane’s Aero Engines10 are stored.

Figure 1: Perfomance parameter calculation within BlueSky

II.B. Drag Coefficient

As shown in Eq. (4), the drag coefficient consists of two components: parasite drag and drag due to lift.

CD = CD0︸︷︷︸
parasite drag

+ k · C2
L︸ ︷︷ ︸

drag due to lift

(1)
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where CD is the drag coefficient, CD0
is the parasite drag, k is the drag due to lift coefficient and CL is

the lift coefficient.

For the calculation of parasite drag, Eq. (2), introduced by Raymer11 is applied.

CD0
= Cf · Swet

Sref
(2)

where Cf is the equivalent skin friction coefficient, Swet is the wetted area and Sref is the wing reference
surface area.

The values for the equivalent skin friction coefficient as well as the wetted area are approximated from
Fig. 2. For aircraft not listed, interpolations between listed aircraft with similar characteristics were
performed. Raymer explicitly states that Eq. (2) represents a theoretical approach, which does not take
into account increased skin friction due to debris on aircraft’s surfaces. Hence, parasite drag is probably
slightly underestimated here.

Figure 2: Reference for the estimation of wetted area and equivalent skin friction coefficient (source:
Ref. 12)

The second component of the drag coefficient is drag due to lift, which is the product of the drag due to
lift coefficient and the square of the lift coefficient. The drag due to lift coefficient k can be written as

k =
Q

π ·AR
+ P (3)

where Q is the viscous drag component of drag due to lift, P is the inviscid drag component of drag due
to lift and AR is the aspect ratio. The Oswald factor e then becomes

e =
1

Q+ π ·AR · P
(4)

Based on real flight analysis, Obert12 provides three numerical solutions for P and Q. A statistical
evaluation performed for this paper revealed that the values 0.009 for P and 1.02 for Q deliver the most
accurate results and were thus implemented for the calculation of the drag due to lift coefficient. The
applied method can be found in Appendix A.

Using the parasite drag and drag due to lift coefficient calculated previously to runtime, an aircraft’s
drag coefficient is constantly updated with the current lift during simulation by applying Eq. (4).

The equations above are valid for aircraft in clean configuration. To consider the effect of extracted
flaps and landing gear during take-off, initial climb, approach and landing, drag increasing factors are
included during those flight phases. Their derivation and integration is explained in Appendix B.
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II.C. Thrust

To calculate an aircraft’s current thrust, the previously described components as well as the aircraft’s
current vertical speed, weight and velocity are fed into the Total Energy Model (TEM). The TEM is
a kinetic FDM, which models individual aircraft as point masses, assuming that an aircraft’s available
energy is exclusively used for change in altitude or velocity.7 The TEM is given in Eq. (5).

(T −D) · VTAS = m · g0 ·
dh

dt
+m · VTAS · dVTAS

dt
(5)

where T is thrust, D is drag, VTAS is the true airspeed, m the aircraft mass, g0 the gravitational
acceleration, dh

dt corresponds to vertical speed and dVTAS

dt to longitudinal acceleration.

II.D. Fuel Consumption

An aircraft’s fuel consumption is calculated during runtime via the current thrust and the Thrust-Specific
Fuel Consumption (TSFC), as visualized in Eq. (6), obtained from Ref. 11.

ṁ = T · C (6)

where ṁ is the fuel consumption and C the TSFC

For turbofan aircraft, the TSFC, takes into account Mach and altitude effects as proposed by Raymer11

and firstly introduced by Mattingly et al.13 Therefore, Eq. (7) is applied during runtime to update the
TSFC based on the current aircraft state.

C

Cmax
=

0.1

( T
Tmax

)
+

0.24

( T
Tmax

)0.8
+ 0.66 · (

T

Tmax
)0.8 + 0.1 ·M · [

1

( T
Tmax

)
− (

T

Tmax
)] (7)

where Cmax is the TSFC at maximum thrust, Tmax is the maximum thrust at the current altitude and
M the Mach number.

Equation (7) is applied for climbing and descending turbofan aircraft. During the taxi and cruise phase,
they consume fuel corresponding to values provided by the Aircraft Engine Emission Databank by ICAO.9

In preliminary studies, this very pragmatic approach for calculating the fuel consumption of taxiing and
cruising aircraft has proved to deliver the most accurate results for those flight phases.

Public information about turboprop engine characteristics are strongly limited. Hence, this study em-
ploys a very simple approach for calculating fuel consumption of turboprops: It depends on TSFC for all
stages of flight. To gain information about a turboprop’s TSFC, its PSFC, which is stored in the engine
files, is being converted as demonstrated in Eq. (8).

C = CP · VTAS

ηp
(8)

where CP is the PSFC and ηp the propeller efficiency, which is set to 0.8 for the BlueSky performance
model. This corresponds to the value suggested by Raymer.11

The fuel consumption calculation for all aircraft, turbofans and turboprops, is based on uninstalled
thrust. Hence, an underestimation of fuel burn has to be expected.13

II.E. Flight Envelope

To ensure that simulated aircraft never operate outside their nominal flight envelope, a flight envelope
protection system was implemented into BlueSky. Based on the aircraft characteristics and stage of
flight, the flight envelope protection system calculates minimum and maximum velocities, maximum
thrust and maximum altitude for each aircraft. Those are then compared to the current target values
from the autopilot and, if necessary, the latter are changed to values within the limits for safe flight
operations.
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III. Method

The base for evaluating an aircraft’s performance is its drag polar. Hence, its precise estimation is vital
for further studies. To analyse the method developed for calculating the drag polar within BlueSky, its
outcomes were compared to five high-speed drag polars from literature. Interpreting the mean differences
between the compared drag polars as measure for the quality of the modelled parasitic drag (linear term
of Eq. (4)) and the Pearson coefficient14 as measure for the quality of the modelled drag due to lift
(quadratic term of Eq. (4)), the drag polars were analysed. Fig. 3 exemplary shows the comparison
between a Fokker 100 within BlueSky and respective literature data.

Figure 3: Drag polar comparison for a Fokker 100 aircraft

12

Based on the initial studies of drag polars, the implemented BlueSky method for fuel consumption was
analysed. For this purpose, the flight profile of two real flights performed by an Airbus A320-232 (A320)
and a Cessna 550 Citation II (C550) were rebuilt in the simulator and the fuel consumption during the
real and the simulated flight compared.

From the data recorded during the real flights, representative segments for climb, cruise and descent
were extracted and their trajectories were rebuilt in the BlueSky simulator. An aircrafts trajectory
contains its three-dimensional position as well as its current velocity.15 To achieve the best fits for all
the corresponding parameters, some of the default input coefficients for the BlueSky performance model
such as bank angle and longitudinal acceleration were adjusted. With this measure, the trajectories and
thus the aircrafts performance of the real and simulated flight had the best fit.

The trajectories of the original flights were rebuilt based on the pressure altitude. Wind information
provided in the data sets is strongly limited. Hence, it was not considered for the validation. This choice
causes no effect on the validation result, because the validation took into account performance over time,
which depends on the wind-independent True Airspeed (TAS). Heading changes in the simulations were
performed at the same time step as during the real flight to obtain a comparable performance of both
aircraft. Due to neglecting the wind influence, this resulted in lateral differences between the flight paths
of the real and the simulated aircraft.

To evaluate the fuel consumption during flight, the fuel used for taxi, climb, cruise and descent phase were
compared between the real and the simulated aircraft. Thereby, the absolute values for fuel used as well
as the relative differences in fuel consumption were considered. The BlueSky model provides a constant
fuel flow during ground operations. Hence, it was not necessary to rebuild the ground trajectories for
the validation. To obtain the corresponding information for the BlueSky aircraft, the fuel flow during
the time the real aircraft spent taxiing was cumulated. As the datasets of both flights end before the
taxi phase after landing, only the fuel consumption prior to take-off could be taken into account for the
analysis.
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Figure 4: Comparison of the A320 performance in real flight and during simulation

IV. Results

The outcome of the drag-polar comparisons contained different results for the aircraft considered. For
three of the five compared drag polars, the data used for the implementation into BlueSky and the
reference data from literature derive from the same aircraft type generation. The reference data for the
other two drag polars originates from older generations than the BlueSky implementation. For the three
aircraft, where the compared aircraft type generation is identical, the drag polars strongly correspond:
The maximum mean deviation amounts to 7.6 % (standard deviation 2.96 %) and the minimum Pearson
coefficient to 0.999995. The correspondence of the drag polars for the remaining two aircraft on the other
hand were much lower: The mean deviations are 26.82 % (standard deviation 39.71 %) respectively 23.76
% (standard deviation 2.93 %). For both aircraft, the BlueSky implementation has higher aerodynamic
qualities. However, it should be kept in mind, that the aerodynamic qualities of aircraft significantly
improved over the last 20 years.16 Hence, newer generations of aircraft are supposed to produce less drag
than their predecessors. Furthermore, the data for both reference aircraft derived from models instead
of real flight data, of which one is known to underestimate lift at a certain drag. Hence, the higher
aerodynamic qualities of the BlueSky aircraft are in line with the expectations.

The results of the comparison to a further reference - the BADA revision 3.127 - support the assumption
of an appropriate model for the drag polar within BlueSky. In this analysis, high-speed drag polars for
five turbofan and five turboprop aircraft were analysed. The mean difference of all turbofan drag polars
amounted to 12.57 % (standard deviation 14.18 %) and to 9.19 % (standard deviation 4.33 %).

Based on the results from the comparison of drag polars, the developed model for fuel consumption
within BlueSky was analysed. Therefore, real flights of an A320 and a C550 were considered. Fig. 4
shows the course of velocity, altitude and fuel consumption for the real and simulated flight of the A320.

As visible from Fig. 4, the peaks in fuel consumption due to acceleration or increased climb during
the initial climb phase are much higher for the simulated aircraft. As soon as the aircraft climb with
constant speed and velocity (from t = 150s onwards), the gradients of the two aircraft’s fuel consumption
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Table 1: Differences in fuel consumption [%]

A320 C550

Taxi - 8.13 -1.8

Climb -26.5 -38.24

Cruise -8.53 -6.92

Descent +53.31 +1.26

functions becomes almost parallel, whereas BlueSky underestimates the burnt fuel. During level flight,
the BlueSky model assumes constant fuel burn and therefore ignores changes in fuel consumption due to
velocity changes. In the descent phase, the two fuel functions are similar, whereas the BlueSky model
overestimates the consumption significantly. The comparison of the flight profiles of the C550 demon-
strated similar behaviour except for the descent phase: Here, the model underestimates the required
fuel during the initial climb phase. Only when reducing the rate of descent and setting the approach
configuration, overestimation begins. Table 1 summarizes the differences in fuel consumption for the two
flights. It can be seen, that except for the descent phase, the model does underestimate fuel consumption
for both flights. While the deviations for climbing and descending aircraft vary significantly, the differ-
ences during ground and cruise phase lie well below ten percent. The general underestimation of the fuel
consumed seems likely, as the BlueSky model does consider uninstalled thrust only and underestimates
parasite drag.

V. Conclusions

The goal of this work was to develop an aircraft performance model for the BlueSky Open Air Traffic
Simulator. The model should be based on open sources exclusively and calculate aircraft performance and
fuel consumption for individual aircraft as accurately as possible. The results of the comparison of drag
polars performed in this study indicate a valid approach for calculating high-speed drag polars, which are
the foundation for evaluating aircraft performance. The comparison of fuel consumption demonstrated,
that the results of the fuel model implemented into BlueSky are reasonably accurate for taxiing and
cruising aircraft even though a constant fuel consumption is assumed. The maximum offset between
real and simulated data for these flight phases lies well below ten percent. For climbing and descending
aircraft, the differences are significant, especially during changes in velocity or rate of climb/descent.

As BlueSky is designed to simulate multiple aircraft simultaneously, the impact of the aircraft perfor-
mance model’s execution on the entire simulation’s efficiency has to be minimal. Studies considering the
runtime efficiency of BlueSky including aircraft performance, demonstrated that this additional compo-
nent still enables a high performance: For a scenario of 500 aircraft, whose performance characteristics
are updated with a frequency of 10 Hz, an average runtime of 24.08 ms per update was achieved on a
standard laptop 1.

The resulting set-up of BlueSky enables the performance calculation for turbofan and turboprop aircraft.
Currently, ten turbofan and six turboprop aircraft from all range and weight categories are represented.
Each of them can be combined with every engine type designated by the manufacturer for the respective
aircraft type. Technical guidelines for extending this database are given within simulator’s documenta-
tion.17

The newly developed aircraft performance model serves as a base for the prediction of aircraft perfor-
mance within BlueSky. Future work should address an improvement in the fuel consumption model for
climbing and descending aircraft and taking into account an adjustment for installed thrust and thus
higher fuel consumption during all stages of flight. As only two turbofan aircraft were analysed within
this study, more data is needed for representative results. Another step to be performed is the evalua-
tion of turboprop data for obtaining information about the validity of their fuel model. Considering the
discussed components, it is possible to gain an accurate open source aircraft performance model. For
achieving this purpose, TU Delft is currently working on gaining performance data for multiple aircraft
out of Automatic Dependent Surveillance Broadcast (ADS-B).18 With the combination of the empir-
ical methods presented in this paper and performance data of real flights gathered via ADS-B, we are
confident to achieve the original ambition of BlueSky: a reliable open source aircraft performance model.

1Intel(R) Pentium(R) processor of 2.13 GHz and an installed memory (RAM) of 8.0 GB
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Appendices

Appendix A: Coefficients for Calculating the Oswald Factor

The Oswald factor within the internal BlueSky performance model is calculated based on the statistical
evaluation of lift-dependent drag coefficients of transport aircraft performed by Obert.12 The underlying
relations are given in Eq. (9).

e =
1

Q+ P · π ·AR
(9)

where e is the Oswald factor, P the inviscid drag component, Q the viscous drag component and AR the
wing aspect ratio.

Obert provides three numerical combinations for P and Q . Based on the information given in Fig. 5
and theoretical values for the Oswald factor gained from Nita and Scholz,19 these three combinations
were compared for eight available commercial aircraft types. The result of this study can be found in
Fig. 6. As the combination of Q = 1.02 and 0.009 delivers the most accurate overall results, it was
chosen for the calculation of the Oswald factor within BlueSky.

Figure 5: Estimation of the Oswald factor (source: Ref. 12)
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Figure 6: Deviation from the Oswald factor from Ref. 19 for different P-Q-combinations
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Appendix B: Increase in drag for different aircraft configurations

The equations for calculating the drag coefficient’s components are valid for clean configuration. For
aircraft with extended flaps and landing gear, these parameters have to be increased in order to remain
realistic. Roskam20 provides estimates for the increase in parasite drag and the Oswald Factor, which is
an input for drag due to lift. Those increasing factors are visualized in Tables 2 and 3. The numbers
provided by Roskam reflect the technological state of the art of the 1980s. To consider the increase
in aircraft’s aerodynamic qualities since then, the values which lead to the smallest increase in drag
are chosen for the implementation in BlueSky. For the increase in parasite drag, this is the minimum
value per line, which is added during the flight phases take-off and landing. If both, gear and flaps are
extended, their corresponding increases in parasite drag accumulate. For the Oswald factor, the ratio
to clean configuration for the largest value per line was calculated. During runtime, the drag due to lift
coefficient is multiplied with that value.

For the performance model in BlueSky, it is defined that aircraft taking off retract their gear at 100
ft, the flaps at 400 ft. Landing aircraft extend their flaps at 3000 ft and their gear at 1500 ft. This
corresponds with the flight phase definitions in Ref. 7 and Ref. 21.

The chosen approach neglects intermediate flaps settings. Nevertheless, it provides a simple method to
extend the drag polar to all flight phases.

Table 2: Increase in zero-lift drag for different aircraft configurations (source: Ref. 20)

Configuration Increase in zero-lift drag ∆CD0
[-]

Clean 0.0

Take-off flaps 0.010 - 0.020

Landing flaps 0.055 - 0.075

Landing gear 0.015 - 0.025

Table 3: Oswald Factor for different aircraft configurations (source: Ref. 20)

Configuration Oswald factor e [-] ratio to clean configuration

Clean 0.8 - 0.85 1.0

Take-off flaps 0.75 - 0.80 0.939

Landing flaps 0.70 - 0.75 0.879

Landing gear no effect -
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Appendix C: Validation Results Cessna 550 Citation II

The plots in Fig. 7 visualise the validation results for the flight of the Cessna 550 Citation II. This flight
was a test flight including manoeuvres outside the scope of an air traffic simulator. Thus, the part of
this flight, where the manoeuvres were performed, was excluded for the validation.

(a) Climb and cruise

(b) Descent

Figure 7: Comparison of the A320 performance in real flight and during simulation
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