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ABSTRACT

Aircraft performance parameters play a critical role in maintaining economic and environ-
mental sustainability in aviation. Furthermore, the ability to calculate aircraft performance
parameters accurately for the cruise range contributes to aviation in areas such as the pre-
liminary design of aircraft and air traffic management. This study is focused on cruise range
performance, as this is critical to both the evaluation and understanding of the economic and
environmental impacts of commercial aircraft. Quick Access Recorders (QAR) data were
used for more accurate analysis of the cruise range. The QAR data used in this study included
6,574 short-distance domestic flights by narrow-body turbofan commercial aircraft between
31 different city pairs. To obtain a more accurate cruise range equation, parameters affect-
ing the cruise range performance were determined and studied. First, the drag polar model
was improved to take the cambered profile, compressibility effects and cruise airspeeds of
commercial aircraft into consideration using the real flight data. Second, Thrust-Specific Fuel
Consumption (TSFC) models were compared and the most suitable one for the cruise phase
was selected. After these steps, cruise range values were calculated using the Breguet range
equation with these improved parameters. When the results of this enhanced range model were
compared with the real flight data, the mean absolute percentage error (MAPE) was found to
be 2.5% for all the Aircraft and Engine Type Groups (AETGs) considered in the data. This
figure corresponds to a 7.9% smaller error than provided by previous range models based on
simple parabolic drag polar and TSFC models. According to these results, the application of
a simple parabolic drag polar and TSFC is not appropriate for cruise range calculations.
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aerodynamic model coefficients (i=1to 3, j=1to4,and k=110 2)
reference thrust-specific fuel consumption based on altitude (i=1 to 2)
aircraft engine type group (i=1 to 6)

aircraft and engine type group

aircraft integrated data system

standard corrected altitude

aircraft range performance parameter

air traffic management

base of aircraft data

thrust-specific fuel consumption model constant
drag coefficient

zero-lift drag coefficient

reference thrust-specific fuel consumption model (i =1 to 2)
reference thrust-specific fuel consumption for cruise
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drag force

destination aerodrome

European Aviation Safety Agency

flight data acquisition unit

flight data recorder

total amount of fuel burned

amount of fuel burned in engine-1

amount of fuel burned in engine-2

fuel flow rate (i =1 to 3)

fuel flow of engine-1

fuel flow of engine-2

flight-path angle

real fuel flow rate
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International Air Transport Association
International Civil Aviation Organization

induced drag coefficients (i =1 to 2)

lift force

Mach number

reference Mach number

mean absolute percentage error

multidisciplinary design optimisation
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n drag polar lift coefficient exponent

ORIGIN origin aerodrome

PITCH pitch angle

QAR quick access recorder

R range

Rgp basic Breguet range equation

R basic Hale range equation

Rg enhanced Breguet range equation

Roar real cruise range

S wing area

T thrust

TAIL_1 country tail code

TAIL_2 company tail code

TAS true airspeed

TIME flight time

TOC top of climb

TOD top of descent

TSFC thrust-specific fuel consumption

TSFC-i thrust-specific fuel consumption model (i =1 to 3)
TSFCH reference thrust-specific fuel consumption in Howe’s model
TSFC* reference thrust-specific fuel consumption in Martinez-Val’s model
VTAS true airspeed

W, W, weight of aircraft (i=0to 1)

Greek Symbols

A bypass ratio

® relative temperature

e reference relative temperature

B thrust-specific fuel consumption Mach number exponent
€ compressor pressure ratio

o atmospheric density

1.0 INTRODUCTION

According to the annual report of the International Civil Aviation Organization (ICAO), the
total number of passengers carried by airlines reached 4.3billion in 20181, representing a
6.4% increase compared with the previous year. By 2040, it is expected that this number will
rise to 10billion. There is a considerable increase in city-pair routes to meet this growth in pas-
senger demand. In 2018, the International Air Transport Association (IATA) announced that
airlines connected 22,000 city pairs by direct flights across the globe, representing a rise of
1,300 city-pair routes compared with 2017, The European Aviation Safety Agency (EASA)
also stressed that the number of flights rose by 8% between 2014 and 2017 and is expected
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to grow by 42% from 2017 to 2040, Although this growth in the air transportation industry
provides many benefits, it also has negative effects on Air Traffic Management (ATM), the
environment and fuel consumption. First, the rapid growth in air traffic demand puts additional
pressure on the capacities of airports and airspaces and leads to serious delays and conges-
tion which make ATM more difficult®. Second, exhaust emissions and noise pollution due
to flight operations are predicted to increase significantly. By 2040, CO, and NO emissions
are estimated to rise by at least 21% and 16%, respectively®. People who live near airports
or under flight routes are negatively influenced by aircraft noise. It is also expected that the
number of people severely exposed to aircraft noise will continue to increase in the future®.
Finally, fuel costs constitute the biggest portion of airline operating expenses, thus extra fuel
consumption adversely affects commercial air transportation®”. Above all the other effects,
fuel consumption is the most deterministic performance indicator regarding both economic
and environmental impacts®.

Aircraft Range Performance Parameters (ARPPs) are important not only to decrease the
above-mentioned negative effects but also to maintain environmental and economic sustain-
ability. Because of these reasons, aircraft range performance has been investigated by many
authors®~'). The consideration of aircraft range performance, covering aircraft aerodynamic
performance and engine performance, is an essential operational necessity for commercial
airlines'?!3). Therefore, poor predictions of aircraft range performance lead not only to
congestion and delays but also to economic damage, more fuel consumption and more envi-
ronmental pollution'¥. In other words, accurate calculations of aircraft range performance
are crucial for airlines in terms of providing flight economy and protecting the environment.

Aerodynamic performance calculations can be carried out by generating accurate drag
polar models. Many parameters should be considered while creating these, such as airspeed
regimes (high subsonic speeds, low subsonic speeds etc.) and wing profile shape (symmetri-
cal, cambered wing profile etc.). Many studies have provided basic information on the effects
of the Mach number and compressibility, but these effects are usually disregarded to sim-
plify the analysis and obtain solutions suitable for low-speed aircraft. Hence, drag can be
calculated using a simple parabolic drag model!'>'®). However, modern commercial aircraft
have cambered wings and can fly at high subsonic speeds. Because of these characteristics,
it is not suitable to utilize a simple parabolic drag polar and neglect compressibility effects
when determining the cruise range!”). Disregarding the effect of the Mach number on the
drag coefficient at high subsonic speeds can cause serious mistakes in range and fuel weight
calculations for an aircraft'®. Gur et al.') introduced a drag model suitable for transonic
aircraft by using Multidisciplinary Design Optimization (MDO). Bridges®” described mod-
els for the drag and thrust that include the Mach number and altitude effects and examined
them based on the cruise speed and range. Finally, he analysed aircraft performance by using
energy methods.

Aircraft engine performance directly affects operation costs and the environmental impact
of flights®?), The amount of fuel burned by an aircraft varies according to the type of engine.
For commercial jet aircraft, the Thrust-Specific Fuel Consumption (TSFC) is the most impor-
tant criterion for fuel consumption, because it indicates the amount of fuel spent per unit
time per unit thrust. Although the TSFC can be assumed to be constant in preliminary air-
craft cruise performance and trajectory estimations, this approach does not provide accurate
results for flights by modern commercial turbofan-engined aircraft at high subsonic speeds.
Therefore, numerous studies have focused on modelling the TSFC using various flight and
engine characteristics. Mattingly et al.?% stated that the TSFC depends on the engine cycle,
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altitude and Mach number. How et al.?® presented another TSFC model which varies depend-
ing on the bypass ratio, Mach number and temperature ratio. Roux*¥ composed a TSFC
model including the bypass ratio, compressor pressure ratio, altitude and Mach number.
Torenbeek® presented a TSFC model which was ultimately not useful because it requires
many different parameters, such as the turbine inlet total temperature and the isentropic effi-
ciency of the expansion process in the nozzle. Martinez-Val et al.?®) proposed a TSFC model
depending on temperature and Mach number ratios relative to reference values provided by
the engine manufacturer.

Because the Breguet range equation is easy to implement, it is widely used in aircraft range
performance estimations. Randle et al.?” improved the Breguet range equation by including
the wind effect based on actual flight data. However, the effects of compressibility and wing
camber were not considered in the drag equation. Poll®® used the Breguet range equation to
reduce fuel consumption depending on the technological developments, air traffic manage-
ment and basic commercial aircraft design. Moreover, the environmental effects caused by
aviation were emphasised and suggestions made to reduce them. There are many other range
equations apart from the Breguet equation, but only one of them, the Hale range Equation
(29), is compliant with the en-route flight requirements of ATM, namely constant-altitude
and constant-airspeed cruise. Although the Hale range equation represents the cruise flight
realistically from the operational point of view, it is difficult to use in range calculations due
to its mathematical complexity. Further improvement of the Breguet equation based on real
flight data, on the other hand, can provide a simple yet realistic cruise model, especially for
trajectory predictions in ATM.

Flight Data Recorders (FDR) are used to collect and record data from various aircraft sen-
sors on commercial aircraft. In different situations, Aircraft Integrated Data Systems (AIDS)
may require the establishment of a second Flight Data Acquisition Unit (FDAU). This second
FDAU sends additional signals to the Quick Access Recorder (QAR). QARs are also used
in commercial aircraft to collect and record data from various aircraft sensors. Recording of
such data is required by aviation authorities, or by companies in different situations, so these
data are sent to the QAR. All aircraft parameters, pilot operating parameters and environ-
mental impacts throughout the flight are recorded by the QAR®?. Because the QAR data
include variables related to the acrodynamic and engine performance characteristics of the
aircraft in terms of kinematics and dynamic variables, they can be used not only in aerody-
namic modelling and engine performance calculations but also in parameter estimation®'32).
The QAR data used in this study were obtained from subsonic narrow-body commercial air-
craft with turbofan engines. The data include 58 different parameters obtained during 6,574
short-distance domestic flights on direct routes between 31 city pairs in Turkey.

Based on the information given above, this study aims to develop an accurate cruise range
equation using an improved drag polar model and a suitable TSFC model selected for the
cruise phase. The contributions of this study to the literature can be listed as follows:

(1) An enhanced cruise range model is proposed based on the Breguet range equation using
an improved drag polar equation that takes the cambered wing profile, compressibility
effect and critical Mach number into account using real flight data.

(2) This study compares different TSFC models and selects the most suitable one for use in
cruise range estimations for a given aircraft and engine type group based on the flight
data.

(3) The enhanced cruise range model provides more accurate range estimations than range
models that have a simple parabolic polar and a constant or varying TSFC which changes
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Figure 1. Typical flight profile.

depending on a variable. It can thus contribute to more accurate trajectory planning and
predictions in ATM, the estimation of fuel consumption and environmental impacts, as
well as preliminary aircraft design processes.

The rest of this paper is structured as follows: Section 2 presents the problem description;
Section 3 presents data properties; Sections 4, 5 and 6 outline the methodology, the results
and the conclusion and discussion, respectively.

2.0 PROBLEM DESCRIPTION

A typical commercial flight operation consists of five basic phases: take-off, climb, cruise,
descent and landing (Fig. 1). The cruise phase starts when the aircraft reaches the Top of
its Climb (TOC) and ends at the Top of its Descent (TOD)®%. The cruise performance is
critical to evaluate and understand the environmental and economic impacts of all aircraftG®.
The cruise phase is not only the phase where commercial aircraft consume the most fuel
but also the phase where 80% of the CO, emissions are produced®>. This study focuses on
the estimation of cruise range, which is the primary indicator of the cruise performance of a
commercial flight operation.

The distance travelled during the cruise flight is called the cruise range. The general range
equation can be expressed as follows??:

R:/l— Viss L AW (1)
o TSFCD W

In Equation (1), ‘0’ indicates the initial conditions for the cruise flight while ‘1’ indicates
the final conditions. The term Vs is the true airspeed, L/D is the lift-to-drag ratio and W
is the weight of the aircraft. Considering a cruise at a constant airspeed and constant lift
coefficient, the integration of Equation (1) yields

_ s G W
T TSFC Cp W,

-(2)

Equation (2) is the most commonly used cruise range formula, referred to as the Breguet
range equation. It provides a quicker and more practical estimate for the cruise range com-
pared with other range equations such as the Hale range Equation (29) (constant altitude and
constant airspeed) and is thus generally used in range estimations during preliminary aircraft
design, especially for cruise fuel weight predictions.
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The Hale®” range equation (constant altitude and constant airspeed) can be derived from
the following formula for a simple parabolic drag model:

/4
Vias 1 _1 | Cpo pVius®S -
————tan — 2 T (3)
TSFC 2./CpoK K 2Wo  cp (M) +n
K 2W W

In Equation (3), the terms Cpy, K, S and p are the parasitic drag coefficient, induced drag
coefficient wing planform area and air density, respectively. This equation is complex, but
when the argument of tan~! is a rather small angle, one can use the approximations

0 =tand, .. (4
6 =tan"'6. .5

based on which Equation (3) can be expressed as

W,
o Vs 1 Cpo pVr1us*S I-w
Rx=2 - 3 ) ...(6)
TSFC2/CpoK | K 2Wo cp (M) +n
K 2, Wo

The most important feature of the Breguet range equation is that it combines three main
terms that capture the performance of an aircraft: TSFC, VL/D and In(W /W), referring
to the aircraft’s engine, aerodynamic and structural performance, respectively. Accurately
calculating the range performance of an aircraft is critical to ensure flight economy and protect
the environment; consequently, two of these main performance groups, namely the engine and
aerodynamic performance in the range equation, are examined in this study.

The engine performance of an aircraft is typically described in terms of the total engine
thrust (7) and fuel flow rate (FF). Both of these vary significantly according to the type and
design configuration of the engines used in the aircraft. The TSFC can be considered to be
the most critical performance metric because it combines both of these engine performance
indicators. The TSFC is the amount of fuel spent per unit time per unit reaction force, being
formulated as follows:

1
TSFC = — - FF (D)
T

Different TFSC models are used for each flight phase. It is possible to calculate TSFC
values for the cruise flight phase by correctly selecting the thrust-specific fuel consumption
models. The TSFC model proposed by How et al.?® is one of the important models used for
determining the thrust-specific fuel consumption in the cruise phase. In this model, the TSFC
is formulated as a function of the engine bypass ratio (1), Mach number and temperature ratio
(o) as follows:

TSFC = TSFC” (1 —0.015%) [(140.28 (1 +0.0631%) M) 6°, . (®)
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In Equation (8), TSFCH is a factor which can be determined by reference to the real TSFC
of a given engine at a datum condition. The values of TSFCH are 0.95N/N/h for supersonic
engines, 0.85N/N/h for low-bypass engines and 0.70N/N/h for high-bypass turbofan engines.

Martinez-Val et al.?® proposed a TSFC model depending on the ratios of the temperature
and Mach number to reference values provided by the engine manufacturer.

MF (o
YA

TSFC = TSFC* ..(9)

The terms marked with an asterisk are the specific fuel consumption during the flight, the
Mach number and the relative temperature given by the engine manufacturer. The value of
ranges from 0.2 to 0.4 for low-bypass turbofan engines, and from 0.4 to 0.7 for high-bypass
turbofan engines.

Roux® proposed a TSFC model including the altitude (%), Mach number (M), temperature
ratio (e), bypass ratio (A) and compressor pressure ratio (€.):

TSFC = [(a1(h)x + ax(h)) M + (by(W)A+ br(h)] VO + ¢ (€, — 30) ...(10)

In Equation (10), the values of the coefficients a;, ay, b; and b, vary depending on the alti-
tude, while c is a constant. The above-mentioned TSFC models represent immensely accurate
and simple solutions for cruise range calculations. Apart from these models, Eurocontrol’s
Base of Aircraft Data (BADA)®® also includes a TSFC model. The BADA modelling system
relies on historical data and statistical analysis to calculate the performance parameters for the
climb, cruise and descent phases, including a coefficient, Cg, to calculate TSFC values in the
cruise phase. The following expression is the TSFC model proposed by BADA, illustrating
that it depends only on true airspeed®®:

v
TSFC = Cp.r Gy <1+Lﬁ“). .11

Regardless of which TSFC model is used, accurate range prediction also requires correct
values of L/D to be determined, which depends on an accurate representation of the drag
polar equation. The wing profile of the aircraft should be carefully examined while creat-
ing this drag polar. It is possible to divide the wing profiles used on aircraft into two types:
symmetrical (uncambered) and cambered. In fact, the wing profiles of aircraft used in com-
mercial transportation are cambered. The difference between the symmetrical and cambered
wing profile is shown in Fig. 2.

In cruise configurations at low subsonic speeds, the drag coefficient (Cp) is expressed as
a function of the aerodynamic lift coefficient (Cr). When these effects are included in the
model, the simple parabolic drag model of the aircraft can be written as

Cp (Cp) = Cpo + K(Cp)*. ... (12)

This equation can be considered to be valid for Mach numbers below 0.6. Consequently,
the drag polar is almost exactly linear. In other words, Mach numbers of 0.6 and below can
be ignored in the drag polar expression. The drag polar model used by BADA is a simple
parabolic drag model®®. Most modern aircraft, however, fly faster than Mach 0.6. Therefore,
it is not correct to ignore the effect of the Mach number on the drag polar. Drag polars for
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Figure 2. Lift and drag coefficient curves for symmetrical and cambered wing profiles(®”).

Mach numbers above 0.6 are represented by the following equation®®):
Cp (C1,M) = Cp, M) +K; (M) C.> + K> (M) C,". ...(13)

where Cpg, K| and K, vary with the Mach number. The exponent # in this equation can be
found by curve fitting to experimental data. To illustrate this, the value of the exponent # is
4 for fighter aircraft. Curve fitting the drag data for a commercial aircraft results in a good
solution when using the exponent #n =603%. As mentioned above, the effects of the Mach
number (M) and cambered wing should be taken into account when constructing the drag
polar equations for commercial aircraft. In this study, aircraft equipped with narrow-body,
turbofan engines that are used for short-distance domestic subsonic flights and commercial
transportation services were examined. The results confirm that such planes fly at speeds of
Mach 0.6 and above during the cruise phase. In conclusion, modern commercial aircraft have
cambered wings and turbofan engines with a high bypass ratio. Due to these characteristics,
the use of a constant TSFC and a simple parabolic drag polar is not appropriate to calculate
the cruise range and cruise flight conditions.

3.0 DATA PROPERTIES

The QAR data were obtained from various types of turbofan-engined narrow-body aircraft
performing short-distance domestic subsonic flights. The data include six different aircraft
and engine type groups referred as to A1E1, A2E, A3E3, AaE4, AsEs and AgE¢ in this work.
These groups belong to two different manufacturers, designated as group 1 and group 2 in
Fig. 3. A total of 6,574 flights between 31 city pairs were considered in this analysis. The
frequency of the aircraft and engine type groups and city pairs in the QAR data are shown
Figs 3 and 4, respectively.

The QAR data include a total of 58 parameters regarding a single flight, but only 18 of
them are used in the cruise range calculations. These parameters are classified as time, mass,
engine (fuel flow rates and amount of fuel burned), kinematical and dynamic parameters
(altitude, pitch and flight path angles), atmospheric (Mach number, true airspeed, static and
total temperature) and other parameters (country and company tail codes, origin and destina-
tion aerodromes). The types, physical meanings, symbols, units and sampling rates of these
parameters are presented in Table 1.

Descriptive statistics for the cruise range values obtained using the QAR data are presented
for each aircraft and engine type group in Table 2. Depending on the stage length of the
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Figure 3. Frequency of aircraft and engine type groups and in the QAR data.
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Figure 4. City pairs and frequency in the QAR data.

flight, the cruise range varies between 59 and 624nm. Cruise flights lasting less than 10min
(600s) are usually very short level-offs before climbing to the final cruise altitude or before
commencing a descent. Therefore, such flights were excluded from our study to perform an
accurate analysis.

All cruise flights identified within the QAR data took place between altitudes of 20,026
and 41,040ft, depending on the flight stage length, aircraft performance, direction of the flight
(i.e. eastbound or westbound) and air traffic density (Table 3). For all aircraft and engine type
groups, the mean and median cruise altitude values were very close to standard flight levels
(FL320 and FL330). The standard deviations also indicate that the majority of the cruise
flights (about 70%) took place at three or four flight levels (3,000—4,000ft) above or below the
mean cruise levels. Table 4 presents the distribution of the cruise Mach number of the flights
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Table 1
The parameters in the QAR data and their descriptions
QAR parameters
Sampling
Type Physical meaning Symbol Unit rate per s
Time parameters Flight time TIME s 1
Mass parameters Mass of the aircraft GWC kg 1/4
Fuel flow of engine-1 FF1C kg/h 1
Fuel flow of engine-2 FF2C kg/h 1
Total amount of fuel burned FBURN kg 1
Engine parameters Amount of fuel burned in engine-1 FBURNI1 kg 1
Amount of fuel burned in engine-2 FBURN2 kg 1
Kinematical and Altitude ALT _STDC feet 1
dynamic Pitch angle PITCH ®) 1
parameters Flight path angle FLT_PATH ) 1
Total air temperature TAT °O) 1
Atmospheric Static air temperature SAT °O) 1
parameters Mach number MACH 1
True airspeed TAS knot 1
Country tail code TAIL_1
Other parameters Company tail code TAIL_2
Origin aerodrome ORIGIN
Destination aerodrome DESTINATION
Table 2

Cruise range values in the QAR data

Mean Minimum Median Maximum
AETG N (nm) SD (nm) (nm) (nm)
A Eq 2,586 183 108 60 140 591
ArE, 521 259 116 63 224 624
A3E3 725 209 111 62 161 566
A4Ey 280 189 98 61 155 545
AsEs 1,534 201 113 60 155 574
AgEs 928 149 92 59 99 563

in each aircraft and engine type group. Except for a few outliers, all flights took place within
the compressible speed regime. The mean cruise Mach numbers were around 0.72, while
the maximum Mach numbers reached up to 0.805, very close to the maximum operational
Mach number (MMO) of the given aircraft types. The mean, standard deviation, minimum,
median and maximum values of the final-to-initial weight ratio (W /W) are presented in
Table 5 for all the aircraft types. As can be seen from these data, the weight ratio values are
relatively high, with means ranging between 0.977 and 0.987. In other words, the cruise fuel
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Table 3
Altitude distribution in the QAR data

AETG N Mean (ft) SD Minimum (ft) Median (ft) Maximum (ft)

AEy 2,586 32,045 3,836 22,882 32,017 41,008

AE, 521 34455 3,382 23,977 35,003 41,010

AsE; 725 33,262 3,153 22,940 32,984 38,984

A4E4 280 32,477 3,683 21,972 32,952 38,960

AsEs 1,534 32,155 3,580 20,976 32,944 38,968

AgEg 928 30,605 3,578 20,952 30,940 38,932
Table 4

Cruise Mach number distribution in the QAR data

AETG N Mean (M) SD Minimum (M) Median (M) Maximum (M)

A1Er 2586 0.716  0.048 0.597 0.750 0.803

ALE, 521 0.724  0.037 0.598 0.731 0.800

AsE; 725  0.723  0.041 0.599 0.726 0.801

A4E, 280  0.719  0.044 0.599 0.729 0.786

AsEs 1,534  0.724  0.044 0.591 0.736 0.805

AgEs 928  0.721  0.043 0.593 0.730 0.801
Table 5

Final to initial weight ratio (W1/W,) distribution in QAR data

AETG N Mean SD Minimum Median Maximum
AEy 2,586 0.984 0.0088 0.949 0.987 0.994
ArE, 521 0.977 0.0095 0.945 0.977 0.994
A3E3 725 0.982 0.0090 0.950 0.984 0.993
A4E, 280 0.983 0.0079 0.954 0.984 0.994
AsEs 1,534 0.982 0.0092 0.951 0.984 0.994
AsEs 928 0.987 0.0073 0.953 0.990 0.994

ratios (W guel_spent/ Wo) are low for the QAR dataset considered. This is mainly because the
data include short-range flights, thus the effect of W /W is very low.

Although angle-of-attack is not directly provided in the QAR dataset, it can be calculated
as the difference between the flight path angle and pitch angle during flight. In the analysis of
the cruise phase of the flights, no significant variation was observed in the angles of attack or
L/D ratios. This is mainly because the cruise ranges considered in this study were relatively
short, i.e. between 50 and 600nm. Therefore, variations in the L/D ratio were not considered
in the analysis.
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4.0 METHODOLOGY

All the flight data were examined and processed in three stages. First, the data were imported
from the Excel files. Second, the data were processed, and mathematical models were gen-
erated for the drag polar using a code written in MATLAB. Corrupt or missing data were
detected and filtered using this code. In the final stage, the processed data were exported to
output files in Excel format to perform statistical analysis in MINITAB 19 software and gener-
ate tables and figures. The steps of the code used for the estimation of the cruise performance
parameters are as follows:

Step 1 Determine the cruise flight phase of each flight in the QAR data
Step 2 Identify and classify the aircraft and engine types
Step 3 Generate and calculate the cruise performance model:

Step 3.1 Calculate the thrust-specific fuel consumption values

Step 3.1.1 Calculate the thrust for simple drag polar and an uncambered
wing
Step 3.1.2 Calculate the fuel flow rate (FF) for each thrust-specific fuel
consumption model
Step 3.1.3 Select the thrust-specific fuel consumption model
Step 3.2 Generate the drag polar model:

Step 3.2.1 Calculate the thrust values using the selected thrust-specific fuel
consumption model

Step 3.2.2 Calculate the drag polar values considering the effects of camber
and compressibility

Step 3.2.3 Generate the drag model for the lift coefficient and Mach number
as independent variables

Step 4 Verify the aecrodynamic performance model of the different aircraft and engine type
groups

Step 5 Calculate Rg (the Breguet cruise range based on the estimated drag and selected TSFC
model using the QAR data), Rgg (the basic Breguet cruise range based on simple drag
polar and the TSFC model from BADA) and Ry (the basic Hale cruise range based
on simple drag polar and the TSFC model from BADA).

4.1. Selection of the TSFC model

A flowchart describing Steps 1-3.1 is presented in Fig. 5. The code first checks the flight path
angle, altitude, and flight time (FLT_PTH, ALT_STDC and TIME) parameters of each flight
to determine the top of climb and top of descent times of the cruise. The code only assigns
level flights (with zero flight path angle) at or above 20,0001t as the cruise phase.

After determining the cruise phases, it is necessary to identify the aircraft and engine types
in order to estimate the TSFC values accurately. These data are not available in the QAR
data and were thus obtained indirectly using tail codes (TAIL_1) and company tail codes
(TAIL_2) from Airfleets®?. Based on this aircraft and engine type groups information, type-
specific parameters such as the reference TSFC and Mach numbers (TSFC* and M*), and
the bypass ratio (1) were obtained from manufacturers’ published data. Table 6 presents the
reference engine characteristics provided by manufacturers“?). To calculate the thrust-specific
fuel consumption values of the cruise flight phase, it is necessary to select thrust-specific
fuel consumption models suitable for this flight phase. In Step 3, the code first selects the
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Figure 5. Block diagram for selection between TSFC models (Steps 1-3.1).

TSFC that most closely fits the QAR fuel flow rate (FF) data through Steps 3.1.1 to 3.1.3. For
each cruise flight phase, three TSFC values are estimated in Step 3.1.1 using the models of
Martinez-Val et al.?® (TSFC-1), How et al.*® (TSFC-2) and Roux®>® (TSFC-3) described in

Equations (8)—(10), respectively.
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Table 6
Performance characteristics of engines
Sea level Cruise

Engine Thrust TSFC Bypass TSFC Altitude Mach number
type o) ((kg/s)/N) ratio ((kg/s)/N) (ft) M)
El 117,432 1.08 x 1073 5.1 1.78 x 10~ 35,000 0.8
E2 106,757 1.05x 1073 5.3 1.7 x 1073 35,000 0.8
E3 108,894 1.02 x 1073 4.9 1.5x 1073 35,000 0.82
E4 120,101  0.96 x 107> 5.7 1.54 x 107> 35,000 0.8
E5 110,310  1.02x 1073 4.8 1.5x 107 35,000 0.8
E6 140,560  1.08 x 107> 4.5 1.63x 10> 35,000 0.8

FF1C
FF2C

Cp MACH, GWC, p

A

Improved Drag Polar

v

/ Coefficients of Parametcr/

A

‘ FINISH )

Figure 6. Block diagram for the drag polar model (Step 3.2).

Once the TSFC values have been obtained, thrust values are estimated using level-flight
conditions at the given cruise altitude and true airspeed:

1
T:D:EpVTAszSCD. ...(14)
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In Equation (14), the air density (p) is calculated for the given pressure altitude from the
QAR data and the aircraft wing planform area obtained from the aircraft manufacturer. In this
step, a simple parabolic drag polar model in Equation (12) is assumed to estimate the thrust
(7). After estimating the thrust values, in Step 3.1.2 the fuel flow rate values FF;, FF, and
FF; are calculated using Equation (7) for TSFC;, TSFC, and TSFCj3, respectively. In Step
3.1.3, the MAPE is estimated for each fuel flow rate with reference to the real fuel flow rate
(FFqar) from the QAR data:

N

100

MAPE; = —
N2

j=1

FFour — FFy

(i=1,2,3). .15
o (15)

The TSFC resulting in the lowest MAPE in Equation (15)“! is selected as the TSFC to be
used in the generation of the drag polar model from the QAR data.

4.2 Estimation of the drag polar model

After choosing the appropriate TSFC model (TSFC-X), the next step is the generation of
the aerodynamic performance model in Step 3.2. Using Equation (7), the thrust values are
calculated for the TSF-X and the real fuel flow rate values for the QAR data. To perform
the aerodynamic modelling for the aircraft, the drag polar equation must be formed, taking
the effects of the Mach number and cambered wing into account for commercial aircraft.
In Step 3.2.1, the drag coefficients (Cp) are estimated using the TSFC-X and QAR data,
including the fuel flow rate, altitude and true airspeed for each cruise phase. As suggested
in Young®®, the most appropriate form for the drag polar is a sixth-order polynomial when
considering commercial aircraft flying at or above Mach 0.6. Therefore, the drag polar model
is formulated as follows:

Cp (Cp, M) = Cpy(M) + (K1 (M) C1* + (K2(M)) C,°, ...(16)

In Equation (16), Cpg, K and K, are expressed as functions of the Mach number based on
regression analysis of the QAR data:

Cpo(M) = a; + ar(M _MRef)2 + a3 (M —MRef)3, .. (17)
Ki(M)=by + by(M — Myy)® + b3(M — Mrey)’ + ba(M — Mgyy)*, ...(18)
Kx(M) = ¢ (M — Mpyr) + 2 (M — Mgy)’. ...(19)

In Equation (17)—(19), the reference Mach number (Mgey) is chosen as 0.6. The coefficients
ai, az, as, by, by, b3, bs, ¢ and c; in the drag polar expression are found by using the nonlin-
ear least-squares method, which is an optimisation model. To check the goodness of fit of the
resulting regression model, R? values were also calculated. R* takes values between 0 and 1.
An R? value of 1 indicates that the regression model accounts for nearly all of the variability,
where R? = 0 denotes that the regression model cannot explain the variability?). Finally, the
improved drag polar model is generated using regression analysis between Cp, as the depen-
dent variable, and M and C, as the independent variables. After obtaining the parameters for
the drag coefficients, the drag polar model is verified on the different aircraft and engine type
groups.
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4.3 Evaluation of cruise ranges

In the final step of this study, a range model is proposed to estimate more accurate range
values. After the examination of different TSFC models, the TSFC with the minimum MAPE
is implemented in the Breguet equation. Moreover, a new high-order polynomial drag polar
model is generated and included in the range equation to include the effects of camber and
compressibility using real flight data. This enhanced range model is expressed as Rg;

_ Vias CL n o
= TSFC (M. %) Cp (Cp. M) Wy’

Re ... (20)

To evaluate the accuracy of the new range model, two existing range equations are also
estimated based on aerodynamic and propulsive data provided by Eurocontrol’s BADA, which
is a database used to determine aircraft performance, including more than 300 different types
of aircraft. Data in this model are derived from various aircraft documents provided by aircraft
manufacturers or operators. It is necessary to point out, however, that the BADA aerodynamic
model does not consider the effects of compressibility on the aerodynamic behaviour of the
aircraft. Hence, BADA uses a simple parabolic drag model. In BADA, TAS is the only variable
affecting the TSFC model®®. The first range equation is referred to as the basic Breguet range
equation and is formulated using Equation (21), along with simple drag polar coefficients and
the TSFC model from BADA:

__ Vws CL In W
TSFC (Vus) Cp (Cr) — Wy

Rgs ... 2D

The second range equation is referred to as the basic Hale range equation, based on
linearised constant-altitude and constant-airspeed cruise, in Equation (6):

41
o Vias 1 Cpo pVius™S 1=
Rpy =2 — 3 ...(22)
TSFC (V14s) 24/CpoK K 2Wy Cpo [ PV1us*S + wy
K 2Wy Wy

In Equation (22), the values of the coefficients Cpy and K of the simple drag model and the
TSFC model are also taken from BADA for the considered aircraft and engine type groups.

5.0 RESULTS

The numerical results of the TSFC models, drag polar and range calculations are presented in
the following sections.

5.1 TSFC models

The values of the TSFC models are presented in Fig. 7 for all the aircraft and engine type
groups in the QAR data. Except for 4,E,, TSFC-3 based on Roux* provides the highest
values for all aircraft and engine type groups. The medians of TSFC-1 (Martinez-Val et al.?®)
and TSFC-2 (How et al.?>¥) are very close to each other for the 433 and A¢Es groups, while
those of TSFC-3 are significantly higher. These differences strongly depend on the values of
the reference parameters provided by the engine manufacturers (Table 7). For the group 4,1,
the medians of the TSFC models are relatively closer, while they are almost the same for
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Table 7
Thrust value distribution

AETG N Mean(N) SD Minimum (N) Median (N) Maximum (N)

AEy 2,586 37,121 2,033 30,052 37,084 46,230
AE, 531 32,757 1,301 28,324 32,696 36,987
AsEs 725 31,974 1,583 27,882 31,762 39,524
A4Ey 280 38,647 1,658 32,294 38,639 43,427
AsEs 1,534 39,630 2033 32,315 39,601 47,657
A¢Es 928 43,314 2372 33,846 43,350 49,668
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Figure 7. Values for the TSFC models for all aircraft and engine type groups.

Ay E,. The interquartile range of TSFC-2 is narrower than those of TSFC-1 and TSFC-3 for
all the groups. Table 7 presents the descriptive statistics for the thrust values estimated using
a simple parabolic drag polar equation for each aircraft and engine type group. A comparison
of the estimated (FF-1, FF-2 and FF-3) and real fuel flow rates (FFgar) is shown in Fig. 8. It
can be seen that the median of FF-1 is the closest to FFqar for all the aircraft and engine type
groups.

Table 8 presents the MAPE results for the FF-1, FF-2 and FF-3 values with respect to
FFqar. The FF-1 values show the lowest MAPE for 4A3E3, AsEs and A¢Eg, while the FF-2
values are slightly better than those of FF-1 for 4| E| and A,E,. For AsEs, they have the same
MAPE of 5.6. Rather than choosing different TSFC models for each aircraft and engine type
group, we chose TSFC-1, which is the TSFC model with the lowest average MAPE of 8.2 for
the fuel flow rate for all the groups.
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Table 8
Comparison of the TSFC models
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Figure 8. Comparison of the estimated and real fuel flow rates.

5.2 Drag polar model

The values of the coefficients of the sixth-order polynomial drag are presented along with
the adjusted R? values for all the aircraft and engine type groups in Table 9. The adjusted
R? values range between 0.85 and 0.88. The variation of the drag polar values (Cp) obtained
according to the Cp and Mach number is shown in Figs 9, 10, 11, 12, 13 and 14. As can
be seen from these figures, as the C and Mach number increase, the drag values are more
greatly affected. In contrast to low-speed flight, the compressibility effect of air in high-speed

flight causes this change.
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Table 9
Aerodynamic model coefficients and adjusted R? values

Aerodynamic model coefficients

AETG ay a as b] bz b3 b4 C1 C2 Adjusted R2
AE; 0.02539 —0.1807  1.327 0.03481 0.7603 —7.546 13.9 —0.1689 1.181 0.88
AE,  0.02259  0.1201 —0.3489 0.03714 —-0.5129  1.581 3.653 —0.08247  0.4076 0.87
AsE;  0.02907 —0.2568  1.383 0.03297 0.972 —8.571 204 0.03716 —0.09744 0.88
AsEy 0.02353 0.5 —2.425 0.04841 —4.124 2476 30.19 0.585 0.5586 0.86
AsEs 0.02825 —0.1785 1.157 0.03842  0.4641 —-5.052 13.23 —0.01887  0.003598 0.85
A¢Es  0.02755 —0.2245 1.57 0.03555  0.7755 —8.022 17.55 —0.09578  0.6134 0.87
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Figure 9. Cp versus C_ and cruise Mach number for A{Eq.
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Figure 10. Cp versus C_ and cruise Mach number for AgEo.
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Figure 13. Cp versus C and cruise Mach number for AsEs.
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Table 10
Comparison of real range values and range calculations for A{E;
R N  Mean (nm) SD Minimum (nm) Maximum (nm)
Roar 2,586 183 108 60 591
Rgs 2,586 168 100 53 532
Rpy 2,586 167 99 52 526
Rg 2,586 185 109 60 586
Table 11

Comparison of real range values and range calculations for A;E,

R N Mean (nm) SD Minimum (nm) Maximum (nm)

Roar 521 259 116 63 624

Rgg 521 240 109 55 592

Rpy 521 238 108 54 584

Rg 521 264 123 55 658
Table 12

Comparison of real range values and range calculations for A3E3

R N Mean (nm) SD Minimum (nm) Maximum (nm)
Roar 725 209 111 62 566
Rgg 725 200 109 58 567
Ry 725 198 107 57 557
Rg 725 211 112 62 584

5.3 Estimated cruise ranges

A comparison of the real with the calculated range values is presented in Tables 10, 11, 12,
13, 14 and 15. The real range values vary from 59 to 624nm (SD changes between 92 and
116nm). These low values are expected as the sample data were collected from short-distance
domestic flights. The mean cruise range for the basic Breguet range values lies between 129
and 240nm (SD changes between 81 and 109nm). When the values of the enhanced range
model are examined, it is seen that the mean of the cruise range values lies between 149
and 264nm (SD changes between 92 and 123). As can be seen from these comparisons, the
enhanced range model values are closer to the real values than those of the basic Breguet
range equation or basic Hale range equation.

The variation of the MAPE values of Rg, Rgg and Ry with cruise length is presented
in Figs 15, 16, 17, 18, 19 and 20. Inspecting all of these figures reveals that the enhanced
range equation, Rg, has smaller errors than the basic Breguet and basic Hale range equations.
Besides, the MAPE distribution of Rg improves as the cruise length increases, except for
AyE,. In the aircraft-engine group A¢Fg, a relatively better result was obtained compared
with the basic Breguet or basic Hale range equation results. The reason for this difference is
that the engine data from BADA are generic.
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Table 13
Comparison of real range values and range calculations for A4E,
R N Mean (nm) SD Minimum (nm) Maximum (nm)
Roar 280 189 98 61 545
Rgg 280 179 94 54 492
Rpy 280 178 93 54 487
Rg 280 191 99 60 538
Table 14
Comparison of real range values and range calculations for AsE5
R N Mean (nm) SD Minimum (nm) Maximum (nm)
Roar 1,534 201 113 60 574
Rgp 1,534 190 108 51 559
Rpy 1,534 188 108 50 552
Ry 1,534 203 115 56 584
Table 15
Comparison of real range values and range calculations for AgEs
R N Mean (nm) SD Minimum (nm) Maximum (nm)
Roar 928 149 92 59 563
Rgg 928 129 81 47 480
Rgy 928 129 80 47 474
Rg 928 149 92 56 564

* Reg » Rpu * Re

0 100 200 300 400 500 600 T00
RANGE (nm)

Figure 15. The variations of MAPE with range calculations for A{Ej.
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Figure 16. The variations of MAPE with range calculations for AzE».
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Figure 17. The variations of MAPE with range calculations for AgEg.

The MAPE values were calculated for each aircraft and engine type group according to
the real flight data and are presented in Table 16. The MAPE values for the basic Breguet
range equation and basic Hale range equation are 7.9% and 8.2%, respectively. When apply-
ing the enhanced range model, which is constructed differently from the other range models,
the error rate is below 2%, when excluding the A,E, aircraft-engine type. Although 4, F
and A,E, are in the same manufacturer’s group (Fig. 3) and have the same airframe type,
their MAPE values are significantly different. The reason for the high MAPE values of the
AyE, aircraft-engine type is mainly due to the data received from the engine manufactur-
ers, which is needed in the calculation of the TSFC. Engine data are not always shared by
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Figure 19. The variations of MAPE with range calculations for AsEs.

engine manufacturers, or shared in their entirety, which can lead to less reliable results. The
MAPE values of the aircraft-engine types in group 2 vary between 1.6% to 2.0%. 43E3, the
aircraft-engine type with the lowest wing loading ratios, has relatively higher MAPE values
than the other aircraft-engine types in group 2. Besides A4E4 and A¢E, the types having a
higher thrust-to-weight ratio and wing loading have relatively lower MAPE values.
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Table 16
Mean absolute percentage error for range calculations

Mean absolute
percentage error

AETG N Rgpp Rgn Ry
AE; 2,586 8.7 9.2 1.5
A2E, 521 7.7 8.2 6.6
A3Es 725 54 5.8 2.0
AsEy 280 5.7 6.0 1.6
AsEs 1,534 6.3 6.6 1.8
AsEs 928 133 13.5 1.7
Average 7.9 8.2 2.5

* Rss » Rpn * Re
25

20

15

MAPE

10

th

0 100 200 300 400 500 600
RANGE (nm)

Figure 20. The variations of MAPE with range calculations for AgEg.

6.0 DISCUSSION AND CONCLUSION

Aircraft range performance has an impact on economic sustainability as well as having envi-
ronmental effects. Incorrect calculations of aircraft range performance can result in not only
congestion and delays but also economic damage, as well as greater fuel consumption and
environmental pollution. Therefore, aircraft range performance, including aircraft aerody-
namic performance and engine performance, should be calculated accurately. The range
equation proposed herein predicts cruise ranges with significantly lower MAPE values for
cruise lengths between 50 and 600nm. QAR data taken from narrow-body aircraft with tur-
bofan engines flying on short-distance domestic subsonic flights were used to improve the
cruise range equation. Being able to determine the accurate effects of aircraft performance
parameters on the cruise range contributes to the sustainability of aviation. The parameters
affecting the cruise range were determined by considering the widely used Breguet range
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equation. In particular, it was observed that these parameters were the TSFC, representing
engine performance, and the drag polar, representing aerodynamic performance. It was found
that the effects of the Mach number and wing camber should also be taken into account when
constructing the drag polar equations for commercial aircraft and, furthermore, that different
TSFC models should be used for each flight phase. It is possible to calculate the TSFC values
for the cruise flight phase by correctly selecting the TSFC models.

In conclusion, because modern commercial aircraft have cambered wings and turbofan
engines with a high bypass ratio, the use of a constant or simplified TSFC function depend-
ing only on the Mach number along with a simple parabolic drag polar is not appropriate
for calculations of the cruise range and cruise flight conditions. The analyses performed in
this study were limited to commercial narrow-body turbofan aircraft serving short-distance
domestic routes. In future studies, data on commercial medium-range body turbofan aircraft
making long-range flights could be analyzed and the results compared with those presented
herein.
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