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Abstract: Accurate estimation of the fuel consumed during aircraft operation is key for determining
the fuel load, reducing the airline operating cost, and mitigating environmental impacts. Aerodynamic
parameters in current fuel consumption models are obtained from a static diagram extracted from
the outcomes of wind tunnel experiments. Given that these experiments are performed in a lab
setting, the parameters cannot be used to estimate additional fuel consumption caused by aircraft
performance degradation. In addition, wind tunnel experiment results rarely involve the influence
of crosswind on fuel consumption; thus, the results could be inaccurate when compared with field
data. This study focuses on the departure climbing phase of aircraft operation and proposes a new
fuel consumption model. In this model, the relationships between aerodynamic parameters are
extracted by fitting quick access recorder (QAR) actual flight data, and the crosswind effect is also
considered. Taking QAR data from two airports in China, the accuracy of the proposed model and
its transferability are demonstrated. Applying the proposed model, the fuel saving of a continuous
climb operation (CCO) compared with the traditional climb operation is further quantified. Finally,
how aircraft mass, climbing angle, and different aircraft models could affect the fuel consumption of
the climbing phase of aircraft operation is investigated. The proposed fuel consumption model fills
gaps in the existing literature, and the method can be used for developing specific fuel consumption
models for more aircraft types at other airports.

Keywords: estimation model of fuel consumption; quick access recorder data; aerodynamic parameter;
crosswind; continuous climb operation

1. Introduction

With the continuous rapid growth of the airline industry, the air traffic volume will double
in the next 15 years [1]. A report from the International Air Transport Association (IATA) in 2017
stated that aircraft fuel consumption is the largest operating expenditure of airlines [2]. According
to the International Civil Aviation Organization (ICAO), for commercial flights, airplanes should
carry required fuel that includes “taxi fuel; trip fuel (to reach intended destination); contingency
fuel (at least 5% of ‘trip fuel” or 5 min of holding flight); alternate destination fuel; final reserve
fuel (45 min of holding flight for reciprocating engines, 30 min for jets); additional fuel (if needed
to guarantee the ability to reach an alternate with an engine failure or at a lower altitude due to a
pressurization loss); and discretionary fuel (if the pilot in command wants it)” [3]. Fuel fraction is the
weight of the fuel divided by the gross take-off weight of the aircraft. The weight of fuel that an aircraft
carries consumes fuel during aircraft operation, called the “oil flying oil” phenomenon. Therefore, an
accurate estimation of aircraft fuel consumption—especially trip fuel, because it is a large portion of
the total fuel—can help control the fuel load precisely and avoid excessive fuel consumption and the
consequent negative environmental impact. It will benefit airlines through a reduced operating cost
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and air traffic control through accurate flight trajectory prediction and, eventually, more effective air
traffic management. Among the different phases of aircraft operation, take-off consumes a significant
percentage of fuel. Therefore, in this study, the focus was on modeling fuel consumption of the climbing
phase of departure aircraft.

Some governmental organizations, including ICAO, the U.S. Federal Aviation Administration
(FAA), and the European Organization for the Safety of Air Navigation (EUROCONTROL), have
established computing devices and methods for aircraft fuel consumption and emissions [4].
FAA established the Aviation Environmental Design Tool (AEDT) to predict jet fuel burn and
emissions for all commercial flights globally [5]. EUROCONTROL used the Base of Aircraft Data
(BADA) database to calculate fuel consumption and emissions in all phases of flight operation [6].
Extensive studies have been performed to understand factors influencing aircraft fuel consumption
and to apply different methods to estimate fuel consumption [7], including fuel consumption analysis
based on performance data, principles of energy conservation, neural networks, regression analysis,
and difference analysis of fuel consumption under different flight trajectories.

Analysis of influence factors of fuel consumption. Turgut et al. [8] and Brueckner and Abreu [9]
determined that aircraft mass and speed during the cruising phase are the main influence factors
of fuel consumption; their studies developed empirical equations for the cruise phase fuel flow on
the basis of actual flight data of five aircraft models, but did not provide the modeling calculation
of fuel consumption during the departure climbing phase. Bartel and Young [10] established a
model of fuel consumption for turbofan jet aircraft; however, the model was not used to study the
influences of changes in meteorological environments, such as the atmospheric density, temperature,
and pressure at different altitudes, on fuel consumption. Crosswind, a major meteorological factor that
influences aircraft operation, has been studied in the existing literature. For example, Assaad et al. [11]
proposed the development of a realistic Air Traffic Flow Optimization framework that defines optimal
trajectories to reduce fuel consumption considering crosswind influence. However, few studies of fuel
consumption models have considered the effect of crosswind.

Calculation of fuel consumption on the basis of the BADA aircraft performance model. The BADA
Aircraft Performance Model (APM) was developed and is maintained by EUROCONTROL [6]. Many
scholars have studied aircraft fuel consumption models based on the APM in the BADA database.
Burzlaff [12] and Pagoni and Psaraki-Kalouptsidi [13] calculated aircraft fuel consumption during
flight operation on the basis of an aircraft performance model in the BADA database; however, in their
studies, relationships between aerodynamic parameters were acquired from static diagrams obtained
through wind tunnel experiments. The static diagrams were extracted using test flight data from the
wind tunnel experiment, which had gaps from true flight data and caused errors in the calculation
results. Kaiser et al. [14] established a fuel consumption model based on the BADA database, in
which accurate relational expressions between aerodynamic parameters were obtained through data
fitting. Their methods avoided the tedious process of manually inquiring static aircraft diagrams.
However, the data used in the fitting were acquired through Airbus Performance Engineer’s Programs
software, which was also obtained under ideal circumstances; thus, errors existed while comparing the
fuel consumption calculated with their model and that from true quick access recorder (QAR) data.
Senzig et al. [15] used the BADA performance model to calculate fuel consumption and conducted a
comparative analysis with data from a flight data recorder. The result indicated that certain calculation
errors would exist if the BADA performance model was used directly.

Modeling fuel consumption based on the principle of the conservation of energy. Collins [16] proposed
an estimation model of fuel consumption on the basis of the principle of the conservation of energy.
This study established an equation of motion for an aircraft according to flight trajectory and
performance parameters in the longitudinal section in the climbing phase and calculated the mechanical
energy of the aircraft in the flight trajectory—that is, the sum of kinetic and potential energies.
Given aircraft performance parameters, the fuel consumed by an aircraft to keep the motion status
in the flight trajectory can be calculated, and the balance between aircraft mechanical energy and
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the energy provided by fuel consumption can be maintained. Therefore, aircraft fuel consumption
can be calculated by establishing an energy balance equation. This model did not consider the
influences of meteorological conditions, such as wind speed and aircraft performance degradation, on
fuel consumption.

Prediction model of fuel consumption based on a neural network. Trani et al. [17] trained a neural
network and obtained fuel consumption values based on an aircraft performance manual; however,
the proposed neural network structure had low convergence. Moreover, the influence of crosswind on
fuel consumption was not considered in the model. QAR is mainly used by airlines for routine aircraft
maintenance, flight inspection, and aircraft performance monitoring. With the extensive application of
QAR data in aircraft performance calculation, some scholars have used neural networks to analyze
fuel consumption during the aircraft operation process. For example, Baklacioglu [18] optimized a
neural network model for the fuel consumption of a transport aircraft operation based on a genetic
algorithm. The study used historical QAR flight data to establish the neural network model and
incorporated the flight altitude and true airspeed into the model; however, it disregarded the influences
of meteorological factors and aircraft performance on fuel consumption.

Prediction of fuel consumption based on regression analysis. Turgut et al. [8] determined the influences
of dynamic flight parameters on fuel consumption to reach the optimal balance between economic
and environmental indices. They applied multiple linear regression analysis taking cruising altitude,
aircraft mass, and speed parameters as explanatory variables and worked out an empirical formula of
fuel flow in the cruising phase. Yanto and Liem [19] derived a two-dimensional regression model to
approximate fuel burn for each aircraft type, using the mission payload and range as input variables
for obtaining a result of fuel consumption; however, their method has high requirements for historical
data and is not easy to implement.

Continuous Climb Operations (CCO) is a new climb operation mode allowing flights to follow an
optimized climbing profile based on the performance of the aircraft. Conforming to ATC clearance, the
aircraft can climb to an initial cruising altitude under optimal airspeed and engine thrust during the
climbing process. The basic precondition for continuous climbing and departure procedure design is
that the climbing rates of all aircraft are not restricted, thereby requiring sufficient vertical airspace to
ensure no interference with CCO. If the precondition is satisfied, the aircraft continuously climbs to the
initial cruising altitude according to a certain inclination and climbing gradient without any leveling-off
during the climbing. In comparison with the conventional climb operation mode, CCO has the
advantages of saving jet fuel, improving passenger comfort, abating airport noise, and reducing exhaust
emissions and the workload of air traffic controllers and flight crews [20]. Some scholars [21-25] have
studied the aircraft fuel cost and flight safety under CCO. For example, the trajectory optimization and
operation efficiency of CCO were studied by Owen et al. [26], Betts and Cramer [27], and Soler et al. [28].
Rosenow et al. [22] presented the optimum climb profiles of four different aircraft types by modeling
trajectories with an aircraft performance model. However, the proposed fuel consumption model did
not consider the influence of crosswind, and it also used ideal data to fit the relationships between
aerodynamic parameters; thus, the computation result was inaccurate.

In summary, all estimation methods for fuel consumption in the existing literature have caveats.
Specifically, the modeling method based on the principle of energy conservation does not consider the
effect of aircraft performance degradation on fuel consumption and the influence of meteorological
factors such as crosswind. The training model based on a neural network presents an obvious
fluctuation in the estimated result, a certain error exists between the estimated total fuel consumption
and true QAR value, and the influences of performance parameters on fuel consumption are not
analyzed. The regression analysis method has high requirements for historical data, and the present
literature does not involve meteorological factors or performance parameters; consequently, the
prediction accuracy is degraded. Most existing studies on fuel consumption in the climbing phase
consider conventional climbing operation, only a few have looked into the impact of CCO on fuel
consumption, and the outcomes from the conventional and CCO are not compared.
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Observing the gaps in the existing literature, this study focuses on the climbing phase of aircraft
operation, uses true QAR operation data to reveal the relationships between aerodynamic parameters,
and applies the outcomes to a fuel consumption model. A crosswind kinetic model is introduced to
refine the model and improve the accuracy. True QAR data from two airports in China were acquired
for numerical experiments, which demonstrate the effectiveness of the proposed fuel consumption
model; transferability of the model from one airport to another; and the impact of aircraft mass,
climbing angle, and aircraft types on fuel consumption. The main contributions and innovations of
this study are summarized as follows:

e Inprevious studies, the relationships between aerodynamic parameters were obtained by referring
to a static diagram acquired through wind tunnel experiments. Therefore, additional fuel
consumption caused by aircraft performance degradation could not be estimated, which resulted
in errors in the computed results. In this study, the relationship between lift and drag coefficients in
the BADA fuel consumption model was obtained from fitting QAR data, and the fuel consumption
model under wind-free conditions was obtained,;

e  Few previous studies of fuel consumption models have involved the influence of crosswind on
fuel consumption; thus, the computed results have been inaccurate. In this study, the crosswind
parameter is added to the fuel consumption model under wind-free conditions through a flight
kinetic analysis. The refined model improves the computing accuracy of fuel consumption;

e Based on the above theoretical modeling, a fuel consumption model of a representative aircraft
type at one airport in China was developed. The same model was then used for calculating the
fuel consumption of aircraft operations at another airport. The comparison of the results with
actual QAR data shows that the model is transferrable with a high accuracy;

e A comparative analysis of fuel consumption using the conventional climbing operation or CCO was
performed, and the benefit of CCO was quantified. Finally, this study investigated the influences of
aircraft mass, climbing angle, and aircraft type on fuel consumption under different circumstances.

The remainder of this paper is organized as follows. Section 2 introduces an aircraft fuel
consumption model and aerodynamic and thrust models, and describes the process of acquiring
meteorological parameters. Section 3 introduces the method of obtaining the relationships between
aerodynamic parameters and the analysis of the influence of crosswind on flight airspeed. The fuel
consumption model considering crosswind was realized through a flight kinetic analysis, which
is described in Section 4. The solution methodology is presented in Section 5. Five comparative
experiments are described in Section 6, and Section 7 concludes the study and discusses future
research directions.

2. BADA-Based Fuel Consumption Model

The BADA aircraft performance database model [6,29], developed by EUROCONTROL for flight
kinematic analysis, is mainly applied to flight simulation, flight trajectory prediction, fuel consumption
calculation, and emission estimation. The model exhibits great advantages in the aspects of flight
simulation degree, complexity, and accuracy. The aircraft fuel consumption model in the climbing
phase is expressed as follows:

Parameters:
n thrust-specific fuel flow, kg/(min-kN);
V1as true airspeed, knots;
Cn first thrust-specific fuel consumption coefficient, kg/(min-kN);
sz second thrust-specific fuel consumption coefficient, knots;
Setimb fuel consumption within unit time, kg/min;

thrust acting parallel to the aircraft speed vector in the climbing phase, Kn;
aerodynamic drag in the climbing phase, kN;

lift in the climbing phase, kN;

aircraft mass, kg;

T o H
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g gravitational acceleration, kg/s?;

V1as true airspeed in the body coordinate system, knots;

Cr lift coefficient;

Cp drag coefficient;

S wing reference area, m?;

F fuel consumption in the entire climbing phase, kg;

N number of engines;

T atmospheric temperature, Ty = 25 °C;

Pa atmospheric pressure, MPa;

Po standard atmospheric pressure at MSL, pp = 0.1013 MPa;
H altitude, m;

p atmospheric density, kg/m3;

Vwind wind speed, knots;

Dyind wind direction;

Lypg coordinate transformation matrix from the ground coordinate system to body coordinate system;
y track angle in the entire climbing phase;

Q@ yaw angle in the entire climbing phase;

¢ roll angle in the entire climbing phase;

0 angle of pitch in the entire climbing phase.

(1) The fuel consumption model in the climbing phase—the fuel consumption of the unit thrust of
a turbo jet aircraft within unit time is

14
n=Cp(l+-22%), M)

f2

where 7 is the thrust-specific fuel flow, kg/(min-kN); V45 is the true airspeed in knots; and Cp
and Cp, are coefficients. Through a combination with the thrust in the nominal flight section in the
aircraft-climbing phase, the fuel consumption within unit time can be derived as follows:

fclimb =T, (2)

where T is the thrust acting parallel to the aircraft speed vector in the climbing phase, kN, and f i, is
the fuel consumption within unit time, kg/min;

(2) Aerodynamic and thrust models—the aircraft bears the effects of lifting force, gravity, drag,
and thrust in the flight, which directly affect its flight speed. On the basis of aerodynamic performance
data in the climbing phase, drag and thrust models can be obtained as follows:

\%
T:D+mgsin7/+mdd%s, 3)
1
D = 5pSVras*Cp, 4)
L= %pSVTASZCL = mgcosy, 5)

where v is the track angle in the entire climbing phase; D is the aerodynamic drag in the climbing
phase, kN; L is the lift in the climbing phase, kN; Cy, is the lift coefficient; and Cp is the drag coefficient.

Fuel consumptions at different times in the climbing phase can be obtained through the above
two groups of models. If the time interval of climbing can be equally divided into k time windows,
fuel consumption in the entire climbing phase can be obtained through superposition, as shown in the
follow equation:

k
F=NY faims (6)
i=1
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where F is the fuel consumption in the entire climbing phase, kg, and N is the number of engines;

(3) Meteorological parameters—atmosphere is a layer of gas mixture surrounding the Earth, and
its main parameters are pressure, temperature, and density. The values of these parameters change
greatly in the vertical direction and are uniform in the horizontal layer. With an increase in altitude, air
temperature and density reduce, and the air becomes easier to be compressed, which can improve the
utilization of thermal energy and reduce the fuel consumption rate. The relationships between altitude
and air temperature, pressure, and density are as follows:

Ty = To—1.98 x (H/1000), @)
pa = po(1-0.02257H)>>°, 8)
1.293 Pa )

= X ,
P = 170.00376(T,—273.15) ~ 0.101325

where T is the atmospheric temperature, Ty = 25 °C; H is the altitude, m; p, is the atmospheric pressure,
MPa; pg is the standard atmospheric pressure at MSL, pg = 0.1013 MPa; and p is the atmospheric
density, kg/m?.

The corresponding air temperature, pressure, and density at each altitude can be calculated
according to Equations (7)—(9).

3. Fuel Consumption Modeling

We propose modeling fuel consumption by extracting aerodynamic parameters from data-fitting
of QAR data and also considering crosswind influence.

3.1. Data-Fitting Method for Obtaining Aerodynamic Parameters

Given actual QAR operation data, the functional fitting method is used to obtain the relationship
between the drag coefficient and lifting force. Multigroup QAR data of different aircraft models are
acquired, and the corresponding multigroup drag coefficients and lifting force data under the same
Mach number are then extracted. Common curves, such as the power function, exponential function,
and polynomial function, will be tested. The goodness of fit (R?) and the sum of squared errors of
prediction (SSE) will be calculated and compared. Usually, the closer the R? value is to 1, the better the
fitting of the curve. The residual sum of squares reflects the closeness degree of relationships among
variables; thus, the smaller the value is, the more accurate the fitting result is.

3.2. Modeling Crosswind Influence

In the fuel consumption model in Section 2, the crosswind influence on fuel consumption is not
considered, which does not reflect the actual operation environment. Consequently, the computed
result is inaccurate. The influence of 3D wind on flight airspeed is modeled in this section to develop a
comprehensive model of fuel consumption taking the influence of 3D wind into consideration. Wind
data at different altitudes in different areas, including wind speed V;,,; and direction D,;,,5, can be
acquired through an inquiry of meteorological data.

Given these two variables, the projection vector [uwg Vug wwg]T of wind speed in the ground
coordinate system can be calculated according to the following equations:

Uwg = Vwind €08 Dying, (10)

Owg = Vewind SIN Deying, (11)

Wepg = 0. (12)
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Therefore, the projection vector Vr4g of airspeed [u v w]T in the body coordinate system under
the crosswind condition is

u Vras Uywg
Vias = v |=| 0 [+Lpg| vawg | (13)
w 0 Wapg

where Ly, is respectively calculated as follows:

cos 0 cos @ cos Osing —sin 0
Lye = | sinOsin¢ cos ¢ —cos psing sin@sin¢sing + cospcosp singcost |, (14)
sin 0 cos ¢ cos @ +sin¢sing —sing cos@ sin 6 cos P sin g cos ¢ cos 0

where @ is the yaw angle in the entire climbing phase, ¢ is the roll angle in the entire climbing phase,
and 0 is the angle of pitch in the entire climbing phase.
Once [uyg Vug wwg}T is calculated according to Equations (10)—(12), the airspeed can be obtained

with the following equation:
VTAS’ = VUZ + 02 + wz. (15)

Given Equation (15), Equation (3) can be updated into Equation (16) (see below), and the T in
Equation (4) is now expressed in Equation (17):

1 1
D= EpSVTA5/2CD = EpscD(u2 +0? +w?), (16)
T= %pSCDV% g +mgsiny + md};m, (17)

where y is the track angle in the entire climbing phase. Fuel consumption under the crosswind
condition can be calculated according to Equations (1), (2), and (6), as shown below:

Vras, |1 2 - AVras
fetimp = 1T = Cp1 (1 + Chn )[EPSCDVTASr Hmgsiny +m—7=1 (18)
. £ Vs [1 av
F=NY_ fum =N) Cpn(1+ CT;S )[EpSCDV%AS, +mgsiny +m ;;AS]. (19)
im1 im1

4. Kinematic Models of Departure Operation

Two kinematic models are used together to indicate conventional aircraft departure
operations—one for the ascending phase and the other for the leveling-off phase. The aircraft
initially climbs to a designated altitude based on a certain angle of inclination and climbing rate, then
levels off at this altitude and climbs again after leveling off for a certain distance, and finally climbs to
an initial cruising altitude. The kinematic models in the ascending phase are as follows:

mdvd%:TXCosa—D—mgXSiny, (20)
mVTASZ—); =Txsiny +L-mgxcosy, (21)
Z—Ij = Vras Xsiny + Va1, (22)

dx = Vras X cosy X cos @ + Vi, (23)

dt
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d
d—? = Vs X cosy X sing + Vyinds. @4

The kinematic models in the leveling-off phase are as follows:

deTAS =TXcosa—-D, (25)
dt
dH
- _ 2
=0, (26)
dx
Fri Vr1as X €os @ + Viingz, (27)
dy )
i Vras Xsing + Viings, (28)

where D and T are the computed results of Equations (16) and (17); H is the flight altitude; « is the flight
angle of incidence; and y is the track angle. The original point O is located at centroids of the aircraft;
the OX axis directs at a horizontal projection of the aircraft's heading; the OY axis is horizontally
perpendicular to the OX axis; the OZ axis represents the flight altitude; and Viing1, Vipingz, and Viings
are the projection of V,;,; on the OX axis, OY axis, and OZ axis, respectively.

For CCO operations, as described earlier, the aircraft can continuously climb without leveling off
if the precondition is met. Therefore, for CCO analysis in the later section, only kinematic models in
the ascending phase are used.

5. Solution Methodology

A computer-based tool was developed to realize the theoretical calculation of fuel consumption.
The flow chart of the solution method is shown in Figure 1. It is mainly divided into two parts—the
trajectory simulation of the climbing phase and the calculation of fuel consumption.

The climb trajectory simulation includes the following steps:

Step 1: Choose the model. Since this study considers the Airbus A320, A321, and A343 (shorthand
for A340-300) models and the Boeing B744 and B773 (shorthand for B747-400 and B777-300, respectively)
models, and the performance parameters of the five models are built into the program, including the
wing area S, the first and second thrust fuel consumption factors Cy; and Cp, and the takeoff weight m,
the first step is to match the corresponding performance parameters according to a selected model;

Step 2: Enter the waypoint information. According to the QAR trajectory data, the latitude and
longitude coordinates of n waypoints in the climbing phase are selected, and the selected waypoint
coordinates are used as part of the trajectory in the simulated trajectory. This process requires
converting the latitude and longitude coordinates to the Cartesian coordinates that the simulation
program can recognize;

Step 3: Determine the departure route. Given the n waypoints, the entire climb phase can be
divided into n-1 segments, and each segment is set with acceleration, starting and ending speed, and
starting and ending height. The climb angle of each segment is set to 5°, and each time a waypoint is
passed, the heading is adjusted to reach the initial cruise altitude waypoint;

Step 4: According to the previous three steps, the flight path of the entire climbing phase can be
simulated, including coordinate points, flight altitude, flight airspeed, heading, and flight distance.
The simulated data update rate is 1 s.

The calculation of fuel consumption is divided into the following steps:

Step 1: Calculate temperature T1, pressure p,;, and atmospheric density p. Based on the simulated
flight altitudes information H and Equations (7)—(9), T1, ps, and p at different flight altitudes can be
calculated. The International Standard Atmospheric Data Sheet can be checked for sound velocity
values C at different flight altitudes H. The data of wind (Vg and Dy;,4), elevation angle 0, and yaw
angle of the climbing stage ¢ in the QAR data are selected, and the airspeed Vr4¢ after adding the
wind is then calculated according to Equation (13);
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Step 2: Calculate the lift coefficient C; and drag coefficient Cp. First, according to the wing
area S of each aircraft model, the takeoff weight m, the climb angle y of each climbing segment, p
corresponding to each flight altitude, and V745 from Equation (5) can be used to calculate Cy, of each
climb segment. Since the true airspeed V45 and sound velocity C of each climbing segment have been
previously simulated, the Mach number = V145/C, Cp, at different Mach numbers can be obtained.
The relationships between C; and Cp under different Mach numbers are fitted with QAR data. Finally,
given C; obtained previously and the Mach numbers, Cp, is obtained;

Step 3: Calculate thrust T, drag D, and thrust-specific fuel flow 1. First, D at each flight time can
be obtained from Cp obtained in Step 2 and Equation (4). Second, the thrust at each flight time can be
obtained by Equation (3). Then, based on the matched thrust-specific fuel flow 1 of each model, the
previously-obtained V145, and Equation (1), n can be calculated. Finally, the fuel consumption per
second fimp is obtained by Equation (2);

Step 4: Acquire the theoretical calculation result of the fuel consumption. The fuel consumption
per second is superimposed to finally obtain the fuel consumption F of the entire climbing phase.
The theoretical calculation results are based on the optimized fuel consumption model (adding the
effect of wind and the fitting method to obtain the aerodynamic parameters);

Step 5: Conduct comparative analysis. The theoretical calculation results of fuel consumption are
compared with the fuel consumption values in the QAR data to verify whether the optimized model
is feasible. In addition, the fuel consumption of the traditional climbing and continuous climbing
modes is compared and analyzed. The fuel consumption of different takeoff weights and different
climb angles for different aircraft models is compared.

Step 1: Selection of different models
Simulation Step2: Input route point information

trajectory

o ]

climbing stage

Step 3: Determine the departure route

'

Step 4: Generate flight path

A 4

Step 1: Calculate temperature, pressure ,
atmospheric density and airspeed by adding QAR

wind data
Theoretical Step 2:Calculate lift coefficient and drag coefficient
calculation
of §

fuel consumption
Step 3: Calculate thrust, drag and fuel consumption

v

Step 4: Generate fuel consumption theoretical
calculation results

e ittt it - .
| 3teps: 3 y y v |
I Compare Contrast continuous Comparison of different Comparison of | |
I with QAR climbing with traditional takeoff weights and different |
: data climbing different climb angles models |
N )

—_—,—————— e e e e e e e e e e e e e e e e e e e e

Figure 1. Theoretical calculation flow chart.
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6. Numerical Experiments

6.1. Data Acquisition and Preparation

Departures at Qingdao Liuting International Airport (ICAO: ZSQD) were taken as the study
object, and departures at Taiyuan Wusu International Airport (ICAO: ZBYN) were used for model
verification. The acquired QAR data are the operational data of 431 flights of China Eastern Airlines
on Qingdao-Honggiao air routes and include the wind speed, wind direction, true airspeed, location
information, altitude, fuel flow, track angle, yaw angle, angle of pitch, lift coefficient, drag coefficient,
air temperature, air pressure, and atmospheric density. Waypoint information of the departure climbing
phase in ZSQD was extracted from Qingdao—Honggqiao flight plans, and simulated flight speed and
climbing rates were approximated according to QAR data. Two operation modes—CCO and the
conventional climb operation, as shown in Figure 2—were studied. The information of relevant nodes
in route segments under two operation modes is summarized in Tables 1 and 2. Aircraft model A320
was selected to demonstrate the simulated climbing phase in this subsection, the aircraft mass was
63 tons, the climbing angle was 5°, and the wing area was 122.6 m?2. Similar analyses have been
performed for other aircraft models and are discussed in later sections.

TOc2 Initial Cruise Segment . ToC1
i d L ]
<

—» CCO
---# Conventional Climb Operation
[ Waypoint

Level Flight Segment

Runway(ZSQD)

Figure 2. Comparison of flight sections.

Table 1.
International Airport.

Waypoint Information of a Conventional Climb Operation for Qingdao Liuting

ops Altitude Airspeed Distance
Route Nodes Position (m) (km/h) (km) State
Z5QD N361554 E1202224 0 300 0 Climb
Al N361250 E1201851 1000 300 7.7 Level Flight
A2 N359912 E1200176 3200 560 33 Level Flight
TOC1 N354500 E1195848 7200 780 122 Cruise
Table 2. Waypoint Information of continuous climb operations (CCO) for Qingdao Liuting

International Airport.

ops Altitude Airspeed Distance
Route Nodes Position (m) (km/h) (km) State
Z5QD N361554 E1202224 0 280 0 Climb
Al N361250 E1201851 1000 340 7.7 Climb
A3 N358912 E1198076 3200 600 23 Climb
TOC2 N353841 E1195053 7200 780 51 Cruise
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In Table 1, the A320 aircraft took off from ZSQD with an airspeed of 300 km/h and then climbed
to the flight altitude of 1000 m at a certain climbing rate along the A1l direction, in which the flight
airspeed was kept at 300 km/h and then reached the Al waypoint for level flight and acceleration.
The flight airspeed was increased to 560 km/h, and the aircraft started to climb along the A2 direction
and reached the A2 waypoint to enter level flight and accelerate again. Finally, the aircraft climbed
to the initial cruising altitude of 7200 m, at which point the flight airspeed reached 780 km/h, and
the climbing phase ended. The changes in altitude and airspeed during the climbing sections were
obtained from QAR data (see Figure 3). Through a comparison of Tables 1 and 2, the major difference
is the flight state of the A320 aircraft which have level fight in Table 1.
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Figure 3. Change in altitude and airspeed during climbing sections.

Given the waypoints and the airspeed information, the airport reference point of ZSQD was taken
as the origin of the rectangular coordinate system to simulate the flight trajectory in the departure
climbing phase. The flight trajectory information included the simulation time, coordinate point, flight
altitude, flight direction, and flight airspeed, as shown in Table 3. The comparison of the simulated
A320 trajectory and the actual QAR flight trajectory is shown in Figure 4.

Table 3. Simulated Flight Trajectory.

Timer (s) X (m) Y (m) Altitude (m) Direction (°) Airspeed (km/h)
1580 0 0 1 0 308
1581 0 -111.12 14.1 18 308
1582 111.12 —222.24 27.2 18 306
1583 111.12 —222.24 38.3 18 302
1584 111.12 -333.36 494 18 307
1585 111.12 —444.48 62.5 18 304
1586 222.24 —444.48 75.6 18 308
1587 222.24 -555.6 87.7 18 303
1588 222.24 —666.72 98.8 18 305
1589 222.24 —777.84 110.9 18 303
1590 333.36 -777.84 124 18 305

1591 333.36 —888.96 136.1 18 308
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Figure 4. Comparison of true quick access recorder (QAR) and simulated trajectories.

The simulated flight trajectory information and Equation (5) can be combined to solve the lift
coefficients of all points in the flight trajectory. The drag coefficient of each point can be solved through
the relationship between lift and drag coefficients. The drag can be solved according to Equation (4),
where the air density p, temperature T1, and air pressure intensity p, are all obtained through the
equations that show changes in meteorological parameters with flight altitude in Section 2. The thrust
value was solved according to Equation (3). The fuel consumption at each point in the flight trajectory
was solved by combining Equations (1) and (2).

6.2. Five Comparative Experiments

Five comparative experiments were performed as follows: (1) for the Airbus A320 aircraft model,
relationships between aerodynamic parameters were obtained from the static diagram [30] relation
acquired through a wind tunnel experiment and from a fitting method of true QAR data. Given the
different sets of aerodynamic parameters, the fuel consumption values of climbing phases of A320
aircraft were calculated and compared; (2) the crosswind effect was added into the fuel consumption
model and the calculation outcomes were compared with those in Experiment 1, which did not consider
the crosswind effect. The model developed at one airport was used to calculate the fuel consumption
of the same type of aircraft at another airport to verify the accuracy of the method; (3) the theoretical
value of fuel consumption in the continuous climbing phase was calculated and compared with the
theoretical value in the conventional climbing phase; (4) the impact of climbing angle and aircraft mass
on fuel consumption was analyzed; and (5) fuel consumptions of different aircraft models—Airbus
A320, Airbus A321, Airbus A343, Boeing B744, and Boeing B733—were investigated.

6.2.1. Experiment 1: Optimization Experiment of Aerodynamic Parameters

In fuel consumption models proposed by relevant scholars [7,15], aerodynamic parameters are
obtained by referring to the static diagram relation acquired through a wind tunnel experiment.
The static diagram relationship in Figure 5 was acquired from the Airbus A320 performance manual.

The following experiment was designed to conduct a comparative analysis of past methods with
the fitting method of actual QAR data proposed in this study: (1) on the basis of the BADA-based fuel
consumption model in the climbing phase, drag and lift coefficients among aerodynamic parameters
were acquired through the static diagram relation obtained by a wind tunnel experiment (Figure 6).
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Different combinations of drag and lift coefficients (indicated by points on the line in Figure 5) were
taken and used in the model to calculate fuel consumption; (2) drag and lift coefficients were obtained
through data fitting of QAR data and used in the model to calculate fuel consumption.
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Figure 5. Airbus A320 characteristic curve from the Airbus A320 performance manual.
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Figure 6. Fitting chart based on the least squares method: (a) power function; (b) exponential function;
() linear function and quadratic function; (d) linear function and cubic function.

Origin, data analysis, and graphing software were used for the data fitting of QAR data. The least
squares method was used, and functions were considered, including the power function (Figure 6a),
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exponential function (Figure 6b), linear function and quadratic Function (Figure 6¢), and linear function
and cubic function (Figure 6d). Note that the sample shown in Figure 6 is the relationship between lift
and drag coefficients of A320 aircraft that correspond to the 0.7 Mach number.

The fitting results, expression of fitting functions, goodness of fit, and residual sum of squares are
summarized in Table 4.

Table 4. Summary of Fitting Results.

Function Type Expression of Fitting Function Goodness of Fit Residual Sum of Squares
Power function f(x) = 0.0488 x x0-6795 0.9674 2.827 x 1075
Exponential function f(x) =0.0153 x 1.35* 0.9919 6.99 x 107°
Polynomial function £(x) = 0.0410x + 0.0098 0.9771 1.982 x 1075
(linear function)
Polynomial function £(x) = 0.0680x2 — 0.0287x + 0.0270 1 2.629 x 1078
(quadratic function)
Polynomial function f(x) = 0.01302x% + 0.04804x2 — 1 2,037 x 10-8
(cubic function) 0.01872x + 0.02538 ’

As stated in Section 3, SSE and R? are statistical indexes that reflect the closeness degree of
relationships among variables; the smaller the SSE value is and the closer the goodness-of-fit value is
to 1, the more accurate the fitting result is. According to the results in Table 4, quadratic and cubic
functions are better than other functions and could be taken as relational expressions of data points.

Fitting of polynomials with degrees greater than 3 was also studied (not shown in Table 4).
Goodness-of-fit values are all equal to 1, and their SSE values are close and slightly smaller than
those of quadratic and cubic polynomials. However, if the degree is too high, the curve will be
forced to pass through the sample point and truthfulness will be lost, which can easily generate
Runge’s phenomenon and high-frequency vibration. Therefore, high-degree polynomial functions
were neglected in this study, whereas the quadratic function was used as a fitting relational expression
of data points. Therefore, the fitting relational expression that corresponds to the 0.7 Mach number is

y = 0.0680x% — 0.0287x -+ 0.0270 (29)

The relational expressions between drag and lift coefficients under different Mach numbers can
be fitted via the same method, and the outcomes are shown in Table 5.

Table 5. Fitting Relational Expressions.

Mach Number (z) Fitting Relational Expression (y Is the Drag Coefficient, and x is the Lift Coefficient)

0.2 y = 0.0606x% — 0.0232x + 0.0271
0.3 y = 0.0621x% — 0.024x + 0.0271
0.4 y = 0.0636x% — 0.0254x + 0.0270
0.5 y = 0.0651x% — 0.0265x + 0.0270
0.6 y = 0.0666x> — 0.0276x + 0.0270
0.7 y = 0.0681x% — 0.0287x + 0.0270

The drag and lift coefficients acquired through the fitting result and the wind tunnel experiment
were used respectively for calculating the fuel consumption. The calculation results of fuel consumption
at each point obtained by the two methods are shown in Figure 7.

This process was repeated by using the 278 group QAR data of A320. The lift coefficient C; and
drag coefficient Cp of different Mach numbers for A320 can be obtained using the statistics method
(Please see Appendix A). Fuel consumption calculated using two different methods can be acquired.
Figure 8 shows the fuel consumption of every 4 s during the climbing phase. The black curve is the
fuel consumption calculated by using aerodynamics relationships from the static diagram acquired
through a wind tunnel experiment (Method 1); the red curve is the fuel consumption calculated by
substituting the aerodynamics relationship with the results from data fitting of QAR data (Method 2);
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and the blue curve shows the fuel consumption from QAR data (baseline). The total fuel consumption
was calculated following different methods and the baseline: the total fuel consumption of Method 1 is
965.2 kg and of Method 2 is 1014.5 kg, and the baseline is 1116.0 kg. The calculation accuracy of fuel
consumption of Method 1 is 86.5%, and the calculation accuracy of Method 2 is 90.9%. A comparison
of the calculation accuracies of fuel consumption shows that the relational expressions of aerodynamic
parameters obtained through polynomial fitting using the QAR data-based least squares method
are more accurate than those given by the wind tunnel experiment; hence, the fuel consumption
model with aerodynamic relationships from Method 2 was adopted and refined with Experiment 2
considering the crosswind effect.

12

—— Wind tunnel test
11 | |—— Fitting
- |—— QAR data

Fuel consumption/kg

Flight time/min

Figure 7. Comparison of fuel consumption calculated using two different methods.

+ |—— Theoretical calculation
11 —— QAR data

Fuel consumption/kg

Flight time/min
Figure 8. Comparison of fuel consumptions under a crosswind condition.
6.2.2. Experiment 2: Analysis of Fuel Consumptions under a Crosswind Condition

In an actual operation, crosswind can exert a major influence on the aircraft flight trajectory [31,32]
and directly affects the departure fuel consumption. Therefore, crosswind data in QAR data were
integrated into the model for theoretical calculation and compared with fuel consumption in QAR.
The pitch angle 6, yaw angle ¢, wind speed V;,,4, and wind direction Dy;,; from QAR data are inputs
of Equation (13) for calculating V145 under a 3D wind condition. Then, the speed was added to the
fuel consumption model to obtain the fuel consumption (every 4 s) along the climbing phase, as shown
in Figure 8.
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Given 12 min (720 s) of climbing time, the entire climb phase was divided into 10 segments (each
segment for 72 s), and the fuel consumption of each segment was calculated, as shown in Table 6.
The theoretically calculated values were compared with the QAR baseline to obtain the accuracy of
each flight segment. The accuracies fell into a range of 91%~95.5%, with an average of 93.3%, which is
higher than the accuracy rate of Method 2 (before refinement) in Experiment 1 (90.9%).

Table 6. Comparison of Theoretically Calculated Values and Quick Access Recorder (QAR) Data for
Qingdao Airport (unit: kg).

Flight Segment 1 2 3 4 5 6 7 8 9 10 Total Fuel
Consumption
Theoretically calculated value 89 1022 887 936 1181 1159 1134 1135 107 1002 1041.6
QAR data 98 109 96 100 126 126 124 119 112 106 1116
Accuracy of each flight segment  91%  93.8% 92.4% 93.6% 93.7% 92% 91.5% 95.4% 95.5% 94.5% 93.3%

The refined fuel consumption model based on the QAR data of ZSQD was used to calculate the
fuel consumption of A320 aircraft at ZBYN airport. The calculated results were compared with the
QAR historical data (every 4 s) and are shown in Figure 9.

12
+ \—— Theoretical calculation

1 | |—— QAR data

10

Fuel consumption/kg

6 8 10 12 14 16 18
Flight time/min

Figure 9. Comparison of departure fuel consumptions for Taiyuan Wusu International Airport.

Similarly, the fuel consumption was calculated for every 72 s of the climbing phase, and the results
are shown in Table 7. The comparison with historical QAR shows that the predicted fuel consumption
reached a total accuracy level of 96%. This experiment demonstrated that the fuel consumption model
could be refined by considering crosswind information in QAR data, and the model developed with
one set of QAR data could be used by estimating the fuel consumption of the same type of aircraft at
other airports.

Table 7. Comparison of Theoretically Calculated Values and Quick Access Recorder (QAR) Data for
Taiyuan Wusu International Airport (unit: kg).

Flight Phase 1 2 3 4 5 6 7 8 9 10 Total Fuel
Consumption
Theoretically calculated value 1934 1711 1284 1314 1659 1659 1678 153 1517 150.3 1578.9
QAR data 200 183 137 145 169 170 171 162 154 154 1645

Accuracy of each flight phase 96.7% 93.5% 93.7% 90.6% 98%  97.6% 98%  94.4% 98.5% 97.6% 96%
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6.2.3. Experiment 3: Comparative Analysis of Fuel Consumptions under Two Operation Modes

The CCO manual issued by ICAQ [33] states that the climbing gradient under CCO is 60~300 m/nm,
that is, 3.24%~16.2%. In this study, the departure continuous climbing gradient was selected as 10%.
The climbing gradient under the conventional climb operation mode does not exceed 4% according to
the standard departure procedures of Qingdao Airport. On the basis of the trajectory data in QAR,
conventional climbing gradients approximate to QAR data were selected in different flight segments of
the climbing phase. Flight velocities under both climbing operation modes should satisfy the ATC
constraint—that is, the flight airspeed below a FL100 altitude should not exceed 250 kt.

The flight trajectory of a continuous departure route was simulated through Visual Basic
programming on the basis of the waypoint information in Table 2, including flight altitude, airspeed,
and direction. Based on the trajectory, the established fuel consumption model was used to calculate
the fuel consumption value of a continuous departure route. Figure 10 shows the comparison of the
fuel consumption of CCO and conventional climb operation.

10

Conventional climb operation

9F Continuous climb operation

Fuel consumption/kg
[o2]

2 1 1 " 1 1 L
0 2 4 6 8 10 12

Flight time/min

Figure 10. Comparison of fuel consumption under two operation modes.

In Figure 10, the green curve displays a decreasing trend at the beginning of the continuous climb.
As the initial climbing speed increases, the lift coefficient decreases gradually according to Equation (5),
and then the drag coefficient decreases according to the fitting formula, which leads to a reduction of
thrust through Equation (3). Although the increase of speed will directly lead to the increase of thrust,
the influence of the drag coefficient on thrust is greater than the change of the initial climbing speed,
which makes the total thrust decrease. Therefore, fuel consumption decreases gradually through
Equations (2) and (6), which is why the green curve goes downward first. When the flight speed
further increases, the influence of climb speed on the thrust is greater than the drag coefficient (namely,
overstepping the nadir of the fuel consumption), which leads to an increase in fuel consumption.
Therefore, the green curve starts to go upward. With the increase of the Mach number, the relationship
between the drag and lift coefficients changes, which makes the drag coefficient play a dominant role
in fuel consumption, and the drag coefficient decreases, so fuel consumption decreases in Figure 10.
Finally, the climbing speed increases to the maximum and then climbs uniformly until the initial cruise
altitude—that is, the final stable stage in Figure 10.

Fuel consumption of a conventional climb operation is quite different from that of CCO, as
depicted by the red curve in Figure 10. This is due to uniform climbing in the initial stage of a
conventional climb operation, where the lift and drag coefficients do not change when the speed
increases. As a result, thrust and fuel consumption do not change, so the fuel consumption value in
the initial stage of the conventional climb operation is relatively stable. When the aircraft starts to
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accelerate, with the increase of speed and the adoption of a larger rate of speed change, the thrust
gradually increases according to Equation (3), which leads to a gradual increase in fuel consumption.
The total fuel consumption values under two operation modes were compared. The fuel
consumptions of all points under CCO were added as 913 kg, which reduced by 128.6 kg compared
with the total fuel consumption (1041.6 kg) under the conventional climb operation, as calculated
previously. The CCO saves fuel because the climbing gradient under CCO is greater than that under
the conventional climb operation; i.e., the total climbing time under the former mode is shorter than
that under the latter mode. Additionally, COO does not involve a leveling-off phase if the precondition
is met; thus, fuel consumption under CCO is less than that under the conventional climb operation.

6.2.4. Experiment 4: Analysis of Aircraft Mass and Climbing Angle on Fuel Consumption

With reference to the BADA database, the maximum takeoff weight (MTOW) of Airbus A320
is 77,000 kg, and the operating empty weight is 42,400 kg. Accordingly, MTOWs of 70%, 80%, 90%,
and 100% (that is, 53,900, 61,600, 69,300, and 77,000 kg, respectively) were selected for the calculation
of fuel consumption for the quantitative analysis. During this calculation process, the change in
aircraft mass due to fuel consumption was considered, which accords with the actual operation status.
The theoretical calculation result of fuel consumption is shown in Figure 11.

(a) Conventional climb operation _ (b) Continuous climb operation
9 70% of MTOW 9t ——70% of MTOW
80% of MTOW L —— 80% of MTOW
90% of MTOW sl ——90% of MTOW
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Figure 11. Comparison of fuel consumptions under different aircraft masses.

In Figure 11, the curves of high aircraft masses are all above the curves with low aircraft masses;
as the aircraft mass increases, the lift coefficient increases according to Equation (5), which results in a
change in the drag coefficient. Equation (3) indicates that as the thrust increases, the fuel consumption
increases. Therefore, predicting accurate fuel consumption before the aircraft takes off can prevent the
aircraft from carrying redundant fuel, thereby avoiding an unnecessary aircraft mass and generation of
fuel consumption.

The influence of the aircraft climbing angle on fuel consumption was also evaluated. The climbing
angle used in the previous trajectory simulation was 5°. On this basis, climbing angles of 8° and 10°
were selected for the analysis of the influence of the climbing angle on fuel consumption (in BADA
database [6,29], climbing altitude cannot exceed 18° under low weight and 15° under high weight).
Fuel consumption values simulated under different climbing angles are shown in Figure 12. As shown,
a larger climbing angle resulted in higher fuel consumption because the thrust, and, consequently,
fuel consumption, increase with the climbing angle according to Equations (3) and (5). The air traffic
controller’s command is the main factor that causes changes of climbing angles. Such a command is
usually used to avoid the violation of required separations in airspace.
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Figure 12. Comparison of fuel consumptions under different climbing angles.
6.2.5. Experiment 5: Analysis of Different Aircraft Models on Fuel Consumption

In this experiment, Airbus A321 and A343 and Boeing B744 and B773 models, with MTOWs of
83, 275, 396.8, and 299.3 tons, respectively, were selected for the analysis. The 82% MTOW of each
model was selected as the flight weight—68 t for A321, 225 t for A343, 324 t for B744, and 245 t for
B773. Fuel consumption (every 72 s) of different models in the climbing phase under the same flight
conditions and with the same flight trajectories was calculated. Comparison charts of fuel consumption
of different models under two operation modes are shown in Figure 13.

(a) Conventional climb operation (b) Continuous climb operation
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Figure 13. Comparison of fuel consumption of different aircraft models under two operation modes.

Figure 13 presents a minimal difference in fuel consumption between Airbus A320 and A321,
which was due to the approximation of performance parameters, such as the mass, wing area, drag
coefficient, and fuel consumption coefficient at each flight stage during the climbing phase.

In comparison with the fuel consumption of Airbus A343, that of Airbus A320 varied greatly
during the climbing phase. First, the aircraft mass and wing area varied greatly because Airbus A320
is a narrow-body aircraft, whereas Airbus A343 is a wide-body aircraft. Second, Airbus A320 has two
engines, whereas Airbus A343 has four. Therefore, the drag coefficient and fuel consumption of A343
for each flight phase were higher than those of A320 during the climb.

Boeing B744, similar to Airbus A343, is a four-engine aircraft with a larger mass and wing area.
The drag coefficient of B744 is higher than that of Airbus A343 in the climbing phase, and the mass
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and wing area of B744 is also larger than those of A343. Therefore, although the fuel consumption
coefficient of B744 is lower than that of Airbus A343, the fuel consumption of B744 is higher than that
of A343 in all flight phases.

Although Boeing B773 and Airbus A320 models are twin-engine aircraft, the mass and wing area
of B773 are larger than those of Airbus A320, and the drag coefficient during the climbing phase is also
greater than that of the Airbus A320.

In conclusion, during the entire climbing stage, the order of fuel consumption of the five models is
B744 > A343 > B773 > A321 > A320, and fuel consumption varies greatly. Taking a typical seat capacity
into consideration and assuming the same load factor, the order of fuel consumption per passenger of
the five models is A343 > B744 > B773 > A320 > A321.

7. Conclusions

This study proposes a fuel consumption model for the aircraft climbing phase by introducing
aerodynamic parameters from the data fitting of QAR data and considering the crosswind effect.
The data fitting method based on QAR data can accurately obtain the quantitative relationships
among aerodynamic parameters. The crosswind kinematical model is then added to correct the
fuel consumption model. Five numerical experiments were designed to demonstrate the feasibility
and performance of the proposed fuel consumption model and also to quantify the fuel savings of
a continuous climbing operation. For a sample aircraft type, Airbus A320, the analysis shows that
the accuracy of the fuel consumption model proposed is improved by 2.4% compared with that of
the traditional fuel consumption model, taking fuel consumption from QAR data as the baseline.
The fuel consumption model developed from the QAR data of one airport was used to calculate the
fuel consumption of the same type of aircraft at another airport. The results show a high accuracy,
which proves the transferability of the proposed model. The last two experiments investigated the
influences of aircraft mass, climbing angle, and aircraft model on the fuel consumption of the climbing
phase. Through comparative experiments, several important conclusions about the fuel consumption
model of the climbing phase can be summed up:

(1) QAR data were fitted to reveal the relationships between aerodynamic parameters for different
Mach numbers. Based on two measurements, namely, the goodness of fit (Rz) and SSE, a quadratic
function (Equation [29]) was found to be the best fitting function. The fitting result was used in the
fuel consumption model. Relationships between aerodynamic parameters from the static diagram
relationship acquired through the wind tunnel experiment were also used in the fuel consumption
model. For Airbus A320, the climbing trajectory was simulated, and fuel consumption values given the
relationships of aerodynamics parameters from two different sources were calculated. The outcomes
demonstrated that the fitting method is more accurate than the wind tunnel experimental method in
obtaining the relationships between aerodynamic parameters;

(2) The fuel consumption model is further improved by considering crosswind influence.
Wind information from QAR data was integrated into the fuel consumption model. The calculation
results show that adding crosswind influence increased the accuracy (theoretical calculated amount
divided by baseline amount from QAR data) by 2.4%. The fuel consumption model developed from
QAR data of one airport’s departure flights was used to calculate the fuel consumption of the same
model of aircraft at another airport. The accuracy of verification reached 96%, which demonstrates the
transferability of the fuel consumption model;

(3) Comparison of fuel consumption in a conventional climbing mode versus continuous climbing
mode shows that CCO saves fuel during the climbing process. For Airbus A320, the saving is slightly
more than 12%;

(4) The influences of aircraft mass, climbing angle, and different aircraft models on fuel consumption
were also analyzed. The calculation results show that fuel consumption increases with aircraft mass and
climbing angle. For different aircraft models, the typical seat capacity and calculated fuel consumption
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per seat during the climbing phase were obtained. The results show that the order of the fuel
consumption per seat during the climbing phase is A343 > B744 > B773 > A320 > A321.

To the best knowledge of the authors, the proposed model fills the gap in the existing literature.
Accurately estimating the fuel consumption of the climbing phase using the proposed model contributes
to controlling fuel loading to avoid the “oil flying oil” phenomenon caused by excessive fuel loading,
reduces the operating cost, and mitigates consequent excessive emissions.

Note that in this research, regarding meteorological factors, only the influence of crosswind
on fuel consumption was studied. Severe weather conditions, such as low-altitude wind shear,
thunderstorm-caused heavy rainfall, atmospheric turbulence, and aircraft ice accretion, could also
affect fuel consumption during the climbing phase. Further study may consider obtaining information
of these meteorological factors and include them in the fuel consumption modeling.
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Appendix A
Table A1. Quick Access Recorder (QAR) Data for A320.
Mach = 0.2 Mach = 0.3 Mach = 0.4 Mach = 0.5 Mach = 0.6 Mach = 0.7
CL Cp CL Cp CL Cp CL Cp CL Cp CL Cp

0.85758 0.05171 0.82758 0.04871 0.78957 0.04660 0.75689 0.04423 0.73062 0.04236 0.68708 0.03939
0.84643 0.05082 0.82207 0.04842 0.78237 0.04607 0.75072 0.04379 0.72872 0.04223 0.68056 0.03897
0.83879 0.05022 0.81152 0.04754 0.77183 0.04529 0.74455 0.04335 0.70811 0.04083 0.67299 0.03849
0.83013 0.04954 0.80592 0.04719 0.76196 0.04458 0.73838 0.04292 0.68746 0.03948 0.66541 0.03801
0.82119 0.04886 0.80035 0.04685 0.75309 0.04395 0.7322 0.04249 0.6668 0.03819 0.65783 0.03756
0.81395 0.04831 0.79477 0.04647 0.74023 0.04306 0.72603 0.04207 0.6461 0.03695 0.65025 0.03712
0.80893 0.04793 0.78919 0.04605 0.73236 0.04252 0.71986 0.04165 0.62538 0.03577 0.64267 0.03669
0.80334 0.04751 0.78361 0.04564 0.72349 0.04193 0.71368 0.04124 0.61344 0.03512 0.63509 0.03624
0.79775 0.04710 0.77803 0.04523 0.71262 0.04121 0.70251 0.04051 0.60581 0.03471 0.62751 0.03579
0.79216 0.04669 0.77245 0.04483 0.70675 0.04083 0.69133 0.03979 0.59818 0.03431 0.61992 0.03536
0.78097 0.04589 0.76686 0.04457 0.69088 0.03982 0.68516 0.03940 0.59054 0.03392 0.61232 0.03494
0.76979 0.04510 0.75628 0.04384 0.68501 0.03946 0.67898 0.03902 0.5829 0.03353 0.60473 0.03453
0.75864 0.04432 0.74573 0.04313 0.67414 0.03880 0.66281 0.03803 0.57526 0.03315 0.59713 0.03412
0.74741 0.04356 0.73311 0.04224 0.66327 0.03815 0.65663 0.03767 0.56762 0.03278 0.58953 0.03372
0.73621 0.04281 0.72452 0.04174 0.64739 0.03723 0.64045 0.03673 0.55997 0.03242 0.58193 0.03333
0.72784 0.04226 0.71893 0.04144 0.64152 0.03690 0.63427 0.03638 0.55233 0.03206 0.57432 0.03294
0.72177 0.04187 0.71134 0.04091 0.63365 0.03646 0.62809 0.03604 0.54469 0.03172 0.56671 0.03256
0.71413 0.04138 0.70275 0.04035 0.62177 0.03581 0.6219 0.03570 0.53704 0.03138 0.5591 0.03219
0.70648 0.04090 0.69216 0.03961 0.61389 0.03539 0.61572 0.03537 0.52174 0.03072 0.55149 0.03184
0.69883 0.04043 0.68097 0.03885 0.60802 0.03509 0.60954 0.03504 0.50644 0.03010 0.54387 0.03150
0.69118 0.03996 0.66979 0.03810 0.59214 0.03428 0.59235 0.03415 0.49113 0.02950 0.53626 0.03115
0.68353 0.03950 0.65886 0.03738 0.58038 0.03370 0.58098 0.03358 0.47582 0.02894 0.52864 0.03082
0.67478 0.03899 0.64741 0.03666 0.56862 0.03314 0.56861 0.03299 0.4605 0.02841 0.52102 0.03049
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