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EVALUATING FUEL CONSUMPTION FOR CONTINUOUS
DESCENT APPROACH BASED ON QAR DATA

ABSTRACT

Fuel savings are a significant aspect for evaluating the
current and future technologies of civil aviation. Continu-
ous-Descent Approach (CDA), as a representative of new
concepts, requires a method for evaluating its fuel benefits.
However, because of unavailability of the practical opera-
tional data, it is difficult to validate whether the previous fuel
consumption mechanisms are suitable. This paper presents
a unique method for quantifying potential fuel benefits. This
permits an easy evaluation for the new procedures without
modelling before implementing field tests. The proposed
method is detailed in this paper. It derives from the inherent
mechanical characteristic of aircraft engine, and utilizes his-
torical flight data, rather than modelling, to predict fuel flow
rates by matching flight conditions from Quick Access Re-
corder (QAR) data. The result has been shown to predict fuel
consumption for conventional descent with the deviation of
+0.73%. To validate such method, a case study for our de-
signed CDA procedure is presented. Fuel consumptions in
baseline scenarios are estimated to analyse the variable im-
pacts on fuel consumption. The estimated fuel benefits are
consistent with the results in the previous field tests. This
analysis helps support Air Traffic Management decisions on

eventual field test by reducing the validation time and cost.
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1. INTRODUCTION

Today, the aviation industry releases 2% of the
global CO2 emissions, and this is expected to increase
with the continuous and steady growth of traffic flow.
In the long term, the goal is to reduce its net carbon
footprint by 50% compared to 2005 [1]. Technologi-
cal improvements leading to reduced emissions will
continue in the future as well as the optimal use of
airspace availability. Given such consideration as one
of the significant targets, the USA and Europe pro-
pose some strategic plans, known as Next Generation
(NextGen) [2, 3], Single European Sky ATM Research

(SESAR), respectively [4], and put highlights on new
concepts and procedures to provide great environmen-
tal benefits [5-7].

One way of minimizing fuel consumption is via
environment-friendly procedures such as Continu-
ous-Descent Approach (CDA) [8-10]. It is essential
to consider the impacts on the environment. Flight
test is no doubt a straightforward and precise way to
evaluate its fuel savings. However, it is hard to imple-
ment field tests due to its risk, the limitation of tech-
nical restriction and high cost. For instant, CDAs are
usually implemented in low traffic density [11]. Here
come a kind of simulation-based methods which can
provide suggestions for the field test. A widely-known
BADA (Base of Aircraft Database) fuel-flow model [12],
which was developed by EUROCONTROL, has been
dominantly used in several studies [13-15]. The BADA
fuel consumption model has been shown to work well
in cruise, within 5% of estimation error. However, at
terminal altitude (below 11,000 feet MSL), the model
is underestimated by 15-25% when compared to the
manufacturer’s data [16]. Also, it is unknown whether
the existing fuel consumption mechanism is appropri-
ate for new procedures, or research should be done in
depth in studying their usability. (i.e. a near-idle thrust
is used as its engine setting of CDA, and also does so
for the range of reference data conditions, which are
different from the conventional way, and yielding dif-
ficulty on parameters identification). Since BADA is a
database derived from reference sources instead of
field tests, errors are inevitable when estimating fuel
consumption. Certainly, if abundant data could be
acquired, the coefficients identification of BADA fuel
burn model would be achieved using modelling tech-
niques. Nevertheless, before the field test, actual
operational data are not available, and the quality
of the identified aircraft models depends directly on
the quality of the reference data. In this case, if we
simply use the model structures and coefficients pro-
vided by BADA Operations Performance File (OPF), or
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supposing a hypothesis that traditional data can be
used to identify model coefficients, it will inevitably re-
duce the fidelity of the model and introduce significant
error in the BADA model. It is worth noticing that preci-
sion of the performance (trajectory) data is critical to
achieve good optimisation of drag, thrust and fuel flow
coefficients. Also, the combined impacts on fuel con-
sumption lead to its coupling nature for these param-
eters, and strong non-linearity makes it more difficult
in modelling fuel consumption, and then the modelling
work for fuel consumption can hardly be realized.

Aircraft is a reliable mechanical system with high
repeatable inherent attribute under the same condi-
tions, and flight data recorded by Flight Data Record-
er (FDR) or Quick Access Recorder (QAR), are derived
from actual operations and thoroughly reflect the real
states of the aircraft. Enlightened from the above
facts, a simulation-based approach called sub-match
method is proposed in this research by utilizing his-
torical QAR data directly and primitively, to estimate
fuel consumption for the CDA. Without data supporting
CDA, this paper emphasises studying an approach to
simplify the modelling process, more than modelling,
and further improving its usability and estimation ac-
curacy. Besides, avoiding high-dimensional modelling,
various influence factors on fuel consumption can be
taken into consideration easily. This was accomplished
by combining those variables to establish flight condi-
tions, and then its corresponding fuel burn rates can
be queried from QAR data records. For demonstrating
how to use such method to estimate fuel consump-
tion, a case study of Area Navigation-Continuous De-
scent Approach (RNAV-CDA) procedure of runway 17L
at Pudong Airport has been analysed. Extracting the
key parameters from profiles, quantities of fuel savings
under several approach scenarios are calculated us-
ing the proposed method. Three main questions are in-
vestigated: first, how to determine which variables are
essential for fuel consumption; second, how to utilize
QAR data to match flight conditions; and third, how to
ensure the accuracy and reasonability of estimation
for the fuel burn.

This paper is organized as follows. Section 2 de-
scribes the methodology of sub-match method based
on QAR data. Section 3 presents the way of fuel con-
sumption analysis for the design of the CDA proce-
dure. Section 4 provides the simulation results and
the analysis. Finally, conclusions and future work are
described in Section 5.

2. PROPOSED SUB-MATCH FUEL
CONSUMPTION METHOD
In this Section, the principle of this method base

is introduced. Then, the sub-match fuel consumption
method is described by virtue of conducting simulation

of four flights, to explain how to utilize QAR data to es-
tablish flight conditions and further estimate the fuel
benefits.

2.1 Methodology principle

Aircraft engine is a mechanical device, and thus it
has an inherent mechanical feature that equal quan-
tity of fuel is consumed with identical flight states and
environment during the same period. In other words,
fuel burn rates are highly repeatable under the simi-
lar conditions. Here, similar conditions means mete-
orology, aircraft performance, and flight states vary
within small ranges, which do not have great influence
on fuel flow rate. The fuel flow rates corresponding to
some flight states are kept constant with the same fac-
tors influencing fuel consumption. This characteristic
inspires us to utilize abundant flight data, and further
to propose this estimation method.

The QAR data are quite extensive in the breadth
of variables contained, including hundreds of param-
eters. The fuel consumption characteristic varies with
different phases of flight, such as climb, cruise and
descent. This research focuses on the CDA procedure.
Therefore, of interest to this study in particular are the
following variables: airspeed, pressure altitude, gross
weight, flight-path angle, longitudinal acceleration,
vertical speed, wind speed along the track and total
temperature.

In terms of the selected variables, the validation for
this principle can be achieved as follows: the QAR data
of two flights from one aircraft are extracted randomly
from the database, and the data for the same condi-
tion are queried, which is shown in Table 1:

Table 1 - lllustration for variables of a sub-condition

Variable Range
Pressure altitude [ft] 8,000~9,000
Vertical speed [ft/min] -2,250~-1,750

Gross weight [Ib] 135,360~139,359

Longitudinal acceleration [g] 0.02~0.04
Airspeed [kt] 270~290
Flight path angle [deg] 4~-1
Wind speed along track [kt] -60~-30
Total temperature [°C] 15.5~20.5

There are 49 and 35 pieces of records queried from
two flights, respectively, and the corresponding fuel
flow rates are derived. Further, the average of fuel burn
rates is calculated with the consequence of 2,710.5
Ib/h for one flight, and 2,742.2 Ib/h for the other, and
only with 1.1% difference between two flights, from
which the principle has been proven.
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2.2 Method details

Based on such fundamental principle, Figure 1 illus-
trates the steps of fuel consumption estimation, and
detailed explanations are stated as follows.

Step 1: Dataset is established by collecting historical
QAR data during a certain period.

Step 2: The ranges of selected variables are segment-
ed by their step sizes. The step sizes are required to
confirm the estimation accuracy; too large ones will
result in inaccuracy in the average of the fuel flow rate,
while too small ones will generate too many sub-condi-
tions, leading to lower matching percentage and que-
rying speed. Thus, a trade-off must be made between
them.

Step 3: Composing the segments of those variables
with each other, several sub-conditions are derived, all
of which cover the entire descent conditions in data-
set. For instant, one of the sub-conditions is listed in
Table 1, and several records within the ranges of such
sub-condition are queried. And then each fuel burn
rate value for one sub-condition is replaced by the av-
erage value of the queried fuel records of its sub-con-
dition.

( Start

‘ Collect dataset from QAR data

l

Select descent phase data

I

Select variables

v

Set step sizes

by compositing of variables
with each other

|

‘ Estimate fuel consumption by ‘

Establish sub-conditions |

matching the sub-conditions

-~~If matching percentage and ~~——_____No
accuracy are satisfactor:

Figure 1 - lllustration of sub-match method

Step 4: Several flights are selected randomly for val-
idation. Every record of its QAR data is queried from
sub-conditions, and the query is finished when all the
variables of every record have been matched up.

Step 5: Calculate the matching percentage and accu-
racy under this step size; if not acceptable, jump back
to Step 2. The matching percentage (MP) means the
percentage of validation data matched up with some
record in the dataset, and tiny minority of validation
data which cannot be matched up with any record are
replaced by the average value of the adjacent ones.

In particular, two points have to be emphasized
and explained on how to establish the dataset in Step
1 and how to determine the step size of variables in
Steps 2 and 5.

1) Establishment of dataset

Sufficient data in a dataset indicate that as long as
the matching percentage and estimation accuracy
could be satisfied, it does not matter how huge the
amount of data is. Moreover, for a certain period
mentioned in Step 1, it refers to the performance
of aircraft that can be treated as identical, without
overhaul or engine replacement. Also, the meteo-
rological condition remains unchanged. Further, in
order to trace the performance degradation and
meteorological change, the dataset is constant-
ly being updated in a time window. Obviously, the
dataset will be larger along with the longer period
covered by the dataset.

2) Determination of the step size
In general, the step sizes of variables are deter-
mined iteratively until reaching the accuracy ac-
ceptability. As an initial attempt, the step sizes are
acquired from the specialist experience of airline
companies. The variables, such as longitude and
airspeed, which have bigger influence on the fuel
consumption, should be partitioned with subtle
step size, and vice versa. For instance, in aircraft
performance database, the interval of deviation
from International Standard Atmosphere (ISA) is
5°C. Hence, the step size is chosen as 5 ° Cinitially.

Based on that, further validation and modification
will be processed. Take vertical speed for instance,
500 ft/min difference of FPA will lead to 8.55% of
standard deviation of the fuel flow rate, while 10.89%
of which will be generated by 600 ft/min difference of
vertical speed. The standard deviation (STD) indicates
the degree of fluctuation of data. For the predefined
STD within 10%, and hence, 500 ft/min is chosen
roughly as the step size of vertical speed. This method
can only provide rough ranges primitively.

Further, in order to confirm a group of appropri-
ate step sizes with acceptable accuracy ultimately,
by evaluating the estimation error, an experiment
with test samples of 32 flights is conducted. The 95%
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Table 2 - Examples of determining the step size of variables

Step size MAPE [%) NRMSE [%] MP [%)] N
[30,1000,0.05,4000,500,3,30,5] 5.12 0.52 98.97 11,923
[20,1000,0.05,4000,500,3,30,5] 5.48 0.54 98.05 13,522
[30,2000,0.05,4000,500,3,30,5] 4.25 0.48 100.0 5,579
[30,2000,0.04,4000,500,3,30,5] 3.33 0.25 99.91 6,734
[30,2000,0.03,4000,500,3,30,5] 2.78 0.21 99.88 8,355

N: the number of sub-conditions

confidence interval for the predicted fuel flow rate per
flight at a sampling instant is given by the inter-percen-
tile range between the 2.5 and the 97.5™" percentiles
of the fuel flow rate samples. The metrics used to eval-
uate the models are as follows:

Mean Absolute Percentage Error (MAPE): It indicates
L,-norm accuracy of the mean estimation

K

fi
where, n is the number of the observation data in the
test set,ﬁj is the measured value of fuel flow rate, ?]\”,
is the estimated value.

Normalized Root Mean Squared Error (NRMSE): It indi-
cates L,-norm accuracy of the mean prediction.

NEE N
std( 1)
Here, std(?ﬁ) is the standard deviation of the vector

of the mean predicted fuel flow rates.

The results having low MAPE, low NRMSPE and
fewest sub-conditions are preferred. Specifically, five
different groups of step sizes and their corresponding
metrics results are shown in Table 2, to explain how
to identify step sizes of the first three variables. The
sequence of variables in Table 2 is airspeed, pressure
altitude, longitude, gross weight, vertical speed, flight
path angle, wind speed and total temperature, respec-
tively. Indeed, the results listed in Table 2 are mere-
ly parts of dozens of tests, which have been done to
identify the appropriate one. Take altitude for example,
for the regulation of flight level interval 1,000 ft, so
that the initial step size of pressure altitude chosen is
1,000 ft; too many sub-conditions will be generated.
When the size is enlarged to 2,000 ft, the result can
be seen from Table 2, yet the accuracy is increased by
0.87%, along with statistically significant (at a 5% sig-
nificance level) improvement. Besides, the number of
sub-conditions is largely reduced.

_lﬂ
MAPE—n;

(1)

NRMSE = (2)

In brief, determining the dataset and step size is
a mutually iterative process, until reaching the pre-
defined accuracy as well as the matching percentage,
which indicates that a subtler step size requires a larg-
er dataset. For this research, Boeing 737-800 QAR
data of 300 flights have been integrated. According to
the predefined requirement of estimation accuracy, it
is found that at a 5% significance level, ultimately, the
step sizes in the last row of Table 2 are chosen, giving
the accuracy within 3% and the lowest NRMSE.

Then, according to the method principle mentioned
previously: the fuel flow rates corresponding to some
flight states are kept constant with the same factors
influencing fuel consumption. The fuel flow rate can
be obtained by querying and matching each sub-con-
dition from the sub-match method. The results of the
four flights from the test samples are presented in
Table 3. The fuel flow rates are plotted in Figure 2.

Table 3 - Example results of sub-match method

Flight No. MP [%] MAPE [%]
Flight 1 99.55 2.36
Flight 2 99.84 1.94
Flight 3 100.0 1.03
Flight 4 100.0 2.45

3. CASE STUDY: RNAV-CDA PROCEDURE OF
RUNWAY 17L AT PUDONG AIRPORT

Continuous-Descent Approach (CDA) is a pre-de-
fined approaching procedure, in which the aircraft
maintains near idle-thrust and continuous descent
after Top of Descent (TOD), without any level-flight.
Figure 3 shows the difference between the profile of
conventional step-down approach and CDA. This sec-
tion is dedicated to the estimation and analysis of
potential fuel savings for our designed CDA procedure
on the background of 17L Runway at Pudong Airport,
using the sub-match method described in Section 2.
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Figure 3 - Continuous Descent Approach
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3.1 Procedure development b) The point of cutting in glide path: Intermediate
The design of CDA procedure is based on the cur- arrival point Is seyered as the -cutting In glide
rent implementation of RNAV procedure at Pudong path point, 'the distance O,f which t(,) .entra'nce
; . o of runway is 21.3 km, with the gliding flight
Airport. By analysing the optimized CDA procedure . . . T
designed by National Aerospace Laboratory of Neth- path angle of 3°, theo altitude of this point is
erlands (NLR) and Boeing Company, the optimal pro- Hir-46.=21300 tan 3" = 3662 ,
file is plotted in Figure 4. Details of key points are de- Plus_ 12_ ft O_f height of awport, the altitude of point
scribed in Table 4. cutting in glide path H ., ., is 3,674 ft.
Calculating the speed of this point: The weight
o of IF point is assumed to be 143,000 Ib, and the
O :/S::?no::;b:::atw on FPLN speed is 180 kt. By referring to the configuration
o Pseudo WPT and limited speed of B737-800 operation manual,
it is noted that, when descending at this point with
Altitude [ft] CBA FIX entry ?Zianf decoont COA idle thrust, the speed should be at form “5”, that is
H W ‘A Constant speed segment ‘ (VREF4O+30) kt. i .
. c) N31°24°'55”/E121°41°’35”: From this point to the
H LS point of cutting in glide path, the segment is the
MIN CONF 2 sel - . . .
= phgsg of gliding in speeding down. The speed at thls
Heonra point is VREF40+50 (200 kt), at form “1”. According
to the descent performance of B737-800, it is con-
1,000 cluded that the starting altitude should be 4,593 ft,
Distance [NM] which is the tangent of the tuning segment.
Figure 4 - The optimal descent profile d) N31°24’38"/E121°33°45”: From this point to the
point of cutting in glide path, the segment starts
Lo . gliding in constant speed. The speed of this point
3.2 Description of CDA profiles is equal to the speed of tangent of the tuning seg-
According to the facts discussed previously, several ment, which is VREF40+50 (200 kt). According to
concerns with the fuel burn for Boeing 737-800 are the descent performance of B737-800, the start
specified by the following segments: altitude is concluded as 5,577 ft, which is a cross-
a) Landing point: According to the landing weight, ing over point for the starting point of four sides.
flap position and runway information, the landing e) PK: From this point to the altitude of 5,577 ft, the
speed on 17L runway is VREF40, and the 12 ft is segment starts gliding with speeding down. By re-
the altitude of the airport. ferring to the related manual, the speed of such
Table 4 - Demonstration of the optimised CDA procedure
Start altitude [ft] Procedure description
Starting point: Max(210kt CAS, GD-speed), Conf O, Ldg U
7,000 ftAGL Level ﬂ?gﬁt to TOD ( peed e
Flight path angle (FPA): -2°0or -2.5°, Idle thrust
7,000 ft AGL Slfw d%wn to gGDlil—spged*
HGDN* * Keep constant speed, alter FPA
Descent to HMIN,—CONF2
HMIN* * Flight path angle (FPA): -2°0or -2.5°

Slow down to SN-speed* ***—CONF2
~3,000 ft Cut in glide path

F-speed—CONF3, If CONF3—L/G down
F-speed—CONF FULL, Slow down to Vapp

Descent at constant speed
Upon reaching Vapp***** above 100 ft | Alter thrust, keeping 3°G/S
Procedure terminates at 50 ft AGL

Below 3,000 ft

* GDN-speed: green dot speed, which is greater or equal to 1.25Vs (stall speed)

** HGDN is decided by two factors: GD-speed and FPA, and FPA depends on aircraft type and gross weight
*** HMIN is the minimum altitude keeping stable at 1,000ft AGL for the given weight

**** SN-speed is S speed, which is the speed at configuration of F1 for airbus

**x%* Vapp is the final approach speed
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Altitude [ft]
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tkm] 68 42, 300 2L
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VREF40+70 Airspeed [kt]
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Figure 5 - Vertical trajectory and speed profiles of CDA
procedure for runway 17L at Pudong International Airport

point is VREF40+70, which is 220 kt, and the alti-

tude is fixed at 8,202 ft.

Analysing from the previous descriptions, the ver-
tical trajectory and speed profiles can be drawn as in
Figure 5.

4. ESTIMATION OF FUEL CONSUMPTION
FOR CDA PROCEDURE

This Section is dedicated to the estimation of fuel
savings resulting from CDA. Potential benefits of CDAs
for twelve flights will be evaluated using sub-match
method based on QAR data. Our scheme as described
in Section 3 is further implemented by a detailed sim-
ulation for the case study for the CDA procedures.
The conventional step-down trajectories recorded in
QAR data serve as baselines for the comparison. In
particular, five representative ones in this Section are
analysed in depth. Additionally, the impacts of wind

and different gross weights on fuel consumption are
studied. The purpose is to examine whether CDA are
capable of fuel savings under various conditions.

4.1 Technical scheme

Following the above guideline, the technical
scheme for analysing fuel consumption of RNAV-CDA
procedure is illustrated in Figure 6. The details are de-
scribed as follows:

a) Establishment of the approach environment: Sev-
eral variables related to flight environment are re-
corded in QAR of sample flights, which can be used
to establish the identical environment. In addition,
the CDA procedure adopts the way of RNAV-CDA,
and for conventional approach, actually, the mode
of RNAV is used in instrument approach, which is
VOR/DME approach procedure, and runway 17L at
Shanghai Pudong airport already has such a proce-
dure.

Parameters of approach key point related to fuel
consumption: The consumed fuel is driven by air-
craft performance, flight states and environment.
For identical performance, the given environment
and gross weight, other key factors such as flight
altitude, speed and attitude, are extracted from the
key point of trajectory profiles, which play the most
significant roles in the determination of fuel con-
sumption.

Fuel consumption estimation method: With the se-
lected variables and environment, sub-match fuel
consumption method as described earlier is em-
ployed. How to match the given conditions could be
a critical step for this method.

Comparison and analysis of the fuel consumption
estimation: According to the quantities of fuel con-
sumption calculated by sub-match method for two
approach ways, the fuel savings capability for the
CDA is explored.

b)

d)

RNAV approach procedure at|_|
Pudong International Airport

Environment of RNAV approach at
Pudong International Airport

Environment of RNAV-CDA approach
at Pudong International Airport

QAR data
preprocessing

QAR data H

Parameters of approach key
points related with fuel

A 4

Fuel consumption
estimation method

Comparison analysis of Fuel

\ 4

consumption estimation

Figure 6 - Scheme of fuel consumption analysis
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4.2 Data preparation

Except for the dataset issues mentioned in Section

3, two highlights are emphasised as follows:

For this research, QAR data of one identical B737-
800 from actual flights, covering the whole year
during descent phase are collected as dataset.

- Twelve flights are used for validation samples,
which are in the same period with the dataset, to
guarantee that the aircraft performance is almost
unchanged and cover the meteorology of validation
flights.

4.3 Establishment of experimental scenarios

In order to analyse various environments for a
whole year, twelve flights in each month are prepared
for calculating the potential fuel savings of CDAs. In
particular, five representative flights are selected to
illustrate the details, which are marked by A to E, re-
spectively, for reasons of convenience.

Approach conditions are established by their me-
teorological and flight states data, which are listed in
Table 6. Wind speed and aircraft weight play significant
roles in the determination of fuel consumption. Hence,
aiming to establish various scenarios to test the im-
pact of these parameters, three considerations are
given to establish the experimental scenarios:

1) The comparability for two types of approach proce-
dures

As illustrated in Figure 1, sharing the same initial

altitude and position, the starting point for both

approach trajectories is set to be TOD. From the

conventional approach procedure, the key points of

horizontal and vertical trajectories for CDA proce-

dures can be determined. Besides, the initial gross

weight and meteorological environment of CDA are

set to be identical to the conventional procedure.
2) Impact of wind speed

It takes positive values for tailwind and negative for

headwind, noticing that the meteorological of flight

A, B, C and E are tailwind and the average of wind
speed of flight C is 69.4 kt, while flight D is under-
going tailwind.
3) Impact of gross weight

The conditions of flights A and B are similar except
for gross weight, which can be seen from Table 5;
that flight A has a bigger gross weight. Such two
scenarios will be taken to investigate whether the
heavy aircraft will benefit from more fuel savings
due to CDA.

4.4 Extraction of the key points parameters

On the premise of identical simulation environ-
ment, the main parameters of the key points are pres-
sure altitude and airspeed. In Section 3, the designed
RNAV-CDA procedure clarified the values of these pa-
rameters from 8,202 ft (PK point in Figure 6) to the
landing point. Additionally, the altitude above the sea
level should be calculated into pressure altitude. The
vertical speed and longjtudinal acceleration can be
inferred from vertical and speed profile, respectively.

The initial approach times have to be confirmed as
well. In practice, as described in the definition of CDA,
however, the additional segment starting from cruise
to PK, should be taken into consideration, which
is clearly different from the conventional approach
(shown in Figure 1). Therefore, unification is necessary
for the comparisons. In this research, for their com-
mon initial time, the point is selected which begins to
descent from cruise and can be confirmed from QAR
data. Hence, the additional segment (from initial point
of CDA to the point of conventional approach) will be
added when calculating fuel consumption for the con-
ventional approach. The parameters of the key points
for fuel burn estimation of runway 17L at Pudong Air-
port is illustrated in Figure 7.

Table 5 - Approach conditions of conventional approach for five flights

Flight A Flight B Flight C Flight D Flight E

Vertical speed [ft/min] -3,222~227 -3,269~56 -3,397~222 -2,394~272 -1,748~-704
Pressure altitude [ft] -329~25,943 | -603~25,988 | -422~24,483 | -407~21,841 | -161~28,104
Longitudinal acceleration [g] -0.06~0.156 -0.053~0.11 | -0.057~0.082 -0.01~0.148 -0.038~0.14
Airspeed [kt] 142~369 142~378 144~419 145~392 146~429
Initial gross weight [Ib] 128,600 136,838 133,239 135,640 129,240
Flight path angle [deg)] -4.21~0.69 -5.32~0.40 -5.27~0.35 -6.33~0.70 -5.98~0.35
Along-track wind speed [kt] -8.4~53.6 -9.9~65.9 -8.9~102.0 -46.2~9.4 -3.4~94.7
Average wind speed [kt] 19.6 22.6 69.4 -37.8 57.2
Total temperature [°C] -12.8~9.0 -14.2~8.5 -5.5~8.5 -3.5~12.0 -5.1~16.5
g@?f;f t‘:]fr;g& &Oiﬂtnf]r om 280.717 291.940 262.691 266.782 290.920
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Figure 7 - Parameters of the key points for A~E flights
5. SIMULATION RESULTS AND ANALYSIS Table 6 - Fuel consumption of two approach patterns
The fuel consumption and flight time of two ap- Fuel burn of
proach patterns for sample flights are summarized in Dat conventional FU?IC%Xn Flfﬁl
Table 6. The quantities of conventional approach are ate approach O[kg] Sa[\(('g]gs
calculated by statistic values from QAR data, and for [kgl
CDAs, the estimated values are the average values of 2/1/16 (flight A) 629 582 ar
the fuel burn records for each corresponding sub-con- 12/2/16 (flight B) 819 629 190
dition, deriving from the method in this paper. The sim- 7/3/16 689 564 125
ulation results show that the average fuel savings of 15/4/16 (flight C) 611 643 -32
217 Ib (98.6 kg) per flight are achieved, almost 13.3% 23/5/16 (flight D) 755 586 169
less than in the conventional procedure. However, 3/6/16 802 724 78
for unavailability of practical operational data, thus 3/7/16 (flight E) 749 689 60
roughly, a cross-study comparison is made, and the | 8/8/16 755 635 120
chosen studies are comparative in the sense of stan- | 22/9/16 726 654 72
dard procedure under the unconstrained traffic con- | 5/10/16 733 738 5
dition. As expected, the results are within or close to | 28/11/16 835 655 180
the ranges of the results from field tests of the CDA at | 9/12/16 814 635 179
Schiphol airport [17]. These reported that the box-plot  [_Total 8,917 7,734 1,183

of the historical data from FMS shown indicate that the
fuel savings per flight for Boeing 738s have lower quar-
tile of 198 Ib (90 kg) and the upper quartile of 286 200

Ib (130 kg). In addition, the actual flight arrivals into E" 150
Denver International Airport (DEN) in October 2007 “2" 100
reported that a reduction of 250 Ib (113 kg)/flight for § 50 I . I
B738 was achieved from the flight level of 25,000 ft T o . O —
[18]. And Clarke et al. reported average fuel savings of % g sl L
. . © © © © © O © O O ©O ©Oo ©
208 Ib per flight for large turbojets [19]. § § § :\r g g .t\' g ;\: g § §
However, from the distribution of the estimated S I X XS S 29 49+
— N N~ 1O MO MO M 0 N O SOS .
fuel savings visualized in Figure 8, the standard de- - - o Now Qo
viations are large, and thus, a deeper investigation Date (day/month/year)
into this estimation should be made. Additionally, five Figure 8 - Gross fuel savings for twelve sample flights
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Figure 9 - Fuel burn rates of two approach patterns
Table 7 - Fuel consumption of five representative flights
Flight A Flight B Flight C Flight D Flight E

Fuel burn quantities of conventional approach [Ib] 1,387 1,806 1,346 1,665 1,652

Fuel burn quantities of CDA [Ib] 1,283 1,387 1,418 1,292 1,519

Fuel saving quantities [Ib] 104 419 -72 373 133

Percentage of fuel saving [%] 7.54 23.14 -5.35 22.40 8.05

Time reductions [s] 96 107 -182 9 79
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representative flights, whose results are listed in
Table 7, selected from twelve samples are chosen to
analyse the reasons.

Before revealing the results, it should be noted that
the sampling time for the previous few records of QAR
data (which represents transition segment from cruise
to descent, about 6 to 13 records for five test flights) is

60 seconds, while in the later period they are sampled
for one second, and as such, data interpolation should
be made for the previous period.

Overall, as shown in Figure 9, the CDA exhibits low-
er fuel burn rates when comparing with the conven-
tional approach. In most cases, the flight times of the
CDA are also reduced. Figure 10 shows the vertical
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Figure 10 - Vertical trajectory profiles for A~E flights
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trajectory of five test flights. It can be seen that the

CDA profiles are smoother, without level-offs at low

altitude. Figure 11 represents the airspeed profiles of

five test flights. Comparing to the airspeed curve of
conventional approach, it is seen that the CDA increas-
es the average speed with small fluctuation, which will
also lead to lower fuel burn rates as well as a huge
amount of fuel savings for the majority of flights.

Meanwhile, the CDA procedure reduces the average

flight time by 23.4 s per flight, which is another reason

why a huge amount of fuel could be saved.

However, these estimations for five flights appear
to be a large variation, and more specific analysis for
each flight should be conducted:

a) Itis noted that the CDA procedure of flight C exhib-
its negative fuel savings, as listed in Table 8, with 71
Ib of additional fuel burn, and the possible reasons
are depicted as follows.

- Ascan be seen from the vertical profile in Figure 10c,
a short period of level flights at low altitude is the
main reason of reducing fuel consumption for con-
ventional procedure of flight C.

- The CDA duration time of flight C is longer than that
of the conventional approach, about 112 seconds,
which consumes more fuel during this period.

- Large variation of wind speed of flight C will lead to
errors when estimating fuel consumption for CDA.

b) In five flights, the fuel saving ability for flight B is the
most remarkable one; the conclusion can be drawn
that:

- The duration time of conventional approach is lon-
ger than that of CDA, about 107 s.

- Analysing from vertical profile, the conventional
procedure lasts more level or approximate level
segment compared to the other flights.

- The gross weight of flight B is the biggest one
among five flights. Especially, compared to flight A,
which has similar scenarios for other variables, the
gross weight could be a variable which has an im-
pact on fuel consumption; in other words, a spec-
ulation can be drawn that heavy aircraft benefit
more on fuel savings. Such conclusion is consis-
tent with the results from previous research [16],
that wide-bodied commercial aircraft should be the
target group of CDA.

c) Flight Aand E are common approaches for two pat-
terns.

The robustness of the procedure was evaluated by
the use of values for the wind speed and the direction
for the designed scenarios, aiming to simulate various
wind conditions. Five scenarios include both wind envi-
ronments: (1) tailwind for flight A, B, C and E; (2) head-
wind for flight D; (3) strong wind. These are shown in
Table 7, and the positive results imply that CDA could
reduce fuel consumption under various wind condi-
tions.

When comparing to the result of Clark’s field tests,
the percentage of fuel savings in this paper are con-
servative. Even in some reports the reductions are
more aggressive, claiming that maximum benefits re-
ductions are compromised by over 40%, which is high-
er than the average results given in Table 7. Yielding
these results, might be attributed to the reason that
the data of reports are collected in practice, in which
pilots could adjust the attitude according to the defi-
nition and requirements of the CDA, regulating the
operational condition of engine, so as to reduce the
fuel burn rates continuously, especially for the descent
phase. Nevertheless, in this paper the fuel flow rates
are estimated via sub-match method, without consid-
ering this engine transformation.

Therefore, another experiment is conducted, re-
placing the estimation values by minimum data re-
cords of its corresponding sub-circumstance, instead
of the average values. Table 8 presents the results
of minimum fuel consumption. It gives a significantly
different result with substantial reduction of fuel con-
sumption by 52.16% on average. In other words, a con-
clusion is inferred that more remarkable potential of
fuel savings can be achieved by improving the manipu-
lation skills and keeping the power as low as possible.

6. CONCLUSION

This research focused on exploring a method to
evaluate the potential fuel savings for Continuous De-
scent Approach. In this paper, rather than mathemati-
cal modelling, a sub-match method based on historical
QAR data has been proposed. A number of parameters
were selected to establish the sub-conditions for flight
conditions. It was demonstrated that the mean error of
this method is within 3%.

A case study for RNAV-CDA procedure at Shang-
hai Pudong Airport was presented, investigating their
potential fuel savings compared to the typical “step-
down” approach. The variables of key points of CDA
procedures were identified by extracting from vertical
and speed profiles, and meteorological environments
are also set identical to the conventional approach.
In general, the result of fuel reduction estimated by
the sub-match method is 217 Ib per flight for Boeing
737-800, which is in accordance with that of the field
tests in previous reports. Meanwhile, the results also
further demonstrate the availability for the proposed
method.

In addition, by matching with the sub-conditions
from historical QAR data, five sample flights were se-
lected to establish various scenarios, which could
help to understand the benefits of different descent
conditions. Different quantities of fuel savings, even
negative ones, for five scenarios were estimated, and
the detailed results were explained carefully by the
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Figure 11 - Airspeed profiles for A~E flights
Table 8 - Minimum fuel consumption quantities of two approach patterns
Flight A Flight B Flight C Flight D Flight E
Fuel burn of conventional approach [Ib] 1,387 1,806 1,346 1,665 1,652
Fuel burn of CDA [Ib] 657 786 725 662 899
Fuel saving quantities [Ib] 730 1,020 621 1,003 753
Percentage of fuel saving [%] 52.64 56.47 46.13 60.23 45.58
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relationship with the number of level-offs, descent
time as well as gross weight. The impact of wind con-
ditions on fuel consumption was examined as well.
Furthermore, the fuel consumption estimated by the
minimum fuel burn records exhibit 52.16% of fuel sav-
ings, which could be affected by aircraft attitude and
manipulating skills. The potential application of this
sub-match method helps to transfer the simulation
into eventual CDA field deployment and even to extend
to other new procedures or routings associated with
environmental impacts.

Although this research offers a high precision meth-
od in estimating fuel consumption, and obtaining good
results in simulating the CDA procedure for potential
fuel savings, this work can be improved in two aspects:
(1) it is difficult to analyse the fuel-optimal trajectory,
which needs to be discussed further in the field test;
(2) further research should be carried out considering
various traffic surroundings of large sample flights with
more realistic traffic mixes.
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