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The objective of this study is to develop statistically significant models in order to determine the effects of altitude
on fuel consumption of commerecial aircraft during descent for a specific flight-path angle. In this context, the fuel
usage trend during descent is investigated for a constant flight-path angle as a function of altitude. For this purpose,
flight data records related to ten randomly selected flights are used. To perform the investigation, three model
approaches are discussed. In the first method, all descents are evaluated separately. In the second method, all data are
evaluated and a general model is established. In the last method, the coefficients found for the models of the first
method are examined and a profound relationship is established. For comparative purposes, the results of all
approaches are evaluated by statistically determinative indicators and Base of Aircraft Data models. In conclusion,
significant relationships between the fuel flow rate and the descent altitude for a 3° flight-path angle are obtained for
all models for descents of 70% of the domain. As expected, the best results are found for the first model approach.
Standard errors are found between 1.3 and 4.7 % of the actual fuel flow rate for corresponding descent altitudes.

1. Introduction

UEL cost is one of the key direct operating costs for air transport.

A variation in fuel price has a direct effect on flight cost.
According to International Air Transport Association, the average
kerosene price for May 2010 is 88.6 dollars per barrel which
corresponds to 708.8 dollars per ton of kerosene [1]. For instance,
considering ten flights take place equally over two different relatively
short distance routes [five flights per route; the ranges are 345 km
(186 n miles) and 463 km (250 n miles)] by B737-800, it is found that
the average fuel cost of an entire flight is between 1363—1488 dollars,
while the fuel consumption observed only in descent (phase 9) is
between 203-251 dollars. Regarding the preceding routes, it can be
noted that the proportion of the fuel usage in descent for short
distance flights changes between 10 and 24% of the total fuel
consumption depending on flight range and aircraft type.

Considering the flight duration and fuel consumption rate, the
flight can be split into three parts: climb, cruise and descent. This
sequence is also valid for engine power usage, which is high during
climb, while low during descent. Regarding flight duration, if the
distance between the destination and departure airports allows the
aircraft to cruise at their optimum altitude, then the climb and descent
phases can each be around 20-30 min. On the other hand, for short
distance flights, the descent phase is still significant as shown in the
Eurocontrol statement: “The traffic in the European Civil Aviation
Conference (ECAC) area is predominantly short haul traffic with
nearly half of the flight distance spent in climb or descent phases™ [2].
Such a long duration basically highlights the opportunities for fuel
savings [3-5].

In this context, a typical mission fuel use according to the flight
phases are demonstrated with the flight duration in Fig. 1.
Considering three main flight phases, the highest the fuel use is
observed in climb, while the lowest is in descent. Furthermore,
several more markers can be seen between phases 8 and 9. In addition
to the environmental protection, the air traffic management system
monitors and regulates the trajectory of a descending aircraft over the
air terminal area continuously to eliminate the potential of conflict
with the other aircraft performing climb or transit. These regulations
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sometimes involve maintaining the altitude of aircraft or changing
the flight-path angle (FPA) of the descent trajectories and can lead to
low-level flight which is not good for fuel consumption. As a result,
the markers indicate two low-level flights occurred in this flight. The
effect of low-level flight on fuel models is discussed in the section of
results and discussion.

During descent, there are variations in engine power due to factors
such as adhering to air traffic controller directives, wariness of the
minimum height of obstacles in terminal airspace or conditions
resulting from weather. In addition to these factors, the effects of the
atmosphere pressure should also be noted. Accordingly, during
descent the air pressure increases due to the density increase. This
allows the lift requirement of the aircraft for the constant thrust to
decrease and leads to a decrease in engine power. However, taking
into consideration the increase in density, this will also lead to an
increase in drag, as well as an extension of the flaps and slats to
maintain the FPA by reducing speed and so generating additional
drag. Consequently, an increase in engine power is needed as altitude
decreases. That is, there is a fuel flow increase resulting from a
decrease in altitude.

However, there are some methods which try to reduce fuel
consumption in this phase. One of the current procedures aiming to
reduce fuel consumption during descent is called continuous descent
approach (CDA) procedures, which enable aircraft to track the
optimum flight profile using the appropriate FPA. Eurocontrol
proposes that the definition of CDA is “an aircraft operating
technique in which an arriving aircraft descends from an optimal
position with minimum thrust and avoids level flight to the extent
permitted by the safe operation of the aircraft and in compliance with
published procedures and air traffic control (ATC) instructions” [6].

The most widely-known benefits of CDA procedures are reducing
aircraft noise, fuel burn and emissions [7-15]. At present, however,
achieving such a cooperative operation of pilots, air traffic controllers
and aircraft itself to obtain descent with CDA is quite complex.

Concerning the modeling of fuel consumption as a technical
aspect (rather than its correlation with aircraft or fleet selection or
route determination, etc. [16-21]), it is difficult to see many
examples in the literature. In early 1980s, energy balance algorithm
has been used to estimate the fuel consumption of a turbojet engine
[3]. Another fuel flow method has been developed by Boeing to
calculate the emissions resulted from aircraft [22]. The widely-
known NASA emission models have based on these fuel flow models
[23,24]. Most recently, the fuel consumption of aircraft in terminal
area and in complete mission have been investigated with thrust
specific fuel consumption and neural network algorithms,
respectively [5,25]. The former is one of the explicit examples that
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Fig. 1 An example for breakdown of fuel uses and corresponding durations of certain flight phases for a B737-800. The location of each number in
parenthesis indicates the end of the corresponding phase, while the vertical texts show the distance flown up to the end of this phase.

the actual flight data records (FDRs) have been used. Nevertheless,
there is one model which is widely known, called the Base of Aircraft
Data (BADA) which should be mentioned. It has been developed by
Eurocontrol and covers almost 300 aircraft types [26]. The latest
version is labeled as 3.8. In the fuel consumption section of the
BADA, the fuel flow function is expressed by three different
functions which incorporate the thrust specific fuel consumption as a
function of true air speed and equation correction coefficients for all
flight phases except cruise and descent idle. During the descent idle
and cruise phases, other expressions for fuel consumption apply
which are functions of altitude and equation correction coefficients.

The objective of this study is to find a statistically significant
relationship between the fuel flow rate and altitude for the descent
phase (phase 9: other phases are not considered in this research.) at 3°
FPA. For this reason, the B737-800 (hereafter B738) is selected. In
addition to the International Civil Aviation Organization aircraft
operation document [27], the main reason for using a 3° FPA is that it
is a suitable descent angle suggested by a wide range of researchers
from the fields of air traffic procedures and aircraft performance [7—
9,11]. The originality of this research is that it is based on actual
aircraft flight and engine data. Moreover, the modeling aspect is also
useful regarding to understanding of the fuel flow trend during
descent.

II. Method

For this study, ten domestic flights are randomly selected from a
population of all domestic flights of Pegasus Airlines in 2009 for two
specific short distance routes. The destination airport is the same for
all the flights (Istanbul Sabiha Gokcen Airport, Turkey), while the
departure airports are Antalya Airport (LTAI) for the first five flights
(denoted as F1 through F5) and Izmir Airport (LTBJ) for the second
five flights (denoted as F6 through F10). Istanbul Sabiha Gokcen
Airport (LTFJ) is located 35 km southeast of Istanbul. LTFJ has a
single runway which is oriented 06/24 and the dominant arrival
patterns are the direction to runway 06. According the traffic volume
LTFJ is the second largest airport in Istanbul Terminal Airspace. The
airport served 6.6 million passengers and more than 60,000 aircraft
movements in 2009. The locations are given in Table 1.

These flights were performed by the same type of aircraft (but not
aircraft of the same tail number) and engines. The aircraft type
considered is the B737-800, which is a twin-engine short-to-
medium-range aircraft. The engine type used in these aircraft is the
CFM56-7B, ahigh-bypass turbofan engine with a bypass ratio of 5.5,
an overall pressure ratio of 32, and a thrust rating of 115 kN. Actual
data on fuel flow, aircraft speed, engine speed (N1, N2), altitude,
aircraft mass and so on are obtained from aircraft FDRs.

Processing the FDR is not easy since there may be anomalies
related to observations which are recorded at 1 s or even three or four
times per second. These anomalies are caused by the instantaneous
reaction of the electronic engine computer (EEC) of full authority
digital engine control system to condition variations such as autopilot
commands, throttle, air traffic directives, altitude, ambient
temperature and pressure, bleed air usage, anti-ice air usage and so
on. Since, the time interval of saved observations is so small itis usual
to see these anomalies in the records. Therefore, building models
based on these observations might generally not allow the
establishment of a regular or significant model and necessitate the
filtering of noise data from the records. The ratio of the filtered data is
provided at the subsequent section.

There are many factors that can affect fuel consumption during a
flight. Among these factors, are weight, weather conditions, air traffic
management, and company policy in terms of cost index and so on.
Therefore, even considering the same routes and the same aircraft, it
would be exceptional to observe identical fuel consumption. In this
context, in order to reduce fuel consumption, airline companies
implement certain procedures such as not carrying unnecessary items
(excessive fuel, excessive baggage, food, reading material, and
suchlike), reducing the operating time of engine on the ground, single

Table 1 Aerodrome locations

Aerodrome location indicator Aerodrome reference point

and name coordinates
LTFJ: Istanbul Sabiha Gokcen (Int.) 405354N 0291833E
LTBIJ: Izmir Adnan Menderes (Int.) 381721N 0270918E
LTALIL: Antalya (Int.) 365401N 0301734E
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Table 2 Flight information of ten random flights?

ID  Flight date Arrival time Flight duration, min Load factor Payload, kg Fuel on board (top of descent)/fuel Mass (top of descent)/mass

on board (takeoff), kg (takeoff), t

F1 30 Dec. 09 11:56 67.2 0.69 1475 3765/5434 58.08/59.67

F2 29 Dec. 09 09:05 66.5 0.37 617 3375/4944 51.85/53.47

F3 27 Dec. 09 18:52 66.7 0.76 694 3611/5098 58.42/60.13

F4 26 Dec. 09 06:26 64.7 0.53 776 3765/5407 55.01/56.70

F5 25 Dec. 09 12:02 73.8 0.83 1144 3579/5221 60.07/61.80

F6 26 Dec. 09 09:47 64.9 0.66 767 3801/5103 56.92/58.24

F7 22 Dec. 09 19:22 64.2 0.64 754 4105/5393 56.86/58.19

F8 12 Sept. 09 19:13 54.6 0.84 3190 4055/5416 62.63/64.08

F9 12 Aug. 09 09:25 529 0.75 1095 3788/5144 56.35/57.75

F10 12 June 09 06:33 48.2 0.73 895 3846/4999 58.62/59.86

“Regular capacity of B738 is 189 passengers. Payload includes baggage and cargo.

engine taxiing, rational fuel management and so on. Flight can be observed at different vertical profiles (see Fig. 2). Therefore,
information is given in Table 2. the applied FPAs may be different descent by descent. The variations
In the analysis part, data regarding the descent parts where a 3° of the FPA of ten descents are given in Table 3. From table, it can be
FPA (£0.25°) is gathered. Since, standard arrival route procedures seen that relatively higher FPAs are used in F4, F8 and F9, while

do not exist (in 2009) for Sabiha Gokcen Airport, descent procedures lower FPAs are observed for descents of F6, F7 and F10.
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Fig. 2 Descent vertical profiles of aircraft departing from a) Antalya and b) Izmir airports.
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Table 3 The breakdown of used FPAs during descent

Flight-path angle, %*

ID Datacount 0.5° 1.0° 1.5° 2.0° 25° 3.0° 3.5° 4.0° 4.5° 50° 55 6.0° 65 7.0 75°
F1 1124 1 1 19 27 9 16 14 6 1 2 2 1 1 0 0
F2 964 4 5 19 6 7 12 15 4 2 9 10 3 1 0 1
F3 943 1 7 17 8 6 31 17 6 3 2 0 0 1 1 0
F4 919 1 311 7 6 15 23 19 4 2 2 3 3 1 0
F5 1348 7 14 20 16 13 9 8 3 2 2 1 1 2 1 0
Fo6 1329 1 9 61 7 8§ 12 3 0 0 0 0 0 0 0 0
F7 1124 2 5 37 53 1 1 1 0 0 0 0 0 0 0 0
F8 1089 3 8§ 10 14 32 25 5 2 1 0 0 0 0 0 0
F9 805 2 3 13 6 11 56 7 0 0 1 0 0 0 0 0
F10 1087 0 18 41 2 1 5 15 13 3 0 0 0 0 0 0

“FPAs are determined with an allowed range of £0.25°.

As can be seen from Table 3, the descent portion with a 3° FPA is
different for each descent. Furthermore, it should be noted that the
altitude region for these portions is also different for each descent.

III. Results and Discussion

In this section, an investigation is carried out to ascertain if there is
a single model that could cover for all ten descents. To perform this
task, all of the descents are first examined individually to note any
relationship between fuel flow rate and altitude. Subsequently, the
individual models found for each descent are evaluated to see if the
possibility exists to develop a single model that could be relevant for
all descents. The validation for models is conducted by three
statistical parameters: coefficient of determination, standard error
and F significance (F sig.).

It should also be noted that the fuel flow rates or other parameters,
such as altitude and engine speeds are obtained from the FDR for a
single engine. Although the parameters of both engines (left and right
engines) are mostly equal some differences can be observed due to
the characteristics of engines, but they are too small to be considered.
Therefore, unless otherwise stated the results are given for individual
engines. However, the results for aircraft can be easily found by
doubling the outputs found for one of the engines. Apart from that,
although the SI units are used throughout the study, for the sake of
simplicity with the FDRs, the unit for altitude is given in feet.

A. Models Based on Individual Descent

Firstly, all descents are investigated individually in order to
observe if a tangible relationship exists between fuel flow rate and
altitude. Atthis point, in order to maintain the standard error as low as
possible, the noise data is filtered. The requirements of the filtering
process resulted from the EEC commands on the fuel control unit
(FCU). To maintain the required fuel air ratio in respect of the all the
engine power settings, and aircraft attitude (not altitude), weather
conditions, use of the engine bleed air and so on, the EEC
continuously monitors fuel flow and controls the FCU. The flight
conditions, or change in bleed air requirements due to the air
conditions of the cabin or internal air system of the engine might lead
instant and relatively large (or unusual) deviations in the fuel flow

Table 4 Information regarding descents at a 3° FPA

ID Total data Filtered data Filtered data  Altitude region

count count ratio, % (100 ft)
F1 70 66 5.7 187-69
F2 112 108 3.6 305-94
F3 63 50 26.5 319-295
F4 138 124 10.1 312-45
F5 123 90 26.8 254-108
F6 155 154 0.6 152-55
F7 15 15 0.0 63-58
F8 275 182 33.8 292-112
F9 451 445 1.3 261-86
F10 56 49 12.5 215-53

data. These deviations normally only last for a small duration (in the
order of several seconds) but are recorded by the EEC to FDR while it
has an impact on the model. To overcome this inconvenience, these
deviations are removed (filtered) from the data.

The ratios of the filtered data to the data count of a 3° FPA are given
in Table 4. As can be seen from the table, the regular 3° FPA data
count is considerably lower than the total descent data count which is
given in Table 3. This also indicates the percentage of use of a 3° FPA
for the entire descent. In the last column of Table 4, the altitude
regions are also shown. Accordingly, except for the descents of F3
and F7, it can be seen that reasonable vertical regions are travelled by
the remaining descents at a 3° FPA.

According to the correlation and regression analyses, except for
one descent, a linear relationship between fuel flow rate and altitude
is established with significantly low standard errors as follows:

y=i+xh (1)

where y and & stand for fuel flow rate (kg - h™!) and altitude (ft),
while i and x denote the intercept and variable of the function.

The statistical parameters are tabulated in Table 5. As it shows a
heavily fluctuating trend, no significant model can be found for F3
and therefore, is removed from the domain. For the remaining
descents, the linear relationships between fuel flow rate and altitude
indicate an increase in fuel flow rate of 7-15 kg - h~! forevery 305 m
(1000 ft) decrease in descent.

In Fig. 3 several examples regarding the fitness of individual
models are shown with solid black lines for the descents of F2, F5, F8
and F9. These descents are selected as they provide the least and
highest standard errors and have higher data counts. From Table 3, it
can be clearly seen that the intercept and slope of F2 and F5 are higher
than those for F8 and F9. The main reason for this difference can be
attributed to the difference of vertical regions where the 3° FPA is
observed and the frequency and duration of the use of the 3° FPA.
Since the power settings can be different for each FPA, switching
from one FPA to another would require some time for stabilizing the
parameters for new FPA. When the frequency of these switches is

Table 5 Information regarding the model and statistical
parameters for a 3° FPA for all descents

ID Model R*>  Std.err, F sig.
kg- h™!

F1 425.48 —9.2 x 1073h 0.98 4.2 3.96 x 1073
F2 54535—12.8 x 10732 0.89 19.9 2.82x 1073
F3t - - —

F4  41222-82x107h 098 95 4.4 x 107110
F5 663.51 — 149 x 10731 0.96 10.7 1.38 x 1079
F6 429.15-9.2x 107%h 0.98 3.9 5.40 x 107124
F7 453.40 —13.4 x 1073h 0.75 1.5 3.12x 107
F8 408.70 — 7.3 x 10~%h 0.98 5.2 2.60 x 107130
F9 408.30 — 7.8 x 10~%h 0.99 4.5 0

F10 428.18 —9.0 x 10~%h 0.98 6.3 3.12 x 107#

“F3 is excluded from the domain as its data fluctuates substantially. # and R?
denote altitude (ft) and coefficient of determination, respectively.
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Fig. 3 Examples for fitness of individual models.

high or the duration of tracking an FPA is low this has a negative
effect on the trend of parameters, not only the fuel flow rate, but also
other parameters, such as engine speeds (N1 and N2).

This effect can be seen in Fig. 4. According to the frequency of the
descent, it can be seen that there are 3° FPA groupings at certain
altitude intervals for F2 and F5 compared with a more uniformly
distributed use of 3° FPA for F8 and F9. This implies the aircraft
follow a 3° FPA track at a reasonable time but only for a limited
altitude region for F2 and F5. For instance, in the descent of F2, an
accumulation of a 3° FPA use is observed between 6096-7925 m
(20,000-26,000 ft), while a similar use occurred under 5486 m
(18,000 ft), however, with a relatively low frequency for the descent
of F5. On the other hand, regarding engine speed for these descents,
small but important differences appeared as the average N1 speeds of
36, 38, 33 and 33% for F2, F5, F8 and F9, respectively.

Apart from this, from Table 3, it can be seen that the slope of F7
also appears higher compared with other regular descents (all
descents excluding F2 and F5). This difference results from the
relatively low data count observed in F7. However, despite the low
data count, a similar linear relationship between fuel flow rate and
altitude is established.
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Itis obvious that the difference observed for F2 or F5 has an impact
on the development of general models. However, although the use of
a 3° FPA for these flights is not ideal compared with the other regular
descents, the linear relationship between fuel flow rate and altitude is
still accepted as sufficiently significant in terms of the fitness of the
model. This also implies another important result that is the effect of
the frequency of the FPA switch on fuel flow during descent.

B. General Model Based on All Descents

In this section, a general model that could be available for the given
individual models is developed. To do this, two methods are
investigated. In the first method the data of all nine descents are
analyzed together. F3 is excluded from the analysis domain for the
preceding reason. Furthermore, F2 and F5 are also excluded from the
domain since their intercept coefficients are relatively different than
the other descents, leading to a substantial deviation to the fitness of
the model. The characteristic of the deviation is also reported by
certain statistical parameters.

In the second method, the coefficients of the individual model are
investigated separately as intercept and variable as if there is a further
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Fig. 4 The histogram of vertical regions where a 3° FPA is tracked. Frequency denotes data count.
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relationship between the intercept and variables with altitude. In the
following subsections, the results are discussed.

1. General Data Analysis

As can be seen from Table 5, there are seven descents where the
intercept and variable coefficients are similar. This provides
motivation regarding a similar relationship between fuel flow rate
and altitude which could exist for all seven descents.

A regression analysis is applied to a total of 1035 data pairs
(altitude and corresponding fuel flow rate). As a result, a significant
relationship is established. The model result is calculated as

y=414.30 — 8.1 x 10734 @)

and the statistical outputs, R? (coefficient of determination), standard
error and F sigs. are found to be 0.98, 7.3 and ~O0, respectively. The
fitness of Eq. (2) is illustrated in Fig. 5. The model suggests that each
305 m (1000 ft) of decrease in altitude leads to an increase in fuel flow
rate at around 8.1 kg - h™'.

Although the model is appeared to be significant for seven
descents, performing a comparison against to the individual models
could be advisable. This comparison is illustrated in Fig. 6.
According to the data, considering the standard errors of individual
models, it can be seen that none of the descents present a better
standard error for the model obtained by Eq. (2). The average of
standard errors for individual models is 5.0 kg - h™!, while it is
7.8 kg - h™! for the standard errors obtained by Eq. (2). Indeed, the
difference exceeds four fold of standard error for F7 and two fold of
standard error for F8. However, although the results obtained by
Eq. (2) are worse than those for the individual models, considering
the actual fuel flow rates, it is worth noting that the average standard
errors for both model approaches provide very small errors at 1.3—
4.7% of the actual fuel flow rates.

2. Coefficient Analysis

In this section, in order to achieve a general model, the reasons for
the intercept and the variable variations at each descent are
investigated. Firstly, strong relationships between coefficients and
altitude are found through the scattered diagram. This could be
attributed to the different vertical regions that the trajectory of 3° FPA

o Individual model ® Eq.(2)

[
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g
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Descent ID
Fig. 6 Standard error comparison for two different model approaches
in terms of fuel flow rate.

Table 6 Tabulated intercept and variable values
of seven descents

ID Top altitude, ft  Bottom  Intercept Variable
altitude, ft

F1 18,720 6968 42548 —92x 1073
F2¢ —_— B —_— —_—
F4 31,203 4543 41222 —82x1073
F5¢ —_— —_— —_— —_—
F6 15,193 5516 429.15 -9.2x 1073
F7 6338 5764 45340 —134x1073
F8 29,159 11,225 408.70 —7.4x 1073
F9 26,133 8620 40830 —7.8x 1073
F10 21,471 5337 428.18 —9.1x 1073

“F2 and F5 are excluded from domain as their intercepts are different
from other descents.

is used for each flight. Based on these relationships, two regression
analyses are performed separately for intercept altitude and variable
altitude. The required values for the analysis are tabulated in Table 6.

The linear relationship between the intercepts of seven descents
and altitudes where a 3° FPA is tracked suggests a correlation
coefficient of 0.95 between the top altitudes and the intercepts.
Regarding the regression analysis, the model for the intercept (i) of
the fuel flow rate function can be given as a function of altitude as
follows:

i =460.61 —0.00175h 3)

Of the statistical parameters for Eq. (3), R?, the standard error and
F sig., which indicate the significance of the model are found to be
0.90, 5.5 and 0.0011, respectively.

On the other hand, a nonlinear relationship between the variables
of seven descents and altitudes is established with a correlation
coefficient of 0.97. The output of the regression analysis suggests a
model for the variable (x) of the fuel flow rate function [in Eq. (1)] as
follows:

x=332x10""%*—2.90 x 107""h? + 9.19 x 10~"h — 0.01807
“)

where R?, the standard error and F sig. are calculated as 0.95,
6.22 x 10~* and 0.018, respectively. Therefore, according to the
statistical indicators, a strong relationship between the coefficients
and altitude is observed. Investigation shows there are other param-
eters in addition to altitude, could have an effect on coefficients;
aircraft mass and ground speed are also examined. However, no
evidence is found which could indicate such a relationship exists.

Once the functions (i and x) for the coefficients are found, in order
to measure the fitness, a test process is applied to the data through the
use of functions as follows:

y =460.61 — 0.00175h + (3.32 x 1071943 — 2.90 x 10~ A2
+9.19x 10772 — 0.01807)1 5)

and the results for the descents having the lowest and the highest
standard error are demonstrated in Fig. 7.

In Fig. 7, it can be seen that the error calculated for F8 is between 0
and 20 kg - h™!, while it is between —10 and +10 kg - h~! for F9.
Furthermore, the highest errors occurred at the highest and lowest
altitudes. The main reason that could be attributed to this trend is the
change in the configuration of the aircraft. Accordingly, when the
aircraft initiates a descent, a gradual decrease in engine power
settings is observed instead of a sudden decrease. For example, in F2,
the averaged cruise N1 and N2 speeds are 83 and 90%, respectively.
However, beginning with the last 12 s of the cruise phase, the N1 and
N2 speeds starts a gradual decrease. These speeds are observed as 72
and 85% in the beginning of the descent phase. For a comparison
purpose, the cruise N1 and N2 speeds (79 and 90%, respectively) of
FO starts to decrease 38 s before the switching to the descent phase.
The N1 and N2 speeds at the start of descent phase are observed as 44
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Fig. 8 Standard error comparison for two different model approaches
in terms of fuel flow rate.

and 80%, respectively. Therefore, the aircraft might require a
reasonable amount of vertical region to stabilize the engine power
settings for descents. This vertical region could depend on the time
schedule, weather or air traffic directives. A similar circumstance is
valid when the aircraft is at low altitudes, since at this time the final
approach arrangements in terms of flight control surfaces could set
for landing or the air traffic controller directives resulting from traffic
or terminal air space obstacles might lead the aircraft to change its
regular flight path.

In Fig. 8, a standard error comparison is illustrated for the
individual models for each descent (the black bar) and the model
developed by Eq. (5) for all seven descents. Itis clear from to the chart
that, in general, the standard error of individual models is found to be
lower than those for Eq. (5) and also the amount of difference of the
standard error is in favor of the individual models. Only for the
descents of F4 and F10, are the standard errors found by Eq. (5) to be
lower than those for individual models, while the standard error of F9
is found to be almost the same for both model approaches.
Nonetheless, since the average standard error of the results of Eq. (5),
i.e., 7.1 kg - h™!, is lower than those for Eq. (2), the upper limit of the
error percentage against the actual fuel flow rates is decreased from
4.7t04.2%.

At the end of the discussion, a final remark should be given to the
BADA model. According to the theoretical descent data of a B738 at
nearly constant FPA (i.e., ~3°) from 12,500 to 915 m (41,000 to
3000 ft), the relationship between fuel flow rate and descent altitude
is obtained as follows:

Table 7 Records regarding to low-level flights during descent

Flight ID  Altitude (100 ft) Duration, s Average fuel flow rate,

kg- h™!
F2 200 52 521
F2 180 91 800
F3 180 42 497
F3 120 32 565
F5 322 84 845

y=429.75-6.8 x 1073h (6)

Itis also note to worth that the Eq. (6) provides good values for R?,
the standard error and F sig. as 0.99, 1.0 and 6.27 x 10738,
respectively. In addition, considering the coefficients of Eq. (2) or
separate models, it can be seen that certain differences appeared for
both variables. Nevertheless, these differences could be attributed
mainly to the mass of the BADA sample aircraft (i.e., 65.3 t) and the
zero wind condition that is accepted by the BADA model. However,
the differences of coefficients appear to be reasonably low and it is
believed that a good consistency between the BADA and suggested
models is provided.

C. Error Analysis

In addition to high rate of data fluctuation in F2, F3 and F5, there is
another reason which could be attributed to the failure to develop a
relationship between fuel flow and descent altitude. It is indicated
from the flight records that all of the three flights are performed low-
level flights during the phase of descent (switching to phase 8 during
phase 9 at relatively short intervals). This leads to a change in the
configuration of the aircraft depending on the altitude, thereby the
fuel flow rate. Low-level flights occurred during descent are given in
Table 7 for these three flights. These are also evident from the vertical
profiles given in Fig. 2. This kind of low-level flight which requires
phase switching is not observed for other flights.

Considering the fuel flow rate obtained from the models, it can be
seen from Table 7 that the average fuel flow rates are higher than
those for performing regular descent resulting a change in fuel flow
trend. Since this paper only focuses about the fuel flow trend at 3°
FPA, one may note that the failure on models peculiar to these flights
should not be attributed to the low-level flights. However, according
to the FDR, there are evidences related to occurrence of descent at 3°
FPA subsequent of low-level flights. Therefore, it is reasonable to
consider the negative effects of low-level flight on fuel flow model
efforts.

IV. Conclusions

One of the key concerns of mitigation strategies for the
environmental impact of aircraft and the fuel consumption of air
transport is the implementation of an efficient air traffic management
system. Holding an aircraft over an airport for 15-20 min can simply
eliminate a substantial part of the technological achievements
obtained for either fuel economy or environmental issues.

Despite having relatively lower engine power settings, descent is
as a phase which could possess good potential for fuel savings and
emissions mitigation using efficient air traffic management. In this
context, investigations have shown that rather than a conventional
stair-step descent, a CDA could yield better fuel consumption and
emission characteristics as it provides almost constant and relatively
low engine power settings throughout the descent.

Motivated by an efficient fuel consumption requirement, in this
study the relationship between fuel flow rate and altitude during the
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phase of descent at a 3° FPA is analyzed. The search domain is
composed of ten randomly selected B737-800 commercial aircraft.
To process the fuel consumption trend, the actual flight data are used.
The relationship analysis involves both separate and general
examinations of the descent data. A comparison is also made for the
results found for different examinations. As aresult, the investigation
has shown that there is a good relationship between fuel flow rate at a
3° FPA and altitude during descent which could be mathematically
modeled. It is also concluded that the suggested models peculiar to
each descent are found to be significant for 90% of the domain, while
general models are found to be significant for 70% of the domain.
Models also provide low standard errors at between 1.3—4.7% of
actual fuel flow rates. Any significant model could not be established
for the rest of the domain due to high data fluctuation rates, high
frequency of FPA changes and the low-level flights at cruise
configurations.
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