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Abstract—The problem of flight planning in case of delay demands is considered. The criterion
restrictions between fuel consumption and the required flight time when the nominal cruise speed
changes are investigated. It is proved that flight delay in the air can be realized without additional fuel
costs, which is determined and estimated in the absence or presence of wind. The impact of choosing a
different flight level and using additional fuel to obtain a longer delay was also considered and analyzed.
The results show that for different flight levels and wind direction the delay may be varied from 3 minutes
to 13 minutes. The initial flight level is defined as one of the main parameters that affect the amount of

delay in the air.

Index Terms—Ground delay program; airborne delay; equivalent cruise speed; air traffic flow

management; required arrival time.

I. INTRODUCTION

The growth of aviation and the urgent need to
reduce fuel consumption and emissions demand
increased airspace and airport capacity. Today, most
air transport infrastructures suffer from delays in
departures and arrivals. This situation is exacerbated
by the constant traffic increase and due to the
shortcomings of landing and take-off schemes at
airports due to regional factors. The weather is also
one of the main reasons that leads to a decrease in the
accuracy of flights. To mitigate these imbalances, air
traffic flow management (ATFM) initiatives are
being implemented, in which departure delay is
considered as a major factor. The increase of flights’
intensity leads to an increase of dangerous (or
potentially  dangerous) situations  occurrence
likelihood. With the knowledge of delay at the
departure airport, one can predict the arrival
schedules, which are already determined in the
congested infrastructure. However, predicting delays
is usually a difficult task. This leads to unnecessary
lengthy regulatory activities and, consequently, to
unnecessary delays and underutilization of
infrastructure capacity.

II. PROBLEM STATEMENT

The aircraft is associated with four-dimensional
trajectory (latitude, longitude, altitude and time)
according to trajectory-based operations (TBO)
paradigm [1].

Any changes are continuously considered and
solved by local authorities with respect to legacy
flight plans. These initiatives are intended to
improve considerably the scheduling performance as
a part of ATFM system from its current largely
centralized and tactical nature to more strategic and
distributed paradigm.

Ground Delay Program (GDP) is one of ATFM
initiative [2] to introduce the intended delay in
flights in case when the capacity of destination
airport is not enough for arrival demands. Another
variant is the airborne traffic delay [3] to avoid the
expensive ground stops and maintenance costs.

One more widely used approach to the scheduling
performance improve is based on the introduction of
Performance Based Navigation (PBN) concept that
has been developed and introduced by the
International Civil Aviation Organization (ICAO). It
represents a shift from traditional sensor-based
navigation (using ground-based beacons) to Area
Navigation (RNAV) and Global Navigation Satellite
Systems (GNSS) use [4]. The accuracy and
continuity of GNSS-based services may be
significantly improved by Ranging Integrity
Monitoring Station (RIMS) installation in the
appropriate region to extend the coverage of
European Geostationary Navigation Overlay Service
(EGNOS) service [5].

Four-dimensional trajectory (both lateral and
vertical) must be calculated within the flight plan
constraints and aircraft performance limitations,
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based on entered atmospheric data and the crew-
selected modes of operation.

The lateral path and predicted fuel, time, distance,
altitude, and speed are obtained for each waypoint.

The main parameter to calculate is ground speed.
The speed schedules are typically constant for climb
and descent phases, and the true airspeed (TAS)
increases with altitude for the constant Mach number
and decreases with low altitude.

For further considerations let’s use the model of
aircraft flight as following assuming the aircraft as
material point:

X:[x y h V vy m]T, (1)

where state vector X contains the coordinates of
aircraft x, y in horizontal plane (in local great circle
coordinate system), the aircraft altitude 4, true
airspeed V, aircraft course y and mass m.

In dynamics the equation (1) can be determined
via additional parameters:
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which are the following: ® is the trajectory
inclination angle; g, is the acceleration of gravity
force at mean sea level (MSL); v is the bank angle; 1
is the specific fuel consumption by thrust; 7 is the
thrust force, D is drag force; L is aerodynamic lift
force; w,, w,, w; are components of wind velocity.

Drag and lift forces in (2) can be determined in
terms of TAS as following:

I CLzSp v,
3)
Do CD2Sp e,

where C, and Cp are correspondingly the lift and
drag coefficients; S is the lifting area of wing; p is
the air density.

Coefficients and critical values for parameters in
model (3) and 4 are usually taken from aircraft
performance data base known as BADA — Base of
Aircraft Data [6] created by EUROCONTROL and
provided to users with license.

The problem statement is formulated as finding
the possible change in cruise speed (expressed in

Mach number) for controlled airborne delay (Zgeiay)
and its influence of fuel consumption n taking into
account the possible variation in wind and flight
level (FL).

III. REVIEW OF EXISTING APPROACHES

Airborne delay is considered in [3]. Authors
provide investigations of wind influence on airborne
delay and fuel consumption on the case study of
Chicago airport. They use so called equivalent cruise
speed and allow minimal safe value for airborne and
ground delays under the constant conditions.

Another variant is presented in [7]. Here the
airborne delay is reached by strategy of linear
holding, but again it is based on reduction of cruise
speed to minimal limit.

But in most of the cases it is necessary to take
into account the altitude and speed margins for flight
safety, and therefore the influence of atmospheric
changes is unavoidable.

Let’s use the model proposed by [8].
number can be calculated as following:

Mach

0.286
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where CAS is calibrated airspeed (usually in knots),
O is atmospheric pressure ratio (actual pressure /
standard pressure).

True airspeed is connected with CAS and M
number in (4) as following:

TAS =661.5M+/0, (5)

where 0 is atmospheric temperature ratio (actual
temperature / standard temperature).

The model of fuel consumption is proposed in [9]
based on database BADA. The fuel burn rate
(kg/min) as function of TAS is the following:

fWy=cV? +e > +C—V3+%, (6)

where coefficients ¢, ¢, ¢3, ¢4 are taken for each
type of aircraft [6] in terms of its aerodynamic
forces (3).

IV. EXPERIMENT DESCRIPTION

Simulation was performed in JEPPESEN
FliteStar 9.5.5.0 environment for the Boeing 737-300
aircraft for the typical European flight: UKBB
Boryspil' (N 50°20.2', E30°54.3") — LFPB Le
Bourget (N 48° 58.1', E 02° 26.4"). The distance for
a selected route according to Instrument Flight Rules
(IFR) was 1417 NM.



M.P. Mukhina, S.1. Ilnytska Analysis of Influence of Cruise Speed and Flight Level Change on Fuel ... 17

Variable parameters in a system were:

o cruise flight speed;

o flight level,

o wind settings.

Cruise speed was set in terms of M number, in a
range from 0.74 M to 0.78 M. Wind speed was
varied from 30 to 50 kts, and direction was selected
as tailwind and headwind.

For the simulation of atmospheric disturbance,
the model of standard atmosphere was used in (4)
and (5). The parameters of standard atmosphere are
given at MSL: temperature T,=288°K, pressure
po= 101325 Pa, density of air p, = 1.225 kg/m’, and
speed of sound a = 340 m/s.

The meteorological data for simulation was taken
from internet resource [10].

V. OBTAINED RESULTS

In the result of parameters’ variation, a finite
number of simulated navigation logs was obtained
with the output parameters of flight time, used fuel,
speed, altitude, followed waypoints, etc.

Figure 1 demonstrates the dependence of fuel
consumption in kg on the selected cruise Mach
speed. The number of speed points was limited to
three due to lack of knowledge of technical
characteristics of aircraft in the intermediate points.
It appears that the lowest fuel consumption
(6549 kg) can be obtained at the lower acceptable
values of cruise speed (0.74 M in our case) and at
the highest possible FL (370 in our case).
Correspondently we get the highest fuel
consumption (7746 kg) at highest acceptable cruise
speed (0.78 M) at lowest FL310.
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Fig. 1. Dependence of fuel consumption on cruise speed
at various flight levels

Figure 2 demonstrated the dependence of flight
duration on the cruise speed. As it can be seen from
the figure, the lowest flight duration was 194 min (at
cruise speed 0.78 M, and FL310), and the highest
was 207 min (at cruise speed 0.74 M, and FL370).

The dependence of fuel consumption on the flight
duration with variable cruise speeds and FLs is
presented at the Fig. 3.
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Fig. 2. Dependence of flight duration on cruise speed at
various flight levels
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Fig. 3. Dependence of fuel consumption on flight duration
at various flight levels

Results of simulations with wind presence for
FL350 are presented in Table I. As it might be seen,
two wind directions were tested as the ones having
the most significant influence on results, the
headwind and tailwind. It appeared that the
headwind with speed of 50 kts may save the fuel on
approximately 8 % and reduce time of flight on
15 minutes. At the same time, the same value of
wind speed in the inverse direction (tailwind) may
increase flight time on 20 minutes and increase fuel
consumption on almost 10%.
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TABLE I RESULTS OF SIMULATIONS WITH WIND PRESENCE FOR FL350
Wind direction, [deg] | headwind headwind | headwind 0 tailwind tailwind | tailwind
Wind speed, [kts] 30 40 50 0 30 40 50
Total time, [h] 03:17 03:14 03:11 03:26 03:37 03:42 03:46
Total fuel, [Lbs] 14216 14005 13783 14929 15743 16048 16370
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REFERENCES

Mukhina Maryna. Doctor of Engineering Science. Professor.

Faculty of Air Navigation, Electronics and Telecommunications, National Aviation University, Kyiv, Ukraine.
Education: National Aviation University, Kyiv, Ukraine, (2002).

Research area: images processing, navigation and control, aided navigation.

Publications: more than 60 papers.

E-mail: marinamukhina79@gmail.com

IInytska Svitlana. orcid.org/0000-0003-2568-8262. Candidate of Science (Engineering).
Wenzhou University, Wenzhou, China.

Education: National aviation university, Kyiv, Ukraine, (2004).

Research area: air navigation, navigation and control systems.

Publications: more than 50 papers.

E-mail: IInytskasv84@gmail.com

M. II. Myxina, C. 1. InbHMObKa. AHAJTI3 BIUIMBY 3MiHM KpelicepcbKoi IIBHIKOCTI Ta €IIeJOHY MOJIbLOTY Ha
CMOKMBAHHS NMAJHBA B KEPYBaHHI MOBITPSIHIM MOTOKOM

PosrisinyTo mpoOieMy IutaHyBaHHS TOJBOTY Ha BUMAJOK 3aTPUMKH. JlOCTIKYIOTBCS KpUTEpiaibHi OOMEKEHHS MiX
BUTPATOIO MaJMBa Ta HEOOXIJHUM YacoM IOJbOTY MPH 3MiHI HOMIHAIBHOI KpeWcepchKol MBUAKOCTI. JloBeneHo, mo
3aTpUMKa TOJNBOTY B IOBITpI MOke OyTH peaii3oBaHa Oe3 JONATKOBHX BHTpaT Ha NajKBO, II0 BU3HAYAETHCS Ta
OLIIHIOEThCS 3@ BIJICYTHOCTI abo mpucyTHOCTI BiTpy. Takox Oyio po3IJSIHYTO Ta MPOaHaJi30BaHO BIUIMB BHOOPY
IHIIOTO PiBHS MOJBOTY Ta BUKOPHUCTAHHS JOJATKOBOTO MajMBa JUIS OTPUMAaHHS OUIBIIOI 3aTpUMKH. Pe3ymbraTtn
MOKa3yIOTh, IO Ul PI3HUX PIBHIB MOJBOTY Ta HANPSAMKY BITPY 3aTpHUMKa MOXE BapiroBaTucs Binl 3 1o 13 XBHIMH.
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[TowaTkoBHil piBEHb MONBOTY BU3HAYAETHCS SIK OAMH 3 OCHOBHHUX IapaMeTpiB, IO BILIMBAE HA BEIMYHHY 3aTPHUMKHU B
TIOBITPI.

KarwudoBi cmoBa: mnporpama Ha3eMHOI 3aTpuMKd; OOpTOBa 3aTpUMKa; EKBiBaJICHTHAa KpelicepcbKa MIBUAKICTb;
KEpYBaHHsI [TOTOKOM IOBITPSIHOTO PYXY; HEOOX1IHHUI Yac mpuoyTTs.
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M. II. Myxuna, C. . UnbHunKas. AHAJIU3 BJIUSHUS U3MEHEHUs KpeiicepcKoii CKOPOCTH U J1eJIOHA MoJeTa Ha
norpedjeHue TOILIUBA B YIIPABJEHNUH BO3AYIIHBIM MOTOKOM

PaccmoTpena mpobiieMa IJIaHUPOBAHMS ITOJICTOB IPH 3alpocax Ha omo3aaHue. KpUTepuilHbIe OrpaHUYCHUS MEXIY
pacxomoM TOIUIMBA M TpPeOyeMBIM BpPEMEHEM IIOjeTa IPH H3MEHCHWM HOMHHAJIBHOW KpEHCepCKoW CKOpOCTH
uccnenyrotes. JlokazaHo, 4TO 3aJepiKKa MojeTa B BO3JyXe MOXKET ObITh peain3oBaHa 0e3 JONONHUTENBHBIX 3aTpaT Ha
TOILIMBO, KOTOPBIE ONMPEICISIOTCA U OIEHUBAIOTCS MPH OTCYTCTBUM WIH HAJIW4YUM BeTpa. Tarke ObLIO paCCMOTPEHO U
MPOAaHATM3UPOBAHO BIIMSHHUE BHIOOpA JPYroro SIIENOHA IOJeTa M HMCIONB30BAHUS JIOMOIHHUTEIBHOTO TOIUIMBA IS
YBEJIUYEHUS 3a/IePKKU. Pe3ynbTaThl MOKa3bIBAIOT, UTO JJIs1 pa3HBIX SIIEIOHOB I0JIeTa U HANpaBlIEHUS BETpa 3aJepikKa
MOXXET COCTaBJIATH OT 3 A0 13 MuHyT. HauanbHeIi 3111e10H mosieta onpeaenseTcss Kak OJMH U3 OCHOBHBIX MapaMeTpoB,
BIIMSIIONIMX HA BETUUMHY 3a/IEPKKU B BO3TyXE.
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