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ABSTRACT

Environmental impact of atmospheric emissions from aircraft can be addressed in
two separate ways. Air quality impact occurs during landings and take-offs while
in-flight impact during climbsand cruisesinfluences climate change, ozone and UV-
radiation. The aim of this paper is to investigate airport related emissions in the
local environment. Flight path optimization is designed for minimizing aircraft fuel
consumption and environmental impact around airports. This paper gives flight
path optimization model linked to aL agrangian dispersion model aswell asnumerical
methodsand a gorithms. Difficulty concernsthe usage of thebest model for piloting
the aircraft. Operational factors including configuration, engine functionalities,
weather limits, visual aidsand crew qualificationsare considered. The cost function
integrates the objectives taking into account pollutant emission concentrations and
fuel consumption. Formulation of this problem is designed with partial empirical
data. Its effective resolution makes comparisons possible with existing empirical
models. We have compared pollutants emitted during LTO cycles, optimized flight
path and with analysis by Dopelheuer. Comparisons concern the reduction of SO,,
NO,, HC, CO, PM,, O, and CO,. Analysis of pollutants appearing fromincomplete
and complete combustion processes has been discussed. Because of calculation
difficulties, no assessment has been made for the soot, H,O and PM,, .. In addition,
because of thelow reliability of the available model s quantifying pollutant emissions
of the APU, an empirical evaluation hasbeen done. Thisis based on Benson’s fuel
flow method applied to aircraft operations on the ground. A new model, giving fuel
consumption and predicting in-flight aircraft engine emissions, has been devel oped
and coupled with flight and dispersion of pollutants models. Our model fits with
the fuel consumption model performed by Boeing. We have confirmed that fuel
consumption can be reduced by 3% for takeoffs and 27% for landing. Thisfinding
contributes to analyzing the coming intelligent fuel gauge computing the in-flight
aircraft fuel flow. Further research is needed for incoming aternativefuels. It will be
also necessary to define the role of NO, which is emitted during the combustion
process derived from the ambient air, not the fuel. Modelsare needed for analyzing
the effects of fleet composition in terms of aircraft types and engine combinations
on emission factors, fuel flow assessment using performance and operational modes.
Development of new optimized APU, reducing ground pollutant emissions, is
necessary. © 2014 Trade Sciencelnc. - INDIA
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INTRODUCTION

Aircraft pollutant emissionshave been of concern
sincethebeginning of commercia aviation. Thecon-
tinuing growthinair trafficandincreasing public aware-
ness have made environmental considerations one of
themost critical aspectsof commercia aviationtoday.
Thismeansthat pollutant emissonsfrom aviaion activ-
ity are expected to grow and increase by factor 1.6 to
10, depending onthefue use scenari 08, Enginemanu-
facturershave devel oped | ow-emission combustorsop-
tions. These combustors have been adopted by airlines
operatingin European airportswith strict pollutant emis-
sionscontrol g%, Environmenta impact of air traffic
isoften mainly associated with noise nuisance, smoke
and gaseousemissionsof Carbon Monoxide, Unburned
Hydrocarbons - also referred to as Volatile Organic
Compounds, including M ethane - and Nitrogen Ox-
ides (NO, —include Nitrogen Oxide and Nitrogen Di-
oxide), Sulphur Oxidesinthevicinity of airports. Par-
ticles, such as Particulate Matter PM,,, and PM .,
present the most serious adverse healthimpactsfrom
arcraft pollutant emissiong?-*". Thesehave been con-
trolled by implementation of Sandardsand certification
of arcraft engines. Internationa Civil Aviation Organi-
zation (ICAO) hasdefined referenceemissionsLand-
ing and Take-off (LTO) cycle, with specific thrust set-
tingsand so-called Timein Modes (TIM) for each op-
erating mode, whichreflectsal aircraft operationsin
theboundary layer below the so-cdledinverson height
(usually a about 1 km)i?%, Over the past severa years,
the Pollutant EmissionsIndices has declined steadily.
However, considerably more progress has been made
with HC and CO than NO "9, Current emission regu-
lationshavefocusedonloca ar quaity inthevicinity of
airports. ICAO has set an environmental goal to limit
and reducetheeffectsof arcraft pollutant emissionson
Local Air Quality (LAQ) from aircraft operationg??.
Operationsof arcraft areusudly dividedinto two main
partg®:
e The Landing Take-off (LTO) cycle defined by

ICAO™ includesdll activitiesnear theairport that

take place below thealtitude of 3000feet (914 m).

Thisthereforeincludestaxi-in and out, take-off,

climb-out and gpproach-landing.

e Cruiseisdefined asal activitiesthat take place at
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atitude above 3000 feet (914 m). No upper limit

dtitudeisgiven. Cruiseincludesclimbfromtheend

of climb-out inthe LTO cycletothecruisedtitude,
cruise, and descent from cruisedtitudestothe start
of LTO operationsof landing.

Method for assessment of environmenta problems
of aircraft pollutant emissions have been carried out.
Theuseof somemethodswill requirejustificationand
reliability that must be demonstrated and proven. The
use of different and separate methodol ogies causesa
widevariatoninresultsand thereissomelack of infor-
mation. We consider the main emission productsfrom
jet fuel combustion: Carbon Dioxide, water vapor, Ni-
trogen Oxides, Carbon Monoxide, Sulphur Oxides,
Volatile Organic Compounds - unburned or partialy
combusted hydrocarbons-, Particulate M atter. 1t should
be remembered that the main proportion of jet engine
emission compositionisCO, (Figure1) and H,O pro-
duced by acomplete combustion of hydrocarbon fuel.

A small subset of the VOCsand particulatesare
considered hazardousair pollutants (HAPS). Aircraft
engine emissions are composed of about 70% CO,, a
littlelessthan 30% H, O, and lessthan 1% eachof NO,,
CO, SO,, VOC, particul ates, and other trace compo-
nentsincluding HAPs. Aircraft emissions, dependingon
whether they occur near theground or at atitude, are
primarily condderedlocd ar qudity pollutantsor green-
house gases*®. Water intheaircraft exhaust at atitude
may have agreenhouse effect, and occasionally this
water producescontrails, which also may haveagreen-
houseeffect. About 10%of arcraft emissonsof al types,
except Hydrocarbons and CO, are produced during
arport ground level operationsand duringlandingsand
Take-offs. Thebulk of aircraft emissions(90%) occur
at higher dtitudes. For Hydrocarbonsand CO, thesplit
iscloser to 30% ground level emissionsand 70 % at
higher atitude. Emission from combustion processes
CO, - Carbon Dioxideisthe product of completecom-
bustion of Hydrocarbon fudslikegasoline, jet fud, and
diesdl. Carboninfuel combineswith Oxygenintheair
to produce CO,. Water Vapour isthe other product of
completecombustion asHydrogeninthefue combines
with Oxygenintheair to produce H,O. Nitrogen Ox-
ides are produced when air passesthrough high tem-
perature/ high pressure combustion and Nitrogen and
Oxygen present intheair combineto form NO, . Hy-
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Figurel: Greenhousegasemissionsof theglobal aviation and development technology aiming to achieve carbon neutral

growth by 20202224

drocarbons are emitted due to incomplete fuel com-
bustion by anengine. They ared soreferredto asVola
tile Organic Compounds. Many VOCsare al so haz-
ardousair pollutants. CO—Carbon Monoxide is formed
dueto theincomplete combustion of thecarboninthe
fuel. SO, —Sulphur Oxides are produced when small
quantitiesof Sulphur, present in essentially al Hydro-
carbon fuels, combinewith Oxygenfromtheair during
combustion. Particulates— Small particles that form as
aresult of incomplete combustion, and aresmal enough
to beinhaed, arereferred to as parti cul ates. Particu-
lates can besolid or liquid. O, isnot emitted directly
into theair but isformed by thereaction of VOCsand
NO, inthe presence of heat and sunlight. For thisrea
sonitisanimportant considerationin theenvironmenta
impact of aviation?*%1, Compared to other sources,
aviationemissionsareardatively small contributor to
ar quality concernsbothwithregardtolocd air quaity
and greenhousegasemissions. Whilesmall, however,
aviation emissonscannot beignored. Emissionswill be
dependent onthefud type, aircraft type, enginetype,
engineload and flying atitude. Two typesof fuel are
used. Gasolineisusedin small piston enginesaircraft
only. Mogt aircraft run on keroseneand thebulk of fuel
used for aviation iskerosene“d. In general, two types
of enginesexist; reciprocating piston enginesand gas
turbines®¥. Ingenerd, afour factor infuel consumption
isreached between approaches and take-offs.

Thispaper presentsin thefirst two sectionsmeth-
odsand analysis, thethird section givesthe obtained
results followed by aconclusion and recommenda-
tions.

METHODSANDANALYSIS

Lyon International Airport (France) hastwo main
parallel runwayswith acapacity of 9.6 million of pas-
sengers a year. It islocated at 25 km East of Lyon
(Figure2). Thetopography wehaveusedintheaircraft
emissonmoddingis

Runway A
Norql
18R !

18L

36R
36LI

[ Runway B
South

Figure2: Overview of Lyon International Airport
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Therunway featuresareasfollow

- Lengthof track A: 4000 m- Altitude of the 36L. and
18R pointsare: 248 mand 231 m

- Length of track B: 2670 m- Altitude of the 36R
and 18L pointsare: 250 mand 238 m

- Latitudeand longitude of the 36L point are: (45°
42'39.31" N)and (5°05'24.34"E)

- Width of each track: 45 m- outdistance between
thetracks: 350 m

- Slopeof thetracks compared to the North-South
axis: o=6.4°

Satisticsof thetraffic

The number of movements presentsadaily aver-
age of 334 in 201152, All aircraft are considered in
exception of A340, L1011, L188, B 727-200, BE3A,
MD11-GE, TU54 and Y K40/42.

Trajectoriesand procedures

Thegenerd didribution of thetrafficin2006isgiven
inthefollowing scheme. Becauseof thedirection of the
wind, 60% of thedeparturesand 63% of arrivalsarein
thenorth direction. Proceduresimplied acomplexity,
they arenot straightforward, and it isnecessary tofol-
low asequence of stages.

It should be remembered that 60% of SO, emis-
sionscomefrom industries. 60% of nitrogen and car-
bon monoxideemissionscomefrom road traffic. Vari-
ouskindsof particles, andthefinest arelinked to road
traffic. Inthispaper, the nominal used proceduresare
carried out and compared to optimized flight pathsde-
veloped by authors: Khardi and Houacine 2010; S.
Khardi et a. 2011, Khardi 2011 and 2012, Khardi
and Abdallah 2012; Nahayo et a. 2012. We have used
the stabilized approach procedures by ICA Q1253437
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Considerationsto betakeninto account aregivenin

TABLE 1 and parametersin TABLE 2.

The standard takeoff proceduresfor someaircraft
have been modified from an“ICAO B”-like procedure
to onethat applies cutback power at 1000 ft AFE. This
may |lead to areductionin contour areas. TheICAOB
procedureisstill retained as core standard.

To assessaircraft emissonswe havea so consid-
ered thefollowing factors:

o Aircraft fleet compostion (different pollutant com-
positionsor concentrationsdueto differencesinfud
type, combustion process, size and weight of the
arcraft)

e Structurd dements fusdlageand enginetypeof ar-
craft landing and taking-off
Aircraft categoriesarereferred by their letter des-

ignationsasfollows.

Category A: lessthan 169 km/h (91 kts) indicated
arspeed (IAS)

Category B: 169 km/h (91 kts) or more but less
than 224 km/h (121 kts) IAS

Category C: 224 km/h (121 kts) or more but less
than 261 km/h (141 kts) IAS

Category D: 261 km/h (141 kts) or more but less
than 307 km/h (166 kts) IAS

Category E: 307 km/h (166 kts) or more but less
than 391 km/h (211 kts) IAS

ICAO (2006) defined the adequate spacefor de-
scent whichisprovided by establishingamaximumaa-
lowabl e descent gradient for each segment of the pro-
cedure: the minimum/optimum descent gradient/angle
inthefina approach of aprocedurewith FAFis5.2%
/3.0° (52 m/km or 318 ft/NM). The maximum permis-
sibleis6.5%/ 3.7° (65 m/km or 395 ft/NM) for A and
B aircraft, 6.1%/ 3.5° (61 m/km or 370 ft/NM) for C,

TABLE 1: Sandard and |CAO procedures

Standard procedure

ICAO A procedure

ICAQ B procedure

Takeoff at Full power Takeoff at Full Power

Climb to 1000 ft and pitch-over  Cutback to climb power around 1000 feet AFE
and pitch-over to accelerate

to accelerate
At full power, accelerate to clean
configuration

Cutback to climb power Climb to 3000 ft AFE

Climb to 3000 ft AFE
Accelerate to 250 kts
Continued climb to 10000 ft AFE

Accelerate to 250 kts

Accelerate to clean configuration

Continued climb to 10000 ft AFE

Takeoff at Full Power

Climb to 1500 ft AFE at full power
holding flaps

Cutback to Climb Power at 1500 ft

Climb to 3000 ft AFE at climb
power holding flaps

Accelerate to clean configuration
Accelerate to 250 kts
Continued climb to 10000 ft AFE
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TABLE 2: Input parameters(CPA: closest point of approach)

Flight step
Takeoff

Parameter Input parameter
Weight e
Speed (CAS)
FlapsID
Weight
Speed (CAS)
Flaps D
Climb rate
Altitude at CPA
Weight
Speed (CAS)
Flaps D
Climb rate
Altitude at CPA
Weight
Speed (CAS)
Flaps D
Descent angle
Altitude at CPA

D andE, and 10 %/ 5.7° for H. In the case of a preci-
sion approach, the operationally preferred glide path
angleis3.0°. An ILS glide path/MLS elevation angle in
excessof 3.0° is used only where alternate means avail-
ableto satisfy obstacle clearancerequirementsareim-
practicd. In certain cases, the maximum descent gradi-
ent of 6.5% (65 m/km or 395 ft/NM) resultsin descent
rateswhich exceed the recommended rates of descent
for someaircraft®29, Thegeneral recommendation of
approach speedsand rate of descent are presented in
thefollowingtables.

Initial climb

NSNS

Acceleration

Descent

A T T S
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Asdescribed by ICAO?1, non-standard approach
proceduresarethoseinvolving glide pathsgreater than
3.5° or any angle when the nominal rate of descent ex-
ceeds 5 m/sec (1000 ft/min). Procedure design takes
into account:

1) Increaseof heightlossmargin

2) Adjustment of the protection surfaces

3) Re-survey of obstacles

4) Application of related operationa constraints

Theheight loss/ dtimeter margin should beverified
by certification or flight trial sto cover the effects of 27
= minimum drag configuration and wind shear
= control lawsand handling characteristics
= minimum power for anti-icing
=  GPWSmodification
= useof flight director / autopilot
= enginespin-uptime
» Vatincreasefor handling considerations.

In addition, consideration should have been given
to operationd factorsinduding configuration, engineout
operation, maximum tailwind/minimum headwind lim-
its, weather minima, visud aidsand crew qudifications,
etc.

Calculation of emission levels

ICAOAIrport Locd Air Qudity Guidance Manua
(2007) and the updated version®¥, can be used to as-
sessthetota pollutant emissionsof CO, HC, SO,,NO,
and CO,. Airport Loca Air Quaity Study (ALAQS;
annex 1) aimsto promote best practice methods for
airport Local Air Quality (LAQ) analysisconcerning
Issuessuch asemissionsinventory, dispersion, and the

TABLE 3: Speedsfor procedure calculations (km/h)t?1

Aircraft Vat Range of speedsfor initial Range of final Maximum speed;for visual
category approach approach speeds maneuvering

A <169 165/280(205*) 130/185 185

B 169/223 220/335(260*) 155/240 250

C 224/260 295/445 215/295 335

D 261/306 345/465 240/345 380

E 307/390 345/467 285/425 445

H N/A 130/220 110/165 N/A

TABLE 4: Aircraft rateof descent!?”
Aircraft categories Minimum Maximum

A,B
CDE

120 m/min (394 ft/min)
180 m/min (590 ft/min)

200 m/min (655 ft/min)
305 m/min (1000 ft/min)

e Snoivonmental Science
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datarequired for the calculations, including emission
factors, operationd data, and arcraft Landing and Take-
off profiles. Thismethodol ogy consistsof developing
Pan-European emiss oninventory methodol ogy with
gpatid information and future gpplication of dispersion
moddllinglinked to GIStechnologies. Thisobjectiveis
not achieved because of modd rdiability. Inthispaper,
arcraft exhaust emissonsareca culated for thefollow-
ing operating modes:
Engine Start
Taxi-inand taxi-out (TX, 7% thrust)
Queuing (TX, 7%thrust)
Approach (AP, 30% thrust)
Landingroll (AP, 30% thrust)
Take-off roll (TO, 100% thrust)
Climb-out (CL, 85%thrust)
Theother needed point isaircraft engineemissions
during aparticular operating mode of landing and take-
off cycleswhichisgiven by the product of theTimein
Mode, thefud flow rate and theemissionindicesfor
theappropriateenginethrust setting engaged. Wehave
used ICAO system database (aircraft-engine combi-
nation, number of enginesetc.). Theequationisshown
below:
ACe = FF, g0 X EFpoge X T X N
ACeistheaircraft total engineemissonsforeachLTO
cycle FF__ . isthefuel flow rate (kg/s) per enginein
mode; EF__ . istheemissionfactor per enginein mode;
T isthetimein mode(sec); N isthenumber of engines.
Thelatter isastarting point which can not beused
during optimization process. It could giveusarough
ideaonwhat isemitted in standard conditions. Inthis
paper, we have used emission levels of pollutant ex-
pressed in Sourding*¥;

Ps&g_Pi'

= ﬂTsag X |:E-Faeg|:‘p.:' 22 P._l _I [Eﬂ'&g{P{—i:' & E‘Es'sg{P!'}J
EFeq(P) = EI(R) X FE,,
E CNT,eg
*9 = Max StaticThrust 100

EFseg(Pi): theemission flow for the segment associated
to power setting P, (in g/s); P.: one of the tabulated
engine power settingsfor which emissionindicesare
provided in the databank (7%, 30%, 85% or 100%);
El(P): theemissionindices associated to power setting
P.(ing/kgof fud); Pseg:the segment-specific power
setting (%); CNT - the average corrected net thrust

EL

sag

P,
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(Ib) on the segment, calculated using theinput CNT
values at the two end-points of the segment;
MaxStaticThrust: theengine-specificmaximum sealeve
staticthrust; EL__: theemission leve of the pollutant
g .
produced on the segment (Q); AT theduration (in
seconds) of theflight segment; AT, Iscaculatedusng
the distance between the two end-points of the seg-
ment, divided by the average speed of the aircraft on
the segment; P, and P, , arethe two tabul ated power
setting valuesbounding P (%0).

To cdculateemissonlevesof different pollutants,
itisnecessary to havefud flow information along the
flight profiles. Inthis step, we used approximations by
interpolations on input thrust values, as the ICAO
databank providesfuel flow dataassociated to specific
power settings. However, theICAO— CAEP’s Mod-
ellingWorking Group considered that estimating fuel
flow based on thrust was unsati sfactory without having
agresater knowledgeof individua aircraft/ engine per-
formance parameters. Thispoint issubjected to ade-
velopment of anew model of fuel consumptioninthe
result section.

Assoon asoptimal parameters of theflight path
areobtained, they are used for ca culating the pollutant
levels. These assessmentsare carried out for the pol-
lutantsemitted on the outlet Sdeof engines, at 1.5m, in
free-fidd. Inaddition, emissonlevd sareimplemented
inaprocessing codeof pollutant dispersion. Thus, con-
centrationsof pollutants can be performed a any known
distance around theairport.

Comparisonsarecarried out with theempiricd tra-
jectories of the ICAO where the parameters and the
procedures areknown to calcul atethelevel sof pollut-
ants at the exit of the conduit of the engine, then to
carry out calculationsof dispersion (annex 2). Another
simpleway consiststo usethe ICAO database of pol-
lutants emitted by enginesfollowed by dispersion cal-
culation. Thisapproach, performed under enginestatic
conditions, isempirical and can not give satisfactory
results becausethein-flight engine parametersare not
considered.

Optimization modeling and resolution

Thesystem of differentid equationscommonly em-
ployedinarcraft trgectory andyssisthefollowing Sx-
dimension system derived at the center of massof the

Snvivonmental Science (=
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arcraft® and thefud consumption given by Benson®

I = v COS7YCoS X
I = vcosysin
h = vsin~

. Tcosa— D
v =

gsin~y
m
(L+Tsina)coso g
Y o —— = COos7
muv v

. (L + Tsina)sino
\——

muv cosn

m=-TSFC xT

whereV, v, y, a and p are respectively the speed, the
angleof descent, theyaw angle, theangleof attack and
theroll angle. (x, Y, h) istheposition of theaircraft. The
variablesT, D, L, mand g arerespectively theengine
thrust, thedrag force, thelift force, theaircraft mass
andthearcraft weight accderation. TSFC isthethrust
specitic fuel consumption which is depending on air-
craft speed or Mach number, dtitudeand the net thrust
per unit massflow of theenginesT__,1¥. Thisfuel con-
sumptionfunctionisderived from thefollowing Benson
equation:

FFT(t) = TSFC. Tyt (1)

J(X(t),tsiq) = / ‘ —m(t) d(t) = :IHI/)]:‘; =m(ty) —m(ty)
AN

wherem(t,) and m(t) aretheinitial and inal aircraft
mass. When m(t ) isaconstant, wecan write:
min.J(X(¢),ty;q) = min —m(ty) = maxm(ty)

The coupled general model can bewritteninthe
following optimization form as an optimized control
problem“OCP”:

min J(X(1).U(t).t: q)
UeU

X = f(X(1).U(t).t: q)
Dpin < P(X (o), to. X(t5).t5:q) < Prnag
C(X(t),U(t).t:q) <0

The objectivefunction minimizationisperformed
under dynamics, boundary and congtraints. A set of them
arecollected and used aslimit conditions. In-flight op-
timi zed parametersobtained by solving the OCP prob-
lemwere:

o Machnumber/ aircraft speed; Altitude
e Throttle; net thrust/ grossthrust

e Fud flow; V-exit/ NPR

e EPR/ETR; Engineefficiency

301
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¢ Hightanglesdescribingtheflight configuration

Combination of modelsallowsfor anon-convex
optimization problem. Non-convexity israisedfromdis-
creteness. The branch-and-bound scheme could bea
possibleway to solvethe problem. The scheme oper-
atesby recursive partitioning or branchingthefeasible
regioninsearch of agloba optima solution. Thereare
theoretical difficultiesbehind thisidea. Boundsof the
optimal objectivevaues, which arebased on solvable
relaxation of parameters, can not be used to decide
whether to examinethe branching. Itisimpossiblefor
these problemsto base analysison integrality-based
branchingrules. Itisacrucia chalengeto develop for
the coming yearsthetractabl e rel axati on because of
the semi-continuity and the guarantee of convergence.
The reasonwe consider the problem by approximating
the globa maximum of aquadratic program subjected
to bound and quadratic constrai ntstransformation.

To solvethe OCPproblem, wefirst consider alin-
ear discretetimedynamica system and atimecontrol.
We optimizethe system’s behaviour on a finite time T.
Thismakes possible agood coupling and resolution
avoiding mgor argumentsontheimplicit convexity and
symplecticity of our problem. Becauseof symplecticity,
the six-dimensiona propertiesof the previoussystem
arenot independent. Rel ationshipsamong them reduce
the number of degrees of freedom. Relationshipsare
given depending on thein-flight functionditiesof air-
craft enginesand procedures. Their formsarethen de-
scribedinderivations. Explicitly, theawaited behaviour
iIsmodelled asasystem of convex constraints on the
trajectory byt
p; + Bow’
isapart of K;; p.isagivenk-dimensional vector; P
the k. x dimwT matrices

K. issub-sets of g*:; they are given nonempty
closed convex sets. We have specified the control law
but not acompl eted state-space trajectory which de-
pends on the control law and on inputs
dT = (dg, .. dr)- Wecanwritean uncertain optimi-
zation problem to solvethis, smilar totheonegiven by
Ben-Td and a.", combiningtrgectory parametersand
data
mtin{wt: p; + P,wT}

We used input data as a sequence vector. We as-

e Snoivonmental Science
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sumethat we closed the open-loop system. The con-
trol statesaregiven by the OCP of flight dynamics. By
proceeding inthismanner, we can combine optimized
flight path parameters, engine settings, and ICA BADA
data. Quasi-rel axation techniquescould beusedto solve
thefirst stepsof the given problem. They are consid-
ered in particular before applying dispersion model of
pollutants. Dynamicd constraint assumptionsareneeded
during thisprocessing step.

Thus, the Trust Region Sequentia Quadratic Pro-
gramming method has been used for the processing
stepgs46%031, |t hasthe potentid to solve complex prob-
lemsof the control theory and can be generalized for
artreffic. It hasbeentested for computationa efficiency
and stability. Itislargely superior over conjugategradi-
ent methods and can out-perform the quasi-Newton
methods. Themain objectiveisto diagnosisandto con-
trol, in-flight and in real-time, flight pathstaking into
account the FM S (flight management system) and the
AMS (airspace management system) updates and to
beinterfaced with the Lagrangian disperson model of
pollutant emissions.

Derivatives are approximated by numerical
INTLAB derivation method. Discretization is solved
by SNOPT optimization dgorithm. AnAMPL (A Mod-
eling Language for Mathematical Programming)
(AMPL), combined with NLP solver™, has been
implemented for processing. Implementation hasbeen
performed under GPOPS-MATLAB®* software (with
an Intel Core6 Quad processor). We anayzethe pro-
cessing speed and agorithm efficiency and their ability
to beinterfaced with thein-flight management system
respecting airspace system constraints. Comparisons
areperformed stressing the computing times.

Processinginputs

Internal enginedata(massflows, temperaturesand
pressures, thrust, fan pressureratio and internal engine
heat cycle) are used following ICAO recommenda-
tiong®2% for the prediction of arcraft engineemissions.
Wehaveaso used Engine_Sim code™ to predict air-
craft engine emissionsduring operation depending on
engine performance (compressor - turbine performance
mapping)™. We considered:

e Inflight conditions
e Machnumber/Airspeed

Aircraft new fuel consumption model and induced pollutant emission assessment
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e Altitude/ Pressure/ Temperature

o throttleand afterburner settings

e Pressureandtemperatureare assessed by the stan-
dard day atmospheric model

e Compressor (CPR, compressor efficiency)

¢ Burner (fud, maximumtemperature, efficiency, pres-
surerétio)

e Geometricd featuresof engines(sze, inlet and out-
let diameters)

e Variablesincudeflight conditions, theenginefea
tures, its performance, compressor and turbine per-
formance

e Fue sulphuriscloseto0.41 g/kg

e Thesoot correspondsto 1.7 10* particles/kg of
theburned fud
Thefollowing featuresare considered for solving

the coupled problem:

e Netthrustis131.2kN per engine (Two 262.4 kN
Generd Electric CF6-80C2A1s)

o Max take-off 165900 kg. Operating empty 90965

kg

Initial take-off massm, ;= 140000 kg

Initid landingmassm_, = 110000kg

T = 600 seconds

Climb speed/ Cruise speed / Descent speed: 250

kts/ 300 kts/ 0.78 M

Maximum speed: CAS: 350 kts

o Stall speeds(kts, CAS):

o Cruise(145)- Initia climb (129)

o Take-off (118) - Approach (106) - Landing (full

- 103)

In addition, area of the zone concerned with the
study, around Lyon Internationd Airport, isabout 2000
m? centered on theaircraft touchdown point (50 km* 40
km).

Wehaveassumed that pollutantsareemittedin stan-
dard atmosphereconditionswhicharenot vaidated, in
particular for altitudesbelow 3000 ft. Another limita
tionisduetotheassumptionthat emissonvary linearly
withthethrust level. Optimized solutionisachieved with
KNITRO through thefoll owing optimdity conditions:
=  Averagespeedup=43.7
» final feasibility error (abs./rel.) = 3.3e'°/ 8.5e!®
= final optimality error (abs./rel.) =1e?/ 1e®
= Number of processors=6
= total programtime= 17738 sec
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= timespentinevauations=9815 sec
RESULTS

Loca optima solutions are obtained with an aver-
age order of feasibility error of 105, Theflight rate
descent variesbetween 900 and 1100 ft/mnwhichis
closeto that recommended by ICAO and practicesby
pilots. Two poss ble optimized solutionsfor flight paths
areobtained. Thefirst solution isasoft one-segment
approach which putstheaircraft in an appropriate en-
velopewith marginsfor wind uncertaintiesand errors.
The second possible optimized flight path solutionis
the Shortest and Fastest Continuous Descent A pproach
(SF-CDA). Itisatwo-segment approach reducing air-
craft environmental impact. Resultsshow that thissolu-
tioniswell appropriated for aircraft trajectory optimi-
zation problemsand could beeasily implemented. The
two obtained trgjectories, shownintheFigure3, could
be accepted into the airlinecommunity for anumber of
reasonsincluding operational effectivenessand envi-
ronmental impact reduction.

Fud consumption mode

We have used flight optimized parametersin con-
nection withtheBase of Aircraft Datd***" for building
anew fud consumption moded implicitly dependingon
the net power thrust of engines. Thisimprovesexiting
modelization’s attempts. On the one hand, in-flight fuel
consumption FC canbeempiricaly written as:

E1vaJ2 '
N isanorma iza.ti.on factor giving thefuel consump-
tion behaviour ontheground during enginetestsversus
the EPR (engine power settings). On the other hand,

thein-flight fuel massisexpressed as:

F'f{:'._} = .1\?5*5_':

_ 8amb
’)lfIIEI - 3y+0.74 0.24M?2 ’nfuel,Ref
amb -
- p(Pa) T(K)
wheres_ ., = — = :
Yamb T 101325 Farm = 78815

Wehaveempirically found that:

Muezer 1Sthefuel consumption ontheground
during enginetestsversusthe EPR and thrust setting
whereitsbehaviour iseasly obtained for each type of
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combination of aircraft-engines.

- iscalledtheconcentrationratio of fuel consump-
tion which isfound to be in the following interval:
vy e[1.02,1.074]-

If 1.02 = y < 1.04, FCisasimilar tothemode of
FC performed by Boeing*3. Thisnew model givesre-
liable gpproximations of fuel consumption and emis-
sions. Thiscoupled modd alowsthe quantification of
arcraft emissionsin order to providetheir rdiablein-
ventoriesand their use asinputsfor climate models,
technological toolsimplementation (in-flight fuel sav-
ing), andinventoriesof emissonsfor airlines.

AsshowninFigure4, theoretically, theuseof opti-
mized flight paths confirmed that fuel consumption can
be reduced by 3% for takeoffsand 27%for landing. In
2011, 122179 arcraft movementsat Lyon Internationd
Airport wererecorded®?. Thiscorrespondsto an av-
eragefue reduction of 367 tonsfor takeoffsand 659
tonsfor landing.

Pollutant emission assessment

Theflight path is segmented and the optimal fuel
consumptioniscalculated for each trgjectory segment.
FC isassessed depending on optimal flight path pa-
rametersand aircraft enginefunctiondities(in-flight pro-
cedures). Concentrationsof pollutants, called emisson
levels, are estimated using inputs dataof aircraft en-
gineswhicharebased on BADA; thoseemissionlevels
are extrapolated using theaircraft dynamicsand en-
ginessettingsat 1.5 m. Dispersonmode, describesin
theappendix, isused to cal culateemissionlevel sunder

3500 T T T T T T

3000} \

2000} \

N
1500} N

Solution 1
—== Solution 2

Altitude (m)

1000

5001

1 Il 1 1 1
100 200 300 400 500 60
time (sec)

Figure3: Optimized flight pathsfor air traffic (K hardi, 2013)
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Figure4: Fuel consumption during approach

theflight path and at |atera distances of gpproximately
+400 m of this flight projection on the ground within 50
km* 40 km surface.

Withtheam of carrying out comparisonsshowing
theinterest of thein-flight optimization, calculationswere
carried out between emissionlevelsobtained withLTO
cyclesand optimized flight path (OFP). For ayear, av-
eragereductionisin TABLE5. In order of percentage,
the mgjor obtained reductions concerned SO,, NO,,

TABLE5: Averagereduction for ayear

Reduction (LTO/OFP)
-2%
-3%
-6%
-6%
-8%
-23%
-24%

CO,
O3
PM1o
CO
HC
NO
SO,

HC, CO, PM

0, and CO,,

10’

CONCLUSIONAND RECOMMENDATIONS

Flight path optimizationisdesigned for minimizing
aircraft fuel consumption and environmental impacts
around airports, in particular gaseous and particul ate
matter emissions. Thispaper givesflight path optimiza:
tion model linked to alLagrangian dispersonmodel as

Snoivonmental Science

well asnumerical methodsand agorithms. Themajor
difficulty concernshow to sdect and usethe best model
for piloting theaircraft. Aerodynamic model, cal culat-
ing externa forces, isfirst developedinthispaper. The
model of the corrected net thrust of engineshasalso
beenempirically givenand Engine_Sim codeused. We
solvethe problem of how to fly theaircraft and which
typesof ordersto use. We consider thereal behavior
of thearrcraft avoiding undesirableoscillations. Neither
human model nor automatic pilot isconsidered. We
avoid thisproblem by using high level orders (slope,
Speed, attack angle) which smplify equationscontain-
ingfast dynamicsincluding moments. Operationa fac-
torsincluding configuration, engine functionalities,
wesgther l[imitsand visud aidsareconsidered. Thecost
functionintegratesthe described objectivestakinginto
account pol lutant emission concentrationsand fuel con-
sumption.

Two possibleoptimized flight path solutions, reduc-
ingarcraft environmenta impact and favoringfud con-
sumption saving, areused. Because computing power
hasincreased substantialy, complex problemscan be
solved for largevariety of projects. Inthis paper, our
couplingmodel b offersasubstantia advantageamong
disaggregated methodsin terms of computing time,
discretization complexity and result efficiency.

The obtai ned results confirm the best formulation
of thiscoupled problem, designed with partial empiri-
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cal data, its effective resolution, and make compari-
sons possible with existing empirical models (EPR
Engine_Sim and fuel consumption). They aso confirm
that optimized aircraft flight pathsare suitablefor fuel
saving and emission reduction. Wehaved so compared
pollutantsemitted during LTO, optimized flight paths
and with analysisby Dopelheuer.

Intheorder, themgor obtained reductionsbetween
LTO and OFP cycles concern SO, (-24%), NO, (-
23%), HC (-8%), CO (-6%), PM | (-6%), O,(-3%)
and CO, (-2%). It should be remembered that CO
and PM appeared from anincomplete combustion pro-
cess, and SO, occurred during the combustion as sul-
phur ispresent insmall quantitiesin hydrocarbonfuels.

Comparisonswith analysisby Dopelheuer indicate
thefollowing reduction: CO, (-13%), CO (-22%), SO,
(-25%) and NO, (-34%). Becauseof ca culation diffi-
cultiesand model reliability, no assessment has been
madefor thesoot, H,Oand PM,, ..

Inaddition, becauseof thelow rdigbility of theavail-
ablemodd squantifying pollutant emiss onsof theAPU
(annex 3), andinspite of thedifficultiesof caculation,
anempirica evauationhasbeendone. Thisisbased on
Benson’s fuel flow method applied to aircraft opera-
tionson theground around theairport. We show, using
approximated and extrapol ated |evelsfrom fuel con-
sumption, that significant reduction of HC, CO, NO,,
CO, and SO, emissions can be obtained.

A new modd, givingfud consumption and predict-
ingin-flight aircraft engineemissions, isdevel oped and
coupledwithflight and dispersion of pollutantsmodes.
Under someassumptions, our mode can befitted with
thefuel consumption modd performed by Boeing. We
have confirmed that fuel consumption can bereduced
by 3% for takeoffs and until 27% for landing. For a
year movementsat Lyon International Airport and us-
ing OFPR, fudl reductionisabout 367 tonsfor takeoffs
and 659 tonsfor landing. Thisfinding contributesto
andyzethecomingintdligent fuel gaugecomputingthe
in-flight aircraft fuel flow. Thiscan beableto provide
accurate detailson fuel remaining, trip fudl, total fuel
used, fuel consumption rate and theremaining time of
flight versustheflow rate.

To conclude, thismodd alowsthequantification of
aircraft emissionsin order to providetheir reliablein-
ventories, their useasinputsfor climatemodess, tech-
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nologicd toolsimplementation, inventoriesof emissons
for arlines, and aircraft impacts on the hedlth of popu-
lation around airports. Further researchisneeded for
incoming alternative fuelsproducing less particul ate
mattersand SO, . Itisalso needed in order to validate
dispersion mode sexistingintheopenliterature. Con-
nection between modd s(flight path optimisation- emis-
sions—dispersion) has also to be improved. It will also
be necessary to precisely definetheroleof NO, which
areemitted during thecombustion processderived from
theambient air, not thefuel itself containing only trace
amountsof fue-bound nitrogen (because of Soragesta
bility problems, NO, isquiteabsent). Modelsareneeded
for anayzing theeffectsof fleet compositionintermsof
arcraft typesand engine combinationsonemission fac-
tors, fuel flow assessment using performanceand op-
erational modes. Devel opment of anew concept of an
optimized APU reducing theground pollutant emission
reductionisnecessary.
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