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Abstract

Purpose: Airport air pollution is growing concern because of the air traffic expansion over the years (at annual rate of
5 %), rising tension of airports and growing cities expansion close each other (for such Ukrainian airports, as
Zhulyany, Boryspol, Lviv, Odesa and Zaporizhzhia) and accordingly growing public concern with air quality around
the airport. Analysis of inventory emission results at major European and Ukrainian airports highlighted, that an
aircraft is the dominant source of air pollution in most cases under consideration. For accurate assessment of aircraft
emission contribution to total airport pollution and development of successful mitigation strategies, it is necessary to
combine the modeling and measurement methods. Methods: Measurement of NO, concentration in the jet/plume from
aircraft engine was implemented by chemiluminescence method under real operating conditions (taxi, landing,
accelerating on the runway and take-off) at International Boryspol airport (IBA). Modeling of NO, concentration was
done by complex model PolEmiCa, which takes into account the transport and dilution of air contaminates by exhaust
gases jet and the wing trailing vortexes.Results: The results of the measured NO, concentration in plume from aircraft
engine for take-off conditions at IBA were used for improvement and validation of the complex model PolEmiCa. The
comparison of measured and modeled instantaneous concentration of NO, was sufficiently improved by taking into
account the impact of wing trailing vortices on the parameters of the jet (buoyancy height, horizontal and vertical
deviation) and on concentration distribution in plume. Discussion: Combined approach of modeling and measurement
methods provides more accurate representation of aircraft emission contribution to total air pollution in airport area.
Modeling side provides scientific grounding for organization of instrumental monitoring of aircraft engine emissions,
particularly, scheme for disposition the monitoring stations with aim to detect maximum concentration which is
characterized for jets/plumes from aircraft engines.

Keywords: aircraft engine emission; air pollution monitoring; assessment of emission indices; emission index;
emission inventory of aircraft engine; environmental monitoring; wing trailing vortex.

1. Introduction Aircraft is a special source of air pollution due to
some features.

First of all, the aircraft is moving source, result in
velocity, direction and acceleration of aircraft
movement has been changed in within the wide
limits.

Second, the important feature is the presence of a
jet of exhaust gases, which can transport
contaminant on rather large distances because of
high exhaust velocities and temperatures. The value
of such a distance is defined by engine power setting
and installation parameters, mode of an airplane
movement, meteorological parameters. The results
of the jet model calculations, depending on listed
initial data, show that the extent of transport of the

Aviation must be environmentally sustainable,
operating harmoniously within the constraints
imposed by the need for clean air, limited noise
impacts, and a livable climate. Improvements in local
air quality (LAQ) assessments are still a subject of
interest to define the value of concentration of air
pollution inside the airport areas [1].

Analysis of inventory emission results at major
European (Frankfurt am Main, Heathrow, Zurich
and etc.) and Ukrainian airports highlighted, that
aircraft (during approach, landing, taxi, take-off and
initial climb of the aircraft, engine run-ups, etc.) is
the dominant source of air pollution in most cases
under consideration [2].
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jet plumes from aircraft engines may change within
the 20...1000 m and sometimes even more.

Third, the engine jets are entrained into the two
counter-rotating wingtip vortices with further the
deflection and the stretching of the plume towards to
vortex centerline.

Fourth, the most part of landing-take-off cycle
the aircraft is maneuvering on the ground (engine
run-ups, taxing, accelerating on the runway), it is
subjected to fluid flow that can create a strong
vortex between the ground and engine nozzle, which
have essential influence on structure and basic
mechanisms (Coanda and buoyancy effects) of the
exhaust gases jet.

So, air pollution from aircraft engine emissions
and engine jet behavior depend both on: number of
engines, engine nozzle parameters and height of its
installation, distance between engine nozzle
centerlines, and where engines are mounted — on
fuselage or on wing of the aircraft. To assess their
contribution in LAQ assessment it is important to
take in mind few features, which define emission
and dispersion parameters of the source.

2. Analysis of the research and publications

A lot of theoretical and experimental investigations
are focused on dynamics and mechanisms of aircraft
vortex wake development [3-8]. Garnier (2005)
revealed that the trailing vortex wake is generated in

the boundary layer on the wing. The wingtip vortices
are the results of the roll-up of the vortex sheet
downstream of the wing, Fig.1. Therefore, the wake of
an aircraft is composed of two counter rotating wing-
tip vortices [3]. The qualitative features of the jet and
trailing vortex interaction were first illustrated by
Hoshizaki [4] and later by Miake-Lye [5] and Thomas
Gerz [6], Tilman Diirbeck [7] Cure [8] who identified
some distinct phases of aircraft wake:

e the nearfield jet regime (5s, 1 km) corresponds
to the phase, where exhaust gases jets expand and
mix with ambient air. While the wingtip vortices are
developing and do not interact with the jet;

e the deflection regime (1 min, 10 km)
corresponds to the phase of the jet entrainment into
the vortex core;

e the shearing regime (1.5 min, 20 km)
corresponds to the phase of the jet diffusion due to
turbulence and buoyancy effects.
was already entrained by vortex wake at a distance
of only one-half wingspan downstream.

The some research studies [8, 10] have been
found to get understanding on the interaction
between the wing-tip vortex and the engine exhaust
for the take-off and landing configuration, since it is
quite actual task for assessment of aircraft
emissions contribution to airport air pollution.

co-rotating vortices

Q merging
S l 9
9 2
=

Fig. 1. Vortex wake generation behind the aircraft (F.Garnier, 2005)

The most part of the experimental and numerical
simulations are devoted to the interaction of the
exhaust gases jet and wing trailing vortex at cruise
conditions [5, 8, 9, 10]. The strength of the vortex is
higher at cruise than for the high-lift configurations.
The cruise configuration was characterized by strong
vortex which deflects the plume in the vortex sheet
[8]. Brunet et al. [9] revealed that part of the jet

The take-off configuration is characterized by full-
power engines and correspondingly the high velocity
of engine plume, which sufficiently impacts on the
vortex flow development.

Cure [8] revealed that the vortex is deflected
away from the aircraft centerline up to 2.2 m in
horizontal direction (Fig.2.a) and downward to 1.2
m near the ground in vertical direction (Fig. 2.b).
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Fig. 2. Evolution of vortex core trajectory in the horizontal (a) and vertical (b) planes

Analysis of the research studies of jet and vortex
iteration has highlighted the importance of the
ground impact on aircraft vortex wake development
at high-lift configuration. Over the last few decades,
a lot of analytical and numerical studies [11, 12, 13,
14, 15, 16] have been devoted the problem of the
wake vortex evolution near the ground.

Chan [11] highlighted the importance of the
vortex circulation effect on pollutant dispersion and
concluded the variation of pollution concentration
distribution in the control volume due to the
circulation of vortices near the ground.

Harvey&Perry [12] were examined the case of
vortex pair approaching a no-slip wall in a viscous
fluid by test in wind tunnel. On the basis of analysis
of flight test data and conducted tests, it was
observed, that the vortices approach the ground, it
induces a cross flow and creates a boundary layer.
An adverse pressure gradient causes the boundary
layer to separate from the ground and roll-up into
oppositely signed vortex, which causes the primary
vortex to rebound from the ground [12].

So, modeling of air pollution produced by aircraft
engine emissions should assess the mechanisms of
the entrainment of the engine exhaust jet near the
ground into the wing trailing vortex system and
include their impact on contaminant concentration
distribution in plume under different operation
conditions. Eliminating the fluid mechanisms of
aircraft wake vortex may overestimate the height of
buoyancy exhaust gases jet from aircraft engine,
underestimate its length and radius of expansion,

dispersion  characteristics and  contaminants
concentration values in plume.

3. Task

In the present study NO, concentration was

measured in plume from passenger aircraft at

landing and take-off conditions at International
Boryspol airport (IBA). Complex model PolEmiCa
has been improved on the basis of the measurement
campaign and by take into account an influence of
the ground on jet behaviour and the interaction
between the jet and the wing trailing vortex system.

4. Measurement results of NO, concentration in
plume from aircraft engine at International
Boryspol airport

Experimental studies at IBA were focused on
measurement of NO, concentration in the plume,
both the jet- and dispersion-regime of aircraft
engines under real operating conditions (taxi,
landing, accelerating on the runway and take-off). A
stationary station A is (jet-regime) close-by the
runway (30 m) with a measuring height of 3.0 m. A
mobile station B (dispersion-regime) is at distance
110 m from the runway and its location is oriented
due to the prevailing wind direction (north-west,
west, south-west)and with a measuring height 3.6
and 5.7 m. Figure 3 shows the measurement location
set up at A and B. It was guaranteed, that largest part
of the aircraft exhaust at landing and take-off
conditions was scanned by NO, measurement
systems.

Analysis of the data exhibited that peaks for NOy
and CO, concentration are unambiguously correlated
with aircraft plumes.

Figure 4 shows the background and plume
concentration for NO, NO, and CO, at 3.6 /53 m
sampling height for different aircraft at take-off
(T/O) and landing (A) conditions.

Thus, the take-off conditions of an aircraft engine
is characterized by the highest NO, emission, while
the landing conditions — by a much lower NOy
value.
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Fig. 3. Stationary station A and mobile Station B (Van), both downwind. Investigation of air contaminants
transport and dilution from aircraft engine emissions at landing and take-off conditions
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Fig.4. Background and plume concentration for NO, NO,, CO, at stationary station A and mobile station B
at landing / take-off conditions and the prevailing wind direction
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5. Comparison of measured and calculated
concentrations from aircraft emissions at
Boryspol International airport

The results of the measured NO, concentration in
plume from aircraft engine for take-off conditions at
IBA were used for improvement and validation of
the complex model PolEmiCa. This model is
developed in National Aviation University [17]. It
consists of the following basic components [18, 19]:

1. engine emission model — emission factor
assessment for aircraft engines, including influence
operation factors;

2. jet transport model — transportation of the
contaminants by jet from aircraft engine exhaust;

3. dispersion model — dispersion of the
contaminants in atmosphere due to turbulent
diffusion and wind transfer.

The complex model PolEmiCa allow to
calculate the inventory and dispersion parameters of
the aircraft engine emission during the landing-
takeoff cycle of the aircraft in airport area [19, 20].

A basic equation of a complex model PolEmiCa
for definition of instantaneous concentration from a
moving source (from a single exhaust event) with
preliminary transport on distance X, and rise on
altitude 4k, and dilution oy, of contaminants by jet
has a form [17, 20]:

Qexp | - x-x)  y-y)
20, +4K t 20 +4K t
{8 m’[o}, +2K t][o}, + 2K ]}
(z-z'-H)® (z+z' +H)?
exp| - |+exp| -~
20, +4K t 20, +4K ,t
[0}, +2K 1"

cx, y,2z,t) =

X

where current coordinates (x’, y’, z’) of the emission
source in movement during time ¢

x'=xy +upt’ +05at’” +u, (t+1);
V' =yo vt +0.5bt" z = zy +wp t'+0.5ct"?

(x0, o, zp) — initial coordinates of the source;
(upr, ve, wpy) — velocity vector components of
emission source; (@, b, ¢) — acceleration vector
components of emission source; K., K,, K.
coefficients of atmospheric turbulence, m/c*.

Model calculates the coordinates (Xymax; Ywmax)
and period of maximum concentration formation

(Twmax) on the runway from moment of aircraft
engine run:

T =(X

wmax

_Xlw)/Us

wmax

Also the model predicts maximum concentration
distribution due to dilution by jet and diffusion by
atmospheric turbulence and its detection by
monitoring station (Fig.5).

Maximum value of instantaneous concentration
Cmax at the detection point of monitoring station will
be derived at the moment t,,,, which is determined
by the following formula:

7Kg dKx
wind — wind 3
UW UW
where Xuing — the distance of the contaminants

transport by the wind to monitoring station; U, —
wind velocity, m/s.

wind

X monitor

7S

Ymonitor

X
w

Fig. 5. Modeling scheme of transport and dilution of air
contaminants by exhaust gases jet from aircraft engine
and atmospheric diffusion

So, the comparison of measured and modeled
instantaneous NOy concentration was sufficiently
improved by taking into account interaction of the
jet with wing trailing vortexes during the take-off
stage Figure 6. Wing trailing vortexes effect causes
the expansion of horizontal dispersions of jet and
decrease of buoyancy effect height.
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Fig. 6. Comparison of the PolEmiCa (previous and improved version) results with the measured NOx concentration from
aircraft engines exhausts under maximum operation mode at International Boryspol airport

6. Conclusions

Combined approach of modeling and measurement
methods provides a more accurate representation of
aircraft emission contribution to total air pollution
(local pollution) in airport area. Modeling side
provides scientific grounding for organization of
instrumental monitoring of aircraft engine
emissions, particularly, scheme for disposition the
monitoring stations with aim to detect maximum
concentration which is characterized for jets/plumes
from aircraft engines and at which height be samples
the concentration in exhaust with taking into account
wing-tip vortices effect and ground impact on jets
behavior.

As shown from fig.6, the measurement results
correlate quite good with modeling ones, which
include the impact of wing trailing vortices on
the parameters of the jet (buoyancy height,
horizontal and vertical deviation) and
contaminant dilution process.
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0.1. 3anopoxens', K.B. Cuuniio’. Mojie/1l0BaHHsi Ta BUMIpIOBaHHS KoHIeHTpauiii NOX y crpyMeni rasis Bix
aBia/IBUT'yHA 32 eKCILTyaTallilHUX YMOB Ha TEPUTOPIi aepoapomy

HarionanpHuit aBianiitHuil yHiBEpCcHTET,
ITpocnext Kocmonasra Komaposa 1, 03680, Kuis, Ykpaina
E-mails: 'zap@nau.edu.ua; “synyka@gmail.com

Merta: 3a0pyHEHHS TIOBITPs a€POIIOPTIB € aKTYaJILHOIO IPOOJIEMOIO Yepe3 3poCcTaHHs 00CSTiB aBialliifHNX MepeBe3eHb
mopiyHO Ha 5%, a TaKoX Y 3B’S3Ky 13 Jenaii OUTbIIMM HaOMMKEHHSM JKHTIIOBHX PaifOHIB JI0 aeporopTiB (30Kpema it
Takux aeporopriB Ykpainu, sk KuiB («Kymsan»), JIbBiB, Oneca, XapkiB, JloHenbk, 3amopixoksi. AHaji3 pesysbTaTiB
IHBEHTapM3aLlil HKepen BUKUAIB 3a0pyaHiorounx pedoBrH (3P) y romoBHHX aepomoprax €Bpornd Ta YKpaiHH BKasye Ha
noMiHaHTHICTE BUKuAIB 3P Bin aBiamiianx muryHiB (AJl) y 30HI aeporopry. s ycmimIHOTO po3B’si3aHHS 3a3HAYCHOL
eKOJIOTIYHO1 1po0IieMr HEe0OX1THO OpraHi3yBaTé KOHTpoJb emicii 3P Bin A/l HamaromkeHHsIM CHCTEMH 1HCTPYMEHTAIBHOTO
MOHITOPHHTY Ta PO3PaxXyHKOBHX Mojelel 3a0pyIOHEHHS IOBITPS B MEXaX Ta Ha NPHICTIINX TEPHTOPILIX aepOIOpTy.
Metogu: BumiproBanHs NO, KOHIIGHTpamliif y CTpyMeHiI Ta3iB Bin aBiagBuryHiB OyJno BHKOHaHO Ha 0asi
XEMUTIOMIHECIICHTHOTO METOMY 3a PCalbHHX CKCIUTyaTalliiHUX YMOB (PYJIIHHS, MPH3EMIICHHS, PO30ir Y3IOBX 3JITHO-
MOCAJIKOBOI CMYTM Ta 3T MOBITPSHOTO CyIHA) Y MeXax MDKHapoaHoro aepomopty «bopucmimb». Pospaxynok NOy
KOHIIGHTpaLili OyJI0O BUKOHAHO 32 KOMILIEKCHOI Mojesuno PolEmiCa 3 ypaxyBaHHSIM IpoLieciB IEPEHOCY Ta PO30aBIICHHS
nomimmok 3P crpymenem rasiB Bix AJ] Ta BUXpOBOIO MENEHOO Bifl KpHIla MOBITPSHOrO cynHa. PesyabTaTn: [Ipencrasieno
pe3yibTaT BJOCKOHaJICHHs! KoMmIuiekcHoi Mojeni PolEmiCa 3a paxyHOK ypaxyBaHHS BIUIMBY IapaMeTpiB CTPYMEHs
(BHCOTa CIIIMBaHHS, UCIEPCiS MEX Ta AaJeKOOiHICTh), 3eMHOT HOBEPXHi Ta BUXPOBOI IEJICHHU Bijl KpHJIa Ha MPOLIECH
MepeHocy Ta po30aBICHHA IOMIMIOK 3a0pyTHIOIOYHMX PEYOBMH y BHKHIOAX aBiaJBHTYHIB. HaBenmeHo pesympratu
MepeBipKM  JOCTOBIPHOCTI  BAOCKOHaneHoi komiuiekcHOi Mopmeni PolEmiCa wHa  migcraBi  pes3yibTaTiB
eKCTIEPUMEHTAILHOTO JOCIIKEHHS B MEXaxX MDKHApOIHOTO aeporopty «bopucminsy.

OTxe, 3ampONOHOBAaHWKA KOMOIHOBAHMH MiOXiJ IHCTPYMEHTAJIBHOTO MOHITOPUHTY 3 PO3PaXyHKOBHMHU MOJEISIMHU
3a0e3medye TOYHINIE BHUSBICHHS Ta BU3HAUEHHS CKIIAA0BOi eMicii A/l y nmokanbHOMY Ta perioHanbHOMY 3a0pyIHEHHI
aTMOC(EepHOTo MOBITPS y MEXax Ta Ha OKOJHIII aeporopTy. Tak, po3paxyHKOBI MOAEN HAAAIOTh OOTPYHTYBAHHS IS
CXEMH PO3MILIEHHsI CTaHII IHCTPYMEHTAIFHOIO MOHITOPUHTY 3 METOIO BHSIBJIEHHS MaKCHMaJIbHOT KOHLIEHTpAIil, siKa
(hopMyeThCs B CTPYMEHI BiJl KOKHOTO AJl JOCIIHKYBAHOTO MOBITPSIHOTO CY/IHA.
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KirouoBi cnoBa: iHBeHTapu3anii aBiallifHUX IBWIYHIB; 1HIEKC eMicii; KIiHIEBHH BHXOp Bl KpWia; MOHITOPWHT
3a0py/JHEHHsI TOBITPS; MOJICIIOBaHHS 3a0pyIHEHHS aTMOC(EpHOro IOBITPs; CTPYMiHb Ta3iB; eMicis aBialliiHUX
JBUTYHIB.

A.M. 3amopoxen', E.B. Cunmno’. MojelupoBanne M H3MePeHHs] KOHIEHTpamMii Nnox B CTpye OT
ABHAIBUIaTeJIsl B peajbHbIX IKCITYaTAIIMOHHBIX YCI0BHUAX HA TEPPUTOPHH a3POAPOMA

HanuonanbHelii aBualioHHbIi yHUBepeureT, Kues, Ykpauna

ITpocnext Kocmonasra Komaposa 1, 03680, Kues, Ykpaunna
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Leanb: 3arpsi3HEHNE BO3LyXa adPONOPTOB SBIACTCS aKTyalbHOM MPOOIEMOIl BCIEICTBUE POCTa 00BEMOB aBHALIMOHHBIX
MIEPEBO30K €XKErofHoO Ha 5%, a TaKkKe ¢ TCHICHIMEH MPUOIIKEHUS KUJIBIX PAaliOHOB K a3poropTaM (B YaCTHOCTHU JUIs
VYkpauHsl, 3T0 Takue a3pornopTsl, kak Kues («OKymsub»), JIbBoB, Ognecca, XapbkoB, JloHelk, 3amopoxbe. AHamu3
pe3yJIbTaToOB MHBEHTApU3allMi UCTOYHUKOB BBIOPOCOB 3arpsizHstomux BeniecTs (3P) B riaBHbIX aspornoprax EBporsl n
VYKpauHbl yKa3plBaeT Ha JOMHHAHTHOCTb BHIOPOCOB OT aBHAI[MOHHBIX JIBUTaTelieil B 30He ajsponopra. s ycrnenHoro
pelIeHns] yKa3aHHOM HKOJOrNYecKor MmpolieMbl HEOOXOJMMO OpPraHU30BaTh KOHTpOIb dMucchn 3B oT AJ] Ha ocHOBe
CHCTEMBI HHCTPYMEHTAJIbHOI'O MOHUTOPUHIA U PACUETHBIX MOJIENIEH 3arpsI3HEHUS BO3AyXa B 30HE U Ha MIPUJIETAIOIINX K
aeporiopty Teppuropusix. Meroabl: M3meperne NOX KOHIEHTpamuii B CTpye Ta30B OT aBHAJBHTATENeld OBLIO
BBIOJIHEHO Ha 0a3e XEMHIIOMUHECLHEHTHOIO METOAa B pEalbHBIX OSKCIUTYyaTALMOHHBIX YCIOBHAX (pyJeHHe,
MIpHU3EeMIICHHE, pa30er BIOJIb B3JIETHO-NOCAOYHOM IOJIOCHI M B3JET BO3IYLIHOTO CyJIHA) B 30HE MEXKITyHAPOIHOTO
asporopta «bopucmonb». Pacuer NOX KOHIIEHTpAIlMil BBIMOJIHEH Ha OCHOBE KOMILICKCHON momenu PolEmiCa, ¢
Y4eTOM IPOIIECCOB MepeHoca, pa3dapineHus npumeceir 3P crpyeit razoB ot AJl M BHXpEBOHl MeneHOW OT KpbuIa
BO3IYIIHOTO cyAHA. Pe3yabTaThl: [IpencTaBieHsl pe3ynbTaTsl yCOBEPIIEHCTBOBAHU KOMIDIEKCHOM Moaenn PolEmiCa
Ha OCHOBE y4eTa BIIMSHHS MapaMeTpoB CTPyH (BBICOTA BCIUIBITHSI, JAWUCIIEPCUS I'PAHUI U JAILHOOOMHOCTH), 3eMHOM
MIOBEPXHOCTH U BUXPEBOH IEJICHbI OT KpblIa Ha MPOLIECCHI IepeHoca 1 pa30aBieHns IPUMECEH 3arps3HSIONINX BELIECTB
B BbIOpOCcax aBuajaBurareiei. [IpuBemeHBI pe3ysbTaThl IMPOBEPKH JIOCTOBEPHOCTH YCOBEPIICHCTBOBAHHOM
komIuiekcHOH Mojenn PolEmiCa Ha oOCHOBaHWM pe3yJbTaTOB AKCIIEPUMEHTAJIBHOTO HCCIICOBAHUS B 30HE
MeXAyHapoaHoro aspornopra «bopucmomey. Takum o0pa3oM, KOMOWHHMPOBAaHHBIH IIOAXOA Ha  OCHOBE
WHCTPYMEHTAJIBHOIO MOHHUTOPHHIa W pacdyeTHBIX MOJeNei oOecrieunBaeT Ooiiee TOYHOE BBISIBICHHE M OIpeEelIeHHe
cocTapisroniel smuccun A/l B JOKaJbHOM M PETHOHAIBHOM 3arpsS3HEHHH aTMOC(EPHOro BO3JyXa B INpelenax U B
OKpECTHOCTAX a’ponopTa. Tak, pacyeTHbIE MOAEIH NPEIOCTABISIOT OOOCHOBAHME AJISI CXEMBI Pa3MELICHUs] CTaHIINH
WHCTPYMEHTAJIBHOTO MOHHTOPHMHIA C LENBI0 BBIABICHHS MaKCHMaJbHON KoHIEHTpauuu 3P B cTpye oTpabOTaHHBIX
ra3oB OT Kaxa0ro AJl ucciaenyemMoro BO3LyLUIHOIO CyAHa.
KiroueBble cj10Ba: WHBEHTapH3alUs BHIOPOCOB aBHAIIMOHHBIX JBUTATENEH; MHAEKC SMHCCHHU; KOHLEBOH BHXph OT
KpblIa; MOHHTODHMHI 3arpsA3HEHHsS BO3/yXa; MOAEIMPOBAHUE 3arpsi3HEHHs aTMOC(EPHOro BO3IyXa; CTPys Ia30B;
OMHUCCH aBHAIIMOHHBIX ZlBPIFaTe.Heﬁ.
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