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Abstract

Purpose: Currently models for airport air quality are based on the semi-empirical approaches for description of fluid
dynamic of exhaust gases jet from aircraft engine and do not take into account an influence of the ground on jet
behaviour and the interaction between the jet and the wing trailing vortex system. Eliminating the fluid mechanisms of
aircraft wake vortex in models of airport air quality 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. Evaluation the entrainment and mixing processes of the engine emissions in the plume by using
CFD-code is an actual task for airport air quality studies. Methods: Numerical investigation of properties and
structure of aircraft engine jets with CFD codes (OpenFOAM) will give a realistic checked material, on the base of
which a necessary scientific reasoning of transportation of the contaminants by engine jets. Results: Comparison
between OpenFOAM numerical results and semi-empirical jet model calculations (used by complex model PolEmiCa)
show that buoyancy effect parameters of exhaust gases decrease twice for wall jet. And the difference between
appropriate longitudinal coordinate of buoyancy effect is near to 30%. Discussion: using CFD tool allows to improve
an airport air quality analysis by providing more objective and accurate input data for further dispersion modelling.
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1. Introduction exhaust gases jet, which contains significant
momentum and thermal buoyancy and in accordance
may transport contaminant to rather large distances
and the rise the plume centerline over the height of
engine installation and over the ground surface
appropriately. The value of such a distance is
defined by engine power setting and installation

There is a growing concern on the pollution
resulting from airport operations because of the
expansion of air traffic over the years. It is
forecasted that future air traffic movements will
increase at a mean annual rate of 5 to 7% [1].
According to Schafer et al, 15,000 aircraft are .
already populating the sky and an expected 2,200 parameters, mode of an airplane -movement,

o11e ) meteorological parameters. The results of the jet
billion of passenger kilometres are flown each year . . . .
2]. model calculations, depending on listed initial data,

show that the extent of transport of the jet plumes
from aircraft engines may change within the
20...1000 m and sometimes even more [6].

Second, the most part of LTO-cycle the aircraft
is maneuvering on the ground, 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 of
exhaust gases jet.

Currently models (PolEmiCa [16, 17], EDMS
[18], LASPORT [19]) for airport air quality are
based on the semi-empirical approaches for
description of fluid dynamic of exhaust gases jet
from aircraft engine and do not take into account an
influence of the ground on jet behaviour and the
interaction between the jet and the wing trailing

Although airports provide several benefits for our
society, communities in the vicinity of airports are
subjected to the deterioration of air quality. This
environmental problem is becoming greater because
of increasing air traffic, which is quite often
associated with the expansion of airports and the
continuous growth of moving closer and closer to
airports. The analysis of emission inventories from
major European and Ukrainian airports has
highlighted, that aircraft are the dominant source of
air pollution in most cases considered. Aircraft is a
special source of air pollution due to some features
[16].

The first important feature of the source of
emission under consideration is a presence of
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vortex system. Eliminating the fluid mechanisms of
aircraft wake vortex in considered modelling
systems 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.

Evaluation the entrainment and mixing
processes of the engine emissions in the plume by
using CFD-code is an actual task for airport air
quality studies.

2. Aim of work

Improvement of complex model PolEmiCa,
particularly assessment parameters of exhaust gases
jet (height and longitudinal coordinate of buoyancy
effect, length of jet penetration) by using CFD
codes.

3. Review and analysis of the studies

Over the last few decades, several analytical and
numerical studies [5 - 10] have been devoted to the
problem of the wake vortex evolution near the
ground. Chan [5] highlighted the importance of the
vortex circulation effect on pollutant dispersion and
concluded the variation of pollution concentration
distribution in the control volume is primary due to
the circulation of vortices near the ground.
Harvey&Perry [6] 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 wind tunnel tests, it was observed, that the
vortices approach the ground, induce a cross flow
and create 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 [6]. Atias &Weihms investigated the motion
of a vortex pair near the ground numerically using a
discrete vortex method [7]. It was found, that the
vortices near the ground rebound and follow
upward, which is explained by the formation of a
boundary layer at the ground [7]. Unsteady
numerical simulation of the interaction of vortices
with the ground was conducted by Spalarat et al. [8]
by using different turbulent models (e.g. Spalart-
Almaras and k-m).

This simulation results in considerable
overestimation of vortex dissipation and thus
inaccurate ground vortices behavior. On the basis of
a more appropriate model (Spalart-Schur) [8] it was
concluded that vortex rebound height is mainly

determined by the parameters of vorticity of
boundary layer near the ground.

The wake vortices are considered to be “in
ground effect” (IGE) when located within one initial
separation of the ground (i.e., z < bo). The proximity
of the ground and wind have a strong effect on the
development. The ground mainly affects the vortices
trajectory and leads to the formation of secondary
vortices coming from the boundary layer. The path
of the descending vortices gradually diverges when
they reach the ground [5 - 9]. This is an in viscid
phenomenon and it can be explained by the fact the
ground acts like a symmetry boundary. The viscous
effects produce a boundary layer separation which
may cause the creation of a secondary vortex. The
interaction between the secondary vortex and the
primary vortex changes its trajectory and results in
vortex rebound [5, 9].

Ash et al. (1994) also conducted numerical
simulation of aircraft wake vortex transport near the
ground by using a Reynolds turbulence model to
examine cross wind and atmospheric turbulence
impact on ground effects. It was reported, that the
ambient variables may have an essential influence
on wake vortex behavior in terms of lifetime and
hazard [10 - 13].

Turbulent plane free and wall jet simulations
were carried out by S.S. Aloysius and L.C. Wrobel
[9 - 11] to validate the computational models and to
assess the impact of the presence of the solid
boundary on the fluid flow and its dispersion
properties.

This review has demonstrated the need of
applicability of CFD methods to airport-related flow
and dispersion problems, and their capability to
characterize source dynamics. The results can help
dispersion modelers with better aircraft plume
dynamics representation and benefit the airport air
quality regulation.

4. Numerical simulation of the jet from aircraft
engine NK-8-2U via OpenFOAM

OpenFOAM is the free, open source CFD
software released and developed primarily by
OpenCFD Ltd since 2004. It has a large user base
across most areas of engineering and science, from
both commercial and academic organisations.
OpenFOAM has an extensive range of features to
solve anything from complex fluid flows involving
chemical reactions, turbulence and heat transfer, to
acoustics, solid mechanics and electromagnetics
[14].
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The design parameters character for engine NK-
8-2U of the aircraft Tupolev-154 was used for the
research task. Nozzle diameter of the aircraft engine
exhaust D = 1.0 m, the height of engine installation
hen above the ground — 3.5 m.

4.1. Computational grid

For these tasks a three-dimensional model of a jet
was generated in OpenFoam on the basis of the
computational grid (Fig.1), which was built in a
special software program “Gmsh, version 3.0.6.
Gmsh is a free 3D finite element mesh generator
with a built-in CAD engine and post-processor. Its
design goal is to provide a fast, light and user-
friendly meshing tool with parametric input and
advanced visualization capabilities. Gmsh is built
around four modules: geometry and user-friendly
meshing tool with parametric input and advanced
visualization capabilities. Gmsh is built around four
modules: geometry mesh, solver and post-
processing.

The specification of any input to these modules is
done either interactively using the graphical user
interface, in ASCII text files using Gmsh's own
scripting language (.geofiles), or using the C++, C,
Python or Julia API [15].

Fig.1. Visualization of geometry model

The size of computational grid is 30*30*220
meters. Total number of cells is 3468084. The most
part of computational mesh is represented by the
cells of hexahedral shape, the top part — by the cells
of the curved shape. This configuration was selected
to simplify the problem and optimize the mesh
distribution where it is needed mostly (i.e. near the
engine exhaust and ground surface) (Fig.2).

The computational domain was divided into few
subvolumes to be able to control the mesh precisely
(Fig.2). The zone of ground vortices formation —
between ground surface and aircraft engine exhaust

nozzle — is characterized by structured mesh with
higher resolution, with aim to investigate the ground
vortices generation processes and basic mechanisms
of boundary layer formation, ground surface impact
on fluid flow mechanics and particularly Coanda
effect occurrence. Zone of engine nozzle exhaust is
discretized using a very fine structured mesh to
capture the jet development pattern and its vortices
structure.
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Fig.2. Visualization in vertical plane of computational
mesh

3.2 Boundary conditions,
solver

turbulence model,

For considered task the following boundary
conditions were specified to the boundaries of the
computational domain of jet flow field, Fig.3:

e The nozzle section of aircraft engine exhaust at
which jet hot gases enter to computational domain is
set as a “velocity inlet” with velocity magnitude
100 m/s (low idle mode of engine operation);
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e The computational surfaces adjacent to the
engine section at which ambient conditions (wind
velocity, wind direction and temperature) enter to
computational domain is also set as “velocity inlet*
with wind velocity 2 m's™ and wind direction 0°
(normal to boundary). The co-flow is across the
domain;

e The external lateral surfaces of computational
domain at which ambient conditions (wind velocity,
wind direction and temperature) are set as “velocity
inlet” also: wind direction and velocity were defined
by velocity specification method, X-component of
flow direction = 1;

e The ground surface, which is corresponding to
the bottom of the computational domain, is set as
“wall” implying a non-slip condition for velocity.

e The computational surface opposite to the
aircraft engine exhaust nozzle, at which flow field
(mixture jet and ambient air) leaves computational
volume, was set as “pressure-outlet”.

Fig.3. Boundary conditions for simulations of exhaust
gases jet from aircraft engine near ground

All calculations were made with steady-state
solver for incompressible flows (SimpleFoam). K-
epsilon turbulence model was used to evaluate the
turbulence characteristics of fluid flow. The result
has converged after 1911 iterations.

All calculations were made with steady-state
solver for incompressible flows (SimpleFoam). K-
epsilon turbulence model was used to evaluate the
turbulence characteristics of fluid flow. The result
has converged after 1911 iterations.

The modeling results were proceeded by
ParaView, with aim to investigate the fluid
mechanisms aspects of the exhaust gases jet from
aircraft engine exhaust near the ground surface.

The Fig.4 demonstrates the basic mechanisms of
the jet behavior, as Coanda and buoyancy effect.

So, the exhaust gases jet clings to the
aerodrome’s surface for large distance before
buoyancy takes over and causes the jet lift and rise
above the ground.

Fig.4. Velocity contours in steamwise direction due to
RANS modeling

All calculations were made with steady-state
solver for incompressible flows (SimpleFoam). K-
epsilon turbulence model was used to evaluate the
turbulence characteristics of fluid flow.

All calculations were also made with steady-state
solver for incompressible flows
(buoyantBoussinesqSimpleFoam). K-epsilon

turbulence model was used to evaluate the
turbulence characteristics of fluid flow.
Obtained results demonstrate the basic

mechanisms of the jet behaviour, as Coanda and
buoyancy effect. So, the exhaust gases jet clings to
the aerodrome’s surface for large distance before
buoyancy takes over and causes the jet lift and rise
above the ground (fig.4-8).

Velocity profile

Longtuina ccordinste, =

Fig.5. Velocity profile in steamwise and vertical direction
due to RANS modeling
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Fig.6. Changing of velocity depending on distance due to
RANS modeling

Fig. 7. Velocity profile of the exhaust gases jet from
aircraft engine NK-8-2U

Velocity profile

Fig. 8. Axis of the exhaust gases jet from aircraft engine
NK-8-2U due to velocity gradient

The obtained longitudinal coordinate and height
of buoyancy effect due to simulation by Open
FOAM were compared with previous modeling by
FLUENT®6.3 and PolEmiCa for the real NK-8-2U
engine under idle operation conditions (Us= 98 m's’
!, To = 423 K) and same ambient conditions (Uy = 2
m-s™, = 0°, Ta =300 K), Table 1.

Table 1

Comparison of calculated parameters
of the jet from NK-8-2U engine

Parameters Calculation results of model
Initial Fluent | Fluent | PolEmi
conditions Open 6.3 6.3 Ca
U=98 m's'!, | FOAM | Mesh | Mesh | previous
T;=423K 1 2 version
Heightofjet |1, 5 | 205 | 210 | 404
rise Ay, m
Longitudinal
coordinate | 155 | 1700 | 1650 | 125,0
of jet rise Xy,
m

Comparison between OpenFOAM numerical
results and semi-empirical jet model calculations
(used by complex model PolEmiCa) show that
buoyancy effect parameters of exhaust gases decrease
twice for wall jet, tab. 1.

And the difference between appropriate
longitudinal coordinate of buoyancy effect is near to
30%.

The found difference is explained by absence of
the account of ground surface impact on jet structure
in complex model PolEmiCa that may lead to
overestimation of the height (near to twice!) and
underestimation of longitudinal coordinate of
buoyancy effect.

4. Conclusions

On the ground of obtained CFD results for basic jet
parameters (height and longitudinal coordinate of jet
axis arise due to buoyancy effect, length of jet
penetration) and their comparison with semi-
empirical jet model used in PolEmiCa it may be
concluded, that using CFD tool allows to improve an
airport air quality analysis by providing more
objective and accurate input data for further
dispersion modeling.
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YucesibHe MOJACTIOBAHHS CTPYMeHsI I'a3iB BiJ aBiaJBUIyHa 32 YMOB MAaJIoro razy
'23HanionanbHuii aBianitinuii ynisepcurer, npocr. Jlro6omupa I'ysapa 1, Kuis, 03058, Yxpaina
E-mails: 'synyka@gmail.com, *kranigl 5@gmail.com, *zap@nau.edu

Mera: YV ga"uii yac Mozeil SIKOCTI HOBlTpH B aeporopTy 0a3yroTbCs Ha HamBeMmquHI/Ix migxonax s
OIHCy JMUHAMIKH CTPYMEHsI BUXJIOITHHUX Ta3iB aBiaJ[BUTYHA 1 HE BPAaXOBYIOTb BIUTHB MTOBEPXHI aepopoMy Ha
HOBG,Z[IHKy CTpYMEHs Ta IpoLecH B33.€M0):[11 CTpyMEHS 3 BHUXOpaMH Bim Kpuuia. BUKIOUeHHS 3a3HAYEHUX
MEeXaHI3MIB Y MOJIEIISIX SKOCTi TIOBITPSI B aepOonoOpTy MOXK€ 3aBUIIMTH BUCOTY IUIABYYOCTi CTpYMeHSI
BUXJIOHUX Ta3iB Bix aBiajBuryHa, HE OO0 €KTUBHO OOYHMCIUTH JalleKOOIWHICTH CTPpYMEHS Ta pajiyc
pPO3IIMPEHHs, UCIepcii Ta BIiAMOBIMHO BenmWYMHM KoHIEHTpariii. OImiHKa TpoleciB MepeHocy Ta
po30aBIieHHS JIOMIIIOK CTpyMeHEM rasziB Big aBiagBuryHa 3a gmomomororo CFD-komy € aKTyallbHUM
3aBIAaHHIM IS JOCIIDKEHHS SIKOCTI HOBlTpH B aeporiopty. Metoau: UncensHe z[ocmzplceHHsI BJIACTUBOCTEN
Ta CTPYKTYpU CTpyMEHs ra3iB Bing amiaaBuryHa 3a pomomororo CFD komxis (OpenFOAM) HAaJ1acThb
peanicTHIHAN HepeBlpeHHI/I MaTeplaJ'[ 110 3a0e3reunTh HEOOXiTHE HAyKOBE OOTPYHTYBAHHS OIIHKH plBHlB
3a0pyHEHHsST BHACTINOK BHUKHUIIB aBiaaBuryHiB. Pe3yiabTraTm: [lOpiBHSHHS 4HCENBHUX pPE3yJbTATIB
OpenFOAM Ta po3paxyHKiB HaIiBeMIipUIHOT peaKTI/IBHo'f MO,Z[CJ'Ii (BI/IKOpI/ICTOByBaHa CKJIQIHOIO MOJIEILIIO
PolEmiCa) mokasye, 1o napaMerpH BILIUBY nnaBquCTl BilIpaIibOBaHUX Ta3iB 3MEHIIYIOTHCS BIBIUi st
OOMEKEHOT0 CTpyMeHs. A pPIi3HUI MDK BIAIIOBIHOIO TO3J0BXXHBOI KOOPIWHATOIW €PEeKTy IUIaBy4OCTi
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craHoBHUTh 01M3bK0 30%. O0roBopennsi: Bukopucrans incrpymenty CFD no3Bonsie BrockoHanmuTH aHali3
SKOCTI aeponopTy B aepomnopTy, HaJaroud OimbIl OO'€KTHBHI Ta TOYHI BXiAHI JaHi UIS HOAAJIBIIOrO
MOJIETIOBAHHS U CIIepCii.

KarwuoBi ciioBa: aBiaJBUTYH; CTpyMiHb BigIpalbOBAaHHX Ta3iB; 3a0pyAHEHHS aTMOC(HEPHOro MOBITPS;
MicIieBa SIKICTh MOBITPS; TPAaHUYHI YMOBH

K.B.Cunnio', A.M.Kpynko’, O.H.3anopo:xen’

YucelbHOE MOAETHPOBAHNE CTPYH Ia30B 0T ABHAIBUIATEIs IIPH YCJIOBHSAX MAJIOr0 ra3a

2 HanumonanpHbli aBUAIIMOHHBIH yHUBEpcHTeT, poct. JIrobomupa I'y3apa 1, Kues, 03058, Ykpauna
E-mails: 'synyka@gmail.com, *kranigl 5@gmail.com, *zap@nau.edu

Heasn: B Hacrosimee BpeMsi MOJIENIM KadyecTBa BO3JyXa B adpoONopTy 0azupyroTcs Ha MOITYIMIUPUIECKUX
MOIX0JaX K OMHCAHWIO JUHAMUKHM CTPYHM BBIXJIOMHBIX T'a30B aBHAJBHUraTeNss U HE YUUTHIBAIOT BIIMSHHE
TIOBEPXHOCTH a3pOJpOMa Ha TOBEIEHUE CTPYHU M MPOLIECCH B3aUMOIEHCTBUS CTPYH C BUXPSAMH OT KpbLia.
Hckmrouenre yka3aHHBIX MEXaHU3MOB B MOJEJSIX KadecTBa BO3/yXa B adpPOMOPTY MOXKET 3aBBICUTH BBICOTY
TJIABYYECTH CTPYH BBIXJIOMHBIX TA30B OT aBUAJIBUTATENs, HEOOBEKTUBHO OLIEHUTH JATbHOOOHHOCTD CTPYH U
paavyc pacHIMpeHHs, IUCIIEPCHMM W COOTBETCTBEHHO BENMYMHBI KOHIEHTpauuid. OIeHKa MpOoILeccoB
TepeHoca U pa3daBiieHUs TpUMeEcEe cTpyel ra3oB oT aBuansurarens ¢ momomipio CFD-xoma siBmstercst
aKTyalbHOM 3aJadedl s UCCIENOBaHUsl KadecTBa Bo3Agyxa B alsponopTy. Meroabl: UYucieHHoe
HCCIIEIOBAHKE CBOMCTB M CTPYKTYPHI CTPYH Ta30B OT aBuaasurareis ¢ momomsio CFD komoB (OpenFOAM)
MPEIOCTABUT PEATHCTUYHBIN TPOBEPEHHBIN MaTrepuaj, KOTOPBI OOecrmeyuT HEeoOXOAMMOe HayYHOe
00OCHOBaHHE OLIEHKH YPOBHEW 3arps3HEHHsA BCIIEACTBHE BBIOPOCOB aBHajaBUTATENed. Pe3yabTaThl:
CpaBHenne uncieHHbIX pe3ynpTaToB OpenFOAM u pacdeToB MOMYIMIHUPHUYECKOM PEaKTHBHON MOMETH
(ucrionp3yemast cimoxHOW Mmoaensio PolEmiCa) mokassiBaeT, YTO mapaMerpsl BIUSHHUS IIJIaBY4ECTH
OTpa0OTaHHBIX TA30B YMEHBIIAIOTCS BJABOE Ui OIPAaHUYEHHOTO CTPYH. A  pasHUIA MEXIy
COOTBETCTBYIOIIEH MPOJOIBHON KoopauHaTOl d(dekTa miaBydecTu coctapisier okoio 30%. ObcyxaeHue:
ucnonp3oBanus uHcTpyMeHTa CFD mo3Bossier ycoBepLIEHCTBOBAaTh aHANIM3 KadecTBa a3polopra B
a’poIopry, mnpenocrarisis Oosnee OOBEKTUBHBIE M TOYHBIE MCXOAHBIE JaHHBIE I JajbHEHIIEro
MOJIETIMPOBAHUS IUCIIEPCUH.

KawueBble cjioBa: aBuaJBUTATENh; CTPys OTPabOTaBIIMX Ta30B; 3arps3HEHHE aTMOCEPHOrO BO3IYyXa;
MECTHOE Ka4eCTBO BO3/(yXa; IPaHUYHBIC YCIOBHUS
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