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Meeting the air quality objectives is becoming a challenging task for the development of the air transport sector since it has to cope with the environmental constraints. In fact, in and around airports, aircraft main engines and APU contribute to pollutants emission such as NO x and Particle Matter (non-volatile and volatile, Ultra Fine Particles). To evaluate their impact, the proposed study aims at developing an innovative modelling methodology that better takes into account aircraft emissions evolution at micro-scales, both spatially and temporally in order to increase the accuracy of airport air pollution monitoring and prediction. In this study, the CAEPport airport model has been used as defined in the modelling capabilities and intercomparison ICAO study. This airport is typical of medium size airports infrastructure. In order to achieve CFD simulations, a 3D geometry of the airport is built using CATIA software and the mesh is carried out using ICEM software. In the present approach, individual aircraft movements and emissions are tracked with a time resolution down to a second. Meteorological conditions (wind velocity, temperature, relative humidity, etc.) and background species concentrations are also taken into account as they influence dispersion and species chemical evolution respectively. The modelled domain extends up to 8 km around the airport and as the buildings geometry and location influence strongly the dispersion of the pollutants, the spatial resolution can be as fine as 1 m.

INTRODUCTION

Airport air quality is becoming an important issue that has to be considered carefully as air traffic keeps growing. The expected growth of the air transport industry may create significant environmental and societal challenges over the coming decades. By 2050, the number of commercial flights landing and taking off in Europe is forecast to be 18.6-26.1 million per annum which is 2-2.7 times the number of 2012 [1] [2]. In and around airports, emissions from aircraft (engines and APU), from the airport infrastructures and also from roads leading to the airport have an impact on chemical species concentrations, contributing to public health concerns within neighboring communities. The impact both on human health and on the environment makes the surveillance and the search for mitigation solutions essential.

Modeling airport air quality is particularly complex since it involves multi-scale phenomena such as micro-scale dispersion, microphysics, chemistry, etc. Numerical simulations have often been used to investigate these physical processes and thus providing detailed information in terms of temporal and spatial distribution of species concentrations (e.g. [START_REF] Gousseau | Simulation of near-field pollutant dispersion on a high-resolution gris[END_REF], [START_REF] Tominaga | CFD simulation of near-field pollutant dispersion in the urban environment: a review of current modeling techniques[END_REF] and [START_REF] Tominage | Ten questions concerning modeling of nearfeild pollutant dispersion in the built environment[END_REF]). Nevertheless, these models were mainly focused to the pollutant dispersion in the urban environment and tri-dimensional CFD of aircraft emission dispersion have been little considered over the past few years. On account of these facts, a new approach to investigate 3D emissions dispersion in the CAPort area is implemented. Indeed, an artificial but realistic airport has been set up by ICAO in order to demonstrate the abilities of modeling to handle the various emission groups at an airport in emission and dispersion calculations [START_REF] Refloch | Cedre Software[END_REF]. In this study, simulations are based on using the ONERA CFD code CEDRE [START_REF] Refloch | Cedre Software[END_REF] which is a MPI parallel, three-dimensional, multi-species, multi-physics compressible Navier-Stokes solver.

In the original methodology developed here, each aircraft engine is considered as an individual source that moves along its own LTO trajectory. Missions' properties depend on the engine type, real-time power settings associated with specific exhaust temperature, jet flow velocity and chemical composition. Atmospheric conditions are taken into account through ambient wind speed, temperature, relative humidity and background chemical species concentrations. The air traffic is described using the CAEPport database that provides aircraft position and current status in the LTO cycle (landing, take off, taxiing, etc.). Numerical simulations give instantaneous and mean distribution of chemical species within the CAEPport platform. In particular, it allows investigations of chemical species concentrations where buildings can influence their spatial distribution.

This comprehensive knowledge and understanding will ultimately guide the most relevant solutions to control and reduce the environmental impact of airports emissions

The paper is organized as follows: Section 2.0 presents the CFD model including equations and gas phase chemistry capabilities. Section 3.0 describes the numerical simulation set-up including the airport configuration, the computational domain, the grid mesh, the boundary and initial conditions and the aircraft traffic used in the present study. Finally, results are presented in section 4.0

CFD MODEL

Fluid flow

The CEDRE numerical code used for the present study is a compressible Navier-Stokes solver with multi-species [START_REF] Refloch | Cedre Software[END_REF]. The differential equations related to the RANS 3D compressible Navier-Stokes equations in the code CEDRE read in: 

𝜕 𝜕𝑡 (𝜌𝑦 ̃𝑘) + 𝜕 𝜕𝑥 𝑗 (𝜌𝑢 ̃𝑗𝑦 ̃𝑘) = 𝜕 𝜕𝑥 𝑗 (𝜌𝐷 𝑘 𝜕𝑦 ̃𝑘 𝜕𝑥 𝑗 -𝜌𝑢 𝑗 " 𝑦 𝑘 " ̃) + 𝜔̇𝑘 ( 1 ) 
𝜕 𝜕𝑡 (𝜌𝑢 ̃𝑖) + 𝜕 𝜕𝑥 𝑗 (𝜌𝑢 ̃𝑗𝑢 ̃𝑖) = - 𝜕𝑝 𝜕𝑥 𝑖 -𝜌𝑔𝛿 𝑖3 + 𝜕 𝜕𝑥 𝑗 (𝜇𝑆 ̃𝑖𝑗 𝑑 -𝜌𝑢 𝑖 " 𝑢 𝑗 " ̃) ( 2 ) 
For compressible flows, a density-weighted, time-average decomposition (also called Favre average) is used: variables are then defined as Φ ̃= 𝜌Φ 𝜌 ⁄ and Φ = Φ ̃+ Φ " .

The Reynolds tensor is given by a Boussinesq hypothesis and the two-equation k-w with SST correction [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF]. Numerical methods are based on a cell-centered finite-volume approach for general unstructured grids.

Gas phase chemistry

The mass of non-ideal combustion products is very low, but the consequences for atmospheric chemistry are significant. When interacting together and with ambient species during the mixing process, emitted materials undergo chemical transformations that determine their atmospheric impact by direct or indirect effects involving secondary products. Their concentration depends on various parameters such as the engine type, the fuel composition, the plume dilution and the ambient conditions.

The main gaseous emissions from aircraft engines and APU are carbon dioxide CO 2 and water vapor H 2 O (v) . Minor species are nitrogen oxides NO x , carbon oxide CO and hydrocarbons, which are regulated. Furthermore, Sulfur is found in aircraft fuel at different concentrations. Sulphur products are quite important because they act as aerosol precursors, which can promote homogenous nucleation and form volatile sulfate aerosols. A finite number of kinetic reactions with a finite number of species can be handled by CEDRE in order to provide reactive chemistry which may be essential for a better comprehension of the processes in the exhaust plume. Examples of complex chemistry including SO x , NO x and HO x are available in [START_REF] Khou | CFD simulation of contrail formation in the near field of a commercial aircraft: Effect of fuel sulfur content[END_REF] [START_REF] Montreuil | Numerical simulation of contrail formation on the common research model wing/body/engine configuration[END_REF], for contrail formation.

NUMERICAL SIMULATION SETUP

3.1

Airport configuration As already mentioned, the airport configuration used in this study has been setup by the Modelling and Databases Group of The International Civil Aviation Organization (ICAO) Committee on Aviation Environmental Protection (CAEP). It is called CAEPport and it is representative of medium size airports [START_REF] Group | Assembly of the CAEPport database[END_REF]. The model is used to evaluate new LAQ models capabilities, intercomparisons and benchmarking studies.

In this work, the platform area has been modelled in 3D (see Figure 1) according to the two-dimensional plan provided in the CAEPport database [START_REF] Group | Assembly of the CAEPport database[END_REF].

Figure 1: CAEPport airport 3D geometry Table 1 gives buildings height defined in the study where the fuel farm, the power plant and the terminal parking heights are provided in the CAEPport database [START_REF] Group | Assembly of the CAEPport database[END_REF]. Other heights have been chosen from real airports typical values. 

Computational domain

The computational domain is detailed in Figure 2. It is a box which has 8,000 m length in the X and Y directions and 1,500 m in the Z direction. The Airport Reference Point (ARP) of the CAEPport airport is placed, by convention, in the middle of the runway, at the ground location X=10,000 and Y=10,000. The inlet and outlet surfaces are aligned with western side and eastern side of the airport. The two other surfaces are then aligned with the Northern and Southern sides. According to this configuration, a wind coming from west is then normal to the inlet surface, for example.

Grid mesh

The mesh is non-structured and made of tetrahedral elements. Figure 3 illustrates surface mesh of the outer box, the ground in and around the CAEPport area and several close-ups of three dimensional parts such as the fuel farms (a), buildings (b) and (c). The main characteristics of the mesh elements size is summarized in Table 3. The total number of cells is about 12.4 million. 

3.4

Boundary and initial conditions Boundary conditions are detailed on Table 4 while initial conditions are based on the meteorological data and background composition, also used in the inlet of the calculation domain (the western side) and the outlet (eastern side). Symmetry or slip conditions have been set for the southern, northern and top sides of the simulation domain. These profiles correspond to a neutral atmosphere stability case.

Table 4 Boundary conditions

3.5

Aircraft traffic Aircraft traffic is taken from the CAEPport data base. This data base has a full year journal of movements. A specific day has been chosen: the October 8 th 2004. This day has the maximum number of movements of the year with 311 movements planned. Figure 6 shows the aircraft LTO trajectories where blue lines correspond to landing and taxi-in and red lines correspond to taxi-out and take-off.

Figure 6: Aircraft landing and taxi-in (blue lines) and take-off and taxi-out (red lines) trajectories Aircraft movements along these trajectories (speed, position [START_REF] Ghedhaïfi | Chemical impact of aviation in airports[END_REF]), as well as their respective plume properties (temperature, exhaust speed and composition) are updated every second of the corresponding LTO cycle phase.

RESULTS

Hereunder, results from 3D numerical simulation using CEDRE are presented. The objective is to solve the flow dynamics taking into account buildings and atmospheric conditions. The wind coming from the west side crosses the area of interest creating recirculation zones behind buildings and a specific flow dynamics in their wake. Figure 7 gives the velocity fields on a cut plane at 2 m above the ground. It shows the typical flow (wakes) generated by the existing buildings. After a first step of simulations dedicated to the flow stabilization, aircraft traffic, using mobile sources, is implemented into calculations. It includes aircraft emissions and movements in the CAEPport between 12:00 pm and 13:00 pm.

Simulations provide instantaneous fields of concentrations as shown in Figure 8 and Figure 9 for NO and NO 2 concentrations, respectively. The highest concentrations of NO appear in the apron area (see Figure 1) and at the runway threshold, just before aircrafts take-off when engines have the maximum thrust. Figure 8 (b), corresponding to 12:30 pm, illustrates an aircraft emission at the end of the runway but after being transported by the wind coming from the west.
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Figure 8: Instantaneous NO concentration at three moments between 12:00 pm and 13:00 pm Figure 9 shows that the highest concentrations of NO 2 are observed on apron areas where aircrafts park after the taxi-in step and before the taxi-out step. This is related especially to the use of APU. The instantaneous fields are very useful to visualize aircraft traffic and for a better understanding of emissions differences between different regimes and operation zones. However, LAQ models usually give averaged fields for specified durations to estimate chronical effects. Thus Figure 10 and Figure 11 present hourly mean concentrations of NO and NO 2 respectively. They correspond to means between 12:00 pm and 13:00 pm (a), 13:00 pm and 14:00 pm (b) and 14:00 pm and 15:00 pm (c). Since there is a higher number of movements between 14:00 pm and 15:00 pm comparing to the two previous hours, NO emissions are higher too as shown in Figure 10 (c) whereas NO2 emissions are lower (see Figure 11 

CONCLUSION

Three dimensional CFD simulations of emissions dispersion in airport areas is a promising way for a better analysis of their impact on air quality in and around airports. The main objective of the performed studies is first to improve the understanding and the modelling of the important phenomena involved in airport air quality. Then, they can be used to improve airport strategies to reduce their environmental impact. Several parameters have been included into the simulations presented in this paper such as atmospheric conditions, aircraft emissions along their own trajectories taking into account their engine types and regimes within the LTO cycle. The airport infrastructure is also considered with 3D modelling of buildings which play a key role in the flow dynamics near the ground. Indeed, dispersion is strongly dependent on the flow which is itself dependent on topography and meteorology.

As a perspective, future simulations should also include species reactivity and ground radiative properties according to their type (tar, vegetation, etc.). Parametric studies varying atmospheric conditions and distinguishing different emission sources (aircraft, APU but also other vehicles used at the airport and those borrowing roads around the airport) may be carried out. Moreover, the problematic of volatile particulate matter and ultra-fine particles (diameter less than 100 nm) is of great importance for the next coming years because of their greater toxicity.

Figure 2 :

 2 Figure 2: Computational domain The box exact coordinates are given in meter in Table2.

Figure 3 :

 3 Figure 3: Surface mesh of the computational domain including the CAEPport platform

  Boundary conditions 𝑥 = 7,500 𝑚 Inlet 𝑥 = 15,500 𝑚 Outlet 𝑦 = 4,971 𝑚 Symmetry 𝑦 = 12,971 𝑚 Symmetry 𝑧 = 0 No-slip 𝑧 = 1,500 𝑚 Slip Buildings (Passenger terminal, Terminal parking, Fuel Farms, etc.) No-slip As mentioned above, the numerical simulations performed in this study use the description of the meteorological conditions such as temperature (Figure 4 left) and wind speed (Figure 4 right) as well as the atmospheric background composition like NO (Figure 5 left) and NO 2 (Figure 5 right).
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 45 Figure 4: Ambient temperature (left) and wind velocity (right) vs altitude

Figure 7 :

 7 Figure 7: Velocity field at 2 m above the ground.

Figure 9 :

 9 Figure 9: Instantaneous NO 2 concentration at three moments between 12:00 pm and 13:00 pm

Figure 10 :Figure 11 :

 1011 Figure 10: Hourly mean concentration of NO, between 12:00 pm and 13:00 pm (a), 13:00 pm and 14:00 pm (b), 14 pm and 15 pm (c)

Table 1 : Buildings Height

 1 

	Building name	Building number	Height (m)
	Fuel Farm	5	22
	Power Plant	6	15
	Passenger Terminal	9	20
	Terminal Parking	16	20
	Other buildings	3, 4, 7, 8, 10, 11, 12	

Table 2 Computational domain sizes Domain size L

 2 

x

[7,500; 

15,500] L y [4,971; 12,971] L z [0,000; 1,500] ISABE 2019

Table 3 : Mesh elements size

 3 

			Element
	Part name		maximum size
			(m)
	Runway		3
	Taxiway		3
	Aircraft Maintenance		2
	Catering		2
	Fuel Farm		2
	Power Plant		2
	Airport Maintenance Cargo Building	(see Figure 1)	2 2
	Passenger Terminal		2
	GA Terminal		2
	Fire Station and Emergency Power		2
	Fire training site		2
	Airside Service Roads		3
	Landside Access Roads		3
	Parking Facilities		5
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