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Abstract

Pollutant dispersion in stable atmospheric cond#igs still a phenomenon that is highly difficuit model or to
simulate in an experimental wind tunnel. Howevarchs conditions are of major interest in the fielfl risk

assessment because they are generally consereati/éhe low level of turbulence induces the mosgpartant

distance for toxic impact. Using LES approach appealevant and promising to overcome difficultietated to
stable conditions modelling.

The objective of this paper is to present the priglary results obtained in terms of wind flow mdihgl with the

open source CFD code FDS, from NIST, which is based.arge Eddy Simulation approach. It is essertal
determine the best parameterization of this typeanfe for atmospheric gas dispersion modellingrtitafrom

atmospheric flow conditions that were observed rduiiNERIS experimental campaign of ammonia reletise,
process related to satisfy this requirement wilpbesented.
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INTRODUCTION

Regarding the required citizen protection againdustrial hazards, it is nowadays required to He ab
predicting consequences of the different potemteaigerous phenomena that can occur, fire, explosion
and dispersion. In this context, if fire and exmoscan be destructive, atmospheric dispersiorowitt
gas modelling is a key issue mainly because ofdlge distances generated by such phenomena and the
economical consequences required for citizen ptiotecThis point will clearly appear as crucialdatn

this work in the sense that longest distance cpomds to stable atmospheric conditions.

Gaussian and integral models were developed 4G yego (Van Ulden, 1974) and are still used for
prediction. It is clear however that CFD modelliogn be an improvement for being more predictive
specifically when natural or anthropogenic obsinng are located in the cloud. RANS approaches
should appear as the simplest way. But, on topetific modifications required for taking into aceu
phenomena as thermal stratification effect on tieriee (Kurbatskii, 2013), such an approach is bt a

to model the real atmospheric boundary layer camsig the specific turbulence intermittency and
anisotropy of such a flow. Using LES then appeathasmost relevant because of its ability to coesid
these characteristics by construction. Turbulenusos&ropy is due to large scales that are expficitl
solved in the LES approach. To go any further, plaiger focuses on the ability of the FDS code tdeho
such a phenomena. Considering the importance pédiion in stable conditions as mentioned above in
this introduction, stable conditions are mainly sidered for modelling.

Two steps are required for such an objective. Tiseis to demonstrate the ability of the FDS ctalée
accurate, the second is to build a methodologyb&ing predictive. This paper clearly focuses on the
ability of the CFD code to be accurate that meansshiow the possibility of modelling a given
experiment. One of the main difficulties to do tlissthe need of detailed and reliable input data,
considering using LES for atmospheric dispersiondaliing requires building turbulence spectrum.
Large scale INERIS ammonia releases were usedismp#per mainly because it corresponds to a free
field jet release that can be confronted to CFDchieck the ability of these tools in predicting the
consequences of toxic industrial chemicals (TIGtshospheric dispersion following an accident. The
main part of the paper details the methodologytbail evaluating the FDS capability to model such a
experiment. Available methods and its applicatmStRTA experiment are proposed in the perspectives
presented in this paper.



DEMONSTRATION OF THE FDS CAPABILITY TO BE ACCURATE

FDS for “Fire Dynamics Simulator”, is a CFD freedyailable code developed by NIST (McGrattan,
2005) to compute fires and smoke propagations. Ulence model is based on the Large Eddy
Simulations (LES) approach. Previously some LESufations were published by Mouilleau et al.
(Mouilleau et al., 2008) based on a simple appraoatorrelated with experimental measurement or
theoretical development. Such an approach enablbsitd a fluctuating velocity profile in the domai
inlet. The simple approach developed in this warkan extension of this methodology to take into
account the large variety of frequencies due toldhge number of turbulent fluctuations. This aFmo

is based on a Fourier analysis of an experimemntdilg.

Ammonia dispersion INERISfield tests

Ammonia dispersion field tests performed by INERB®uet, 1999) are briefly presented. In 1996-1997,
INERIS conducted real-scale releases of ammorigém air with the help of major sponsors. Thesks tes
were intended to simulate as closely as possiblecaitental scenario that may occur in a real itvdis
facility. Outdoor experiments were conducted on tésing site of CEA-CESTA (Centre of Scientific
and Technical Studies of Aquitaine) that had aasmgrfarea of 950 ha and was completely Ragure 1
shows the whole measurement area in CEA-CESTA. field

Figure 1: The whole measurement area in CEA-CESTA for the armamerperimental test cases; sensor arcs
locations (distances from the release system : 2660nm, 100 m, 200 m, 500 m, 800 m and 1700 m for
corresponding referenced letters A, B, C, D, E,F, G

During the experiments, the atmospheric conditiase determined using a meteorological mast which
was installed 350 m from the release point (lab&! in Figure 1). This mast was 10 m high and was
equipped with 3 cup anemometers located at 1.5d47am above the ground, a wind vane at 7 m and an
ultrasonic anemometer at 10 m. A weather statios alao installed near the testing site. It allowed
recording the ambient temperature, the relativeitiitynand the solar flux at a height of 1.5 m. Fdir
apparatus, the scanning frequency was set to 1xkkzpe the ultrasonic anemometer whose frequency
was adjusted to 10 Hz. Catalytic sensors (neat)fahd electrochemical cells (far field) allow teasure
ammonia concentration. Sensors were positionedairt Bhapes centered on the release poinHgeee

1).

Several tests release cases were conducted with floasrate up to 4 kg/s. For the scope of the gmes
study the trial case 4 is considered. It correspdnda free field jet release. As expected, the anim
cloud behaved like a heavy gas and no elevatiatheoftloud was observed. For a relative humidity of
82%, the visible cloud length was about 500 m. Mgsbility is associated with the condensation of
water contained in the ambient air once this latezntrained into the two-phase release. Durimgeh
tests, it was found that the temperature of sutdase can drop down to -70°C. Once the cloud is
sufficiently heated by dilution with ambient aihet cloud is no longer visible. The meteorological
condition is sum up in th€able 1.

Table 1. sum up of atmospheric conditions for trial case 4

Ambient Relative  Solar Flux wind speed Pasquill Class
temperature Humidit (kW/m?) (m/s) at 7m
y
12.5°C 82% 0.25 2.7 D




Implementation of a biphasic and dense gasterm source
FDS software can not directly deal with multi-phaskeases. In order to bypass this limitation,rapse
methodology has been developed to achieve an dgntvéerm source. Papadourakis et al. (1993)
approach was previously used for computing sougo®.tlt is then implemented as an equivalent term
source in FDS simulation. A brief summary of tlattér is given irfFigure 2.
Jet characteristics at X =6 m
Fietitious release point Axis jet velocity: 25 m/s
Realrelease _— conaie Fbs Vapor Temp: -50 °C
i Ol Liquid mass fraction: 0.5
Section arealll m2
Concentration of Nkl 0.11
Concentration of air: 0.82
NH3; Mass flow rate : 4.2 kg/s (experimental data)
Air mass flow rate: 19.1 kg/s
| Total mass flow rate = 23.3 kg/s
Figure 2: description of the term source implemented in ED&ulation

Adaptation of an experimental signal for an input LES
Previous CFD flow simulations with RANS approaclwtthat better results are obtained when the inlet
conditions are fitted to measurements both for medocity profile or for inflow turbulence (Millieand
Carissimo , 2006; Milliez and Carissimo, 2007).liprmary tests with FDS with mean velocity profée
inlet of the flow show that turbulence is not stiffintly generated inside the computational domaiis
result is consistent with the physics of the LESdaiahat considerer instantaneous velocities fahea
component U, V and W. Within the context of thisremt experimental validation approach we intend to
reconstruct the experimental signal. In LES, tHetioondition is a definition of mean velocity aitd
temporal fluctuations. A power law is used to fietmean wind module along the experimental vertical
profile (1.5, 4 and 7 m). The wind velocity sigmatime for FDS inlet boundary condition is obtaingy
performing a Fourier analysis in time on the experital signal (reference point : 7 m on the mast).
allowed building the fluctuating wind velocity siginfor the U and V components. The construction was
performed by using an orthogonal transformatiore $lgnal is then built on the basis of linear sum o
cosine and sine functions (equation (1)) with dogfhts representing the energy contained in eamtiem
(k).
n
u‘:z ag cos( 2m Ok @) + by sin( 27 OFi Ot) (1)
k=1
In the numerical simulation, the 50 most significanefficients were introduced in the inlet profile
reconstruct U and V signal components in time. Toefficients are directly proportional to the
turbulence intensity such that we ensure to intcedmost of the turbulence information. Due to #ek|
of data along vertical axis, the fluctuant compdrafrthe velocity profile is taken proportionalttee one
at 7m and weighted by the mean velocity along ttennwind direction. Therefore the turbulence
intensity is constant along the vertical profildig constitutes a strong hypothesis to characténesénlet
flow turbulence, however it seems less signifidarthe specific case of massive release locatesedio
the ground. In summary, the 2D inlet boundary tsupeby a homogeneous wind in space with no vértica
component (W= 0 for all z). In this condition frdaergence is satisfied. This approach correspémds
the simplest effective approach (Tabor et al., 20b0synthesize the inlet conditions for large eddy
simulation. This approach is similar of Kondo et @997) approach, and developed by Shirani et al.
(1981).Figure 3 presents the computational domain used in theulzdions performed in the present
study. Dimensions, source release location and demynconditions are the main features shown. The
calculation domain is defined by a single rightgllatepiped mesh. This computational domain is 11®00
long with a grid cell size of 0.5 m in the nealdief the release and of 1 m in the far field. kateand
outlet boundaries are open boundaries. The grosmbislip walls. The upper boundary is a mirror
condition, i.e a free-slip wall.
Simulations of the flow were performed before dispm modelling of the release. A physical time of
1000 s is sufficient for FDS to generate a staddlizurbulence along the whole domain. The unsteady



simulations were performed with a time step sizéomatically estimated according to the CFL
requirement.

1200 m

Figure 3: computational domain
The Smagorinsky model was used for the LES comiputaT he value of the Smagorinsky constagt C
was 0.2. The time discretization is based on adi@predictor-corrector scheme, that is first erd
accurate in space and time such it ensures nurhetataility. The second order scheme would be more
accurate and is being tested. Simulations of timesgpheric flow without release were performed iteor
to observe the evolution of the spectra betweenirlet and the outlet boundary. It shows a good
conservation of spectra energy for the large sspkctral energyHigure 4). However, a part of the
energy has moved from the large to the small girast This result is consistent with LES appro#et t
aims to solve mainly the energy-containing motions.
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Figure 4: comparison of the turbulent energy spectruthainlet and outlet conditions

Summary of the atmospheric disper sion results

The results of the ammonia release modeling oldawiéh the modeled atmospheric flow described in
the previous section are briefly presented belowoiéghly comparison between modeling results and
experimental observations shows that whole shapthefmodeled cloud is in good accordance with
experimental observations (sEmgure 5). The modeled cloud of ammonia behaves well asrsa@ gas

around several hundred meters.
soorpm S

Figure 5: comparison between the overall form of the expenital cloud shape and simulation results



Figure 6 shows comparison between simulation results ampkranental data for the whole set of
receptors. Comparisons are performed with meanesdration. The averaging time roughly corresponds
to the exposition time period defined by arrivahéi and departure time of the cloud. Taken into acto
uncertainty on sensors measurement, it could bhmatstd that the modelling results compared in adgoo
accordance with sensor measurements.
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Figure 6: Comparison between simulation results and expetaheata for the whole set of receptors (logarithm
scale)(left graph) and for each arc (A, B, C, D, Fofrreceptors (right graphs)
These promising results by LES approach are irtiagesegarding the complexity to describe both the
release in the near field and the far field. TheSkidde allows modelling the strong cooling effefcthe
release. The necessity to set up a representaime)\e spectrum in the context of LES modelling has
been done in this experimental comparison.

TOWARDSPREDICTIVE MODELING FOR STABLE CONDITIONS

An overwhelming variety of method (recycling methaynthetic method, forcing method) aiming to
generate inflow boundary conditions for LES (Jaetnal., 2008) have been reviewed in the literature
The method of inlet generation for LES approacksented in this paper, appears as very simpleoTo g
further it is worth using methods that introducebtience in space as well as in time. These methoals
based on more statistical information of the flawbulence. To reach this objective we propose ® us
experimental velocity data from SIRTA experimerattlallow providing (Wei et al., 2014) significant
information on space and time correlation of thedvlow in case of atmospheric stable conditions. |
order to harmonize the inlet flow between defimousually assessed by Gaussian model or RANS
modelling, the authors suggest to establish a Witk turbulence characteristic used by more cladsic
models or theoretical atmospheric classificatiothasone of Pasquill.
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