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A FLUCTUATING PLUME MODEL FOR POLLUTANTS DISPERSION WITH CHEMICAL  REACTIONS
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Abstract: A fluctuating plume model for pollutant dispensis developed. The model is able to include chahactions, accounting for
the segregation. The model is tested against meghslata in wind tunnel experiment, where NO is tdifrom a source in an environment
of ozone. The results are presented in terms oplimae centreline dispersion and cross sectiomkffatent distances. It is shown that the
agreement between predicted and measured valusstis$actory, notwithstanding the limitations dwethe one-dimensional scheme
adopted for the model.
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INTRODUCTION

Lagrangian stochastic models (Thomson, 1987) anergfly considered the more suitable tool to fa@nyndispersion
problems at different scales, including complexaier and all stability conditions. Notably, thesedrls are able to
reproduce the short term dispersion in non-stationanditions and peaks of concentration , whicty play an important
role in the modelling of flammable gas and chemiealctive pollutants. In particular, it is geneyalkcognized that the
segregation of the chemical reactants cannot blected in the short term concentration predictiGarmoryet al. 2006),
when the chemical reactions take place before ¢hiatpnts are well mixed by the turbulence.

A correct description of this phenomenon needs aktimation of the concentration fluctuations. Ire thhame of the
Lagrangian stochastic models the natural approactng two-particles dispersion (Croeeal, 1999; van Dop, 2001).
Unfortunately this kind of model can only be apglismm homogeneous isotropic turbulence (Thomson,01%hd this
idealization strongly limits the application in feases.

An interesting approach is the fluctuating plumedelo(Gifford, 1959), which is able to estimate tbencentration
fluctuations in non-homogeneous turbulence, likéhinconvective or canopy layers (Franzese, 20@8tdvini et al, 2009).
Recently we developed a Lagrangian stochastic orte&lgamodel with chemical reactions (Alessandend Ferrero, 2009).
In this model, the segregation coefficient, whickpends on the covariance of the species concemsatis calculated
through a parameterisation. Despite the encouragisgjts yielded, this model cannot be considerterlly applicable to
any turbulence condition.

To overcome this limitation and to predict the teacairborne elements concentration we followedgginal approach: we
re-wrote the fluctuating plume model using a biiater Gamma probability density function (Loaicigadd_eipnick, 2005),
obtaining a new model able to simulate the simeltars dispersion of two reactive species and towstdor the segregation
coefficient. The new model is used to reproduceiredviunnel dispersion experiment of reacting noarpxed chemical
species (Brown and Bilger, 1996). The results shgwaa agreement with the measured data.

THE MODEL
The basic fluctuating plume model used in this wwes developed by us (Mortarigi al, 2009) following (Franzese, 2003).
In this model we have introduced the simple cheh@qaation:

NO+0O; -~ NG, + 0,
which can be written in terms of the correspondiagtial differential equations for the concentratiao, Coz and oo In
order to solve this equation in a discretised farenneed to evaluate both the mean concentratiahthancross-correlations.
This can be accomplished by solving the integnalsviich their joint probability density function D) appears. In the
framework of the fluctuating plume model, the PCdn de split in the PDF of the position,(yz.,) of the plume centroid
(barycentre), at a distance x from the source,thacconcentration PDF relative ta,(yz.,) in the reference frame moving
with the cloud centroid, conditional to its locati@ownwind. This is the basic assumption of thectfiating plume
dispersion model. Thus, evaluating the absoluteeotnation means to separately evaluate the PEteaheandering and to
find an expression for the concentration statistitghe barycentre system of reference. Far from loundaries the
movements of the barycentre on the y and z dinestéan be considered independent and then thedpargdPDF is given
by the product of the two marginal distribution$1d® these and the relative concentration PDFsrevek, the moments of
the concentration distribution can be calculatdte PDFs of the plume centroid position is evaluatgidg a single particle
Lagrangian stochastic model, with a proper low-pfigsr, in order to neglect the smallest eddiesils. The relative
concentration distributions is than parameterisssliming a bi-variate Gamma distribution (Loaiciga &eipnick, 2005).
This distribution has the property to yield to auesive form for the higher order moments which banexpressed as a
function of the first one. The assumption that digpersions in the y- and z-directions develop jrehelently enables us to
decompose the mean relative concentration intoraepkateral and vertical components. Furthermaecansider that each
of these components possesses a self-similar Gaussim in the relative frame of reference.
It should be stressed that thg @ispersion was simulated considering a fictitiepecies defined as the deficit of ozone
background concentration (Alessandrini and Ferr2@f)9). As a matter of fact, the fluctuating pluaecounts only for
dispersion of pollutant contained in itself. Furthere, this kind of model was used to simulate dbehreactions in
atmosphere as never before.

868 Concentration fluctuations and odour — Session 7



HARMO13 - 1-4 June 2010, Paris, France - 13th Conference on Harmonisation within Atmospheric Dispersion Modelling for Regulatory Purposes

SIMULATION AND RESULTS

For sake of comparison a wind tunnel experimentiegrout by Brown and Bilger (1996) has been considlein this
experiment a NO point source emission was placsidénan airflow doped with a uniforms©@oncentration. The NO and; O
concentrations were measured at different crosg-$kections along the plume centreline. Air dopetth v@; at 1ppmentered
the 2.8min diameter and & long working section from upstream and crossaslautence generating grid made of square
bars 65mm X 65 mmand of pitth M = 320nm The nominal mean axial velocity of the flow (Upsv0.5m s* giving a
Reynolds number Re = 10700. A point source, withaandter of 31.5nm was located at the centre of the working section
at a distance of 3M (0.9%) from the inlet grid. Air doped with a NO conceatton of 515ppmwas released by the point
source at the same velocity U as the mean flowblence and concentration measurements were pefbandifferent
downwind distances from the point source (x/M 9712; 15; 17) along the flow on arcs concentrith® plume centreline.
The measured turbulence was used as input of gpedion model. First of all we compared the madstlilts with the
experimental data concerning the “frozen case”s Théans that the no- chemical scheme was actieatgdconsequently,
only dispersion was reproduced. Figure 1 showsctmparison of the plume standard deviatieR, (on the left) and the
plume centreline concentrations (on the right).eNibiat the “frozen case” corresponds to the digpeisf a conserved scalar
(NOx, in the present case). It can be observedttigaagreement of measured and simulatei$ very satisfactory. As far as
the centreline concentration is considered soméarahas to be taken. As a matter of fact, our rh@®jen this version, one
dimensional and clearly the comparison with theeexpent cannot be correctly accomplished unlessctimeentration
distribution is re-normalized. Thus we multiplidgetcentreline concentration given by the modelHgyrtormalization factor
of the Gaussian distribution, in which the standdediation was prescribed using the Taylor formutathe right panel of
figure 1 the results of the simulation are représgrby the black circles while the solid line reféo the re-normalized
concentrations, red circles are the experimental. daven in this case the agreement can be coedidatisfactory.
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Figure 1. Frozen case: plume standard deviatidi), (dOx concentration at the centreline as a fiomcof the distance (right).

Figure 2 shows the comparison between simulatechr@abured NO concentrations at two sections whissgnde from the
source is respectively 7 and 17 turbulence sca(gh®lwind tunnel inlet grid mesh). In order to allthe comparison of the
1-D model with real data, the concentrations anemadised with the centreline values. The model kebaorrectly well

fitting the experimental data at both the distances
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Figure 2. NO cross sections distribution at the digtances, lines: model, circles: experiment
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The second species considered is,NThe results are presented in figure 2. In thisecbhe model underestimates the
measured data at the first section (x/M=7). Oncthretrary, at the farthest distance a better agreemdound.

o _| e |
o
-1 o
7o e
I
= =
> =
© o |
= © | E,c’
8 e S
5 2.
O o}
< 2 =+
(s} = o o
~ (o}
O o (@]
z z
o
o
N
= o
o (s}
T g | T T T T T T T
2 Kl 0 1 2 - 0 1 2
y/Om y/0m

Figure 3. NQ cross sections distribution at the two distantiess: model, circles: experiment

Finally, results concerning thezQ@oncentration are depicted in figure 4. The cotre¢ions are normalised with the
background ozone value. At x/M=7 the model ovenestes the values at the plume edges and underestithe centreline
value. The agreement improves moving at furthaiadies, where, except for the values close toegh&aline, the data are
well reproduced.
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Figure 4. Q cross sections distribution at the two distanliees: model, circles: experiment

CONCLUDING REMARKS

A fluctuating plume model able to simulate the cluinreactions and accounting for the turbulenggesgation effect is
presented. In spite of its simple one-dimensiooahtilation the model performances are satisfadbot in the prediction
of a conserved scalar dispersion and in the simomlaif chemical reactions between reactive compeufdrther efforts
need to be made in order to realize a two-dimeisiowdel for real cases' simulation.
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