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DIRECT IMPLEMENTATION OF NON-LINEAR CHEMICAL REACTION TERMS FOR O  ZONE CHEMISTRY
IN CFD-BASED AIR QUALITY MODELLING

Bart De Maerschalck Stijn Janssénand Clemens Mensifik
WITO, Dep. Environmental Modelling, Boeretang 2080Q Mol, Belgium

Abstract: In this paper we present the implementation @hamistry model that transforms the NOx compositignamically during
transportation for a CFD-based air quality model fhat, the scalar advection equations for NO, N@& O3 are coupled by non-linear
reaction terms and solved simultaneously. The mizdiehplemented and tested in the Envi-met locabaglity and micro climate model
(Bruse 2007; De Maerschalck, Jansstal.2009).
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INTRODUCTION

The last decade Computational Fluid Dynamics (CFB)daned interest as a practical tool for locabaility modelling in
complex environment like street canyons, urbaniaeshs industrial plants. CFD-based air quality nodek capable of
solving complex three-dimensional flows around ablsts like buildings, trees and vehicles. Aftervsg the wind and
turbulence field, the dispersion of pollutants e atmosphere can be simulated either in a Lagrargpproach, tracking
individual particles after release, or a Eulerigmpraach, that is solving a 3D scalar advection ggunaUntil now, most
CFD-based air quality models solve for an inert gasjlar to wind tunnel modelling. However, it isevunderstood that
nitrogen oxides are reacting fast with ozone whil&uropean air quality directive is specific for N®egarding traffic
emissions about 80% of N@mission is NO, but depending on the ozone backgtaoncentrations and meteorological
conditions this will react and for secondary N@hich can have a significant effect on the lo¢abaality.

OZONE CHEMISTRY IN THE TROPOSPHERE

Nitrogen oxides are ubiquitous urban air pollutamtsEinly emitted by traffic, power plants and indysNitric oxide is on
mass basis the most important nitrogen compoundtesiminto the atmosphere. Nitric oxide is formednir atmospheric
nitrogen (N) at high temperatures as in combugtimtesses. More than 90 percent of the emittedeasahsists of nitrogen
oxide (NO), while the remaining party is emittedrasogen dioxide (NG (Berkowicz 1998). Once emitted from the tail
pipe, nitrogen oxide will react with ozone:

NO+03 — NO2+O02, 1

Under typical tropospheric boundary layer condsiothis reaction takes place within a time spaa obuple of seconds up
to minutes, depending on the background conceotrafNO, NQ and Q and meteorological conditions.

NO, is the first reaction product of the atmospheridation process of the emitted NO. However, theslity formed
nitrogen oxide will absorb solar ultraviolet radiet 200nm < A < 420nm) and forms again NO and;O

NO; + hv — NO + O, v
O+0,4+4M— O35+ M. (3)

Reaction (3) happens quasi immediately. Thereforegeineral reactions (2) and (3) are considerednasand O2 in the
atmosphere is accepted as being constant.

The reaction of NO with @and the photolysis of Ndorm a cycle which occurs rapidly over the timdssaf seconds up to
minutes. Under most tropospheric conditions, NO g will coexist as a mixture, called NOf a steady state is reached,
the following equilibrium holds:

[NOJ[Os] _ jno,
[NO2] " kno “)

where the parentheses indicate the number contentmaf the compound in molecules/cnkyo is the second order or
bimolecular reaction rate coefficient in (1) andiépendent on the ambient temperature (Seinfeldandis 2006):

kNO = Ao exp <—%%) s (5)
with
3
Ag=22x10"12 (6)
5 molecule s
— =1430 K .
- 7)

Figure plots the reaction rate as a function eftémperature.
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Figure 1 : Bimolecular reaction rate coefficienfasction of the temperature

jino, is the photolysis coefficient of equation (2) a@rddependent on the solar ultraviolet radiatione Tomputation is
rather complicated. Theoretically one should irgiover the product of the N®pecific absorption cross section with the
quantum yield for photolysis and the spectral actflux within the limits of the ultraviolet spectm (Seinfeld and Pandis
2006). However, for a fast estimate different pagtarizations are available based on solar anglar sadiation and cloud
coverage (Berkowicz and Hertel 1989; de Leeuw 1986;Ham and Pulles 1998).

For the implementation in the Envi-met model, tbkofving empirical formulation based on the sokadiation is used:

jNo, = 0.8 X 1072 exp(—10/Rs) + 7.4 x 10 ° R, , (8)
with R the solar radiation measured[W/m?]. In ENVI-met in every cell the solar radiation is calculabesed on the
positions of the sun, cloud cover, local shadows maflections. Figure 6 shows the estimated vatiiging two different
days at a location in the Netherlands based oerdift parameterization schemes. The red line i®tieeaccording to (8)
whereR, is dynamically computed by the Envi-met model.
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Figure 6: Computed photolysis coefficient during thay for Vaassen, The Netherlands (Left: 23/0826@@ean cloud coverage 76%; Right:
26/09/2006, 99%)

CHEMICAL EQUILIBRIUM

Assume tha[NO]o, [NO2]o and[Os]o are the initial number concentrations put in act@aof constant volume at constant
temperature and radiation. After a short time adestate will be reached for which the photostetig state relation (4)
holds. From the conservation of nitrogen and tbi&kiometric reaction of @with NO follows (Seinfeld and Pandis 2006):

[NOJ + [NO,] = [NOJo + [NOsJo .
[Os], — [Os] = [NOJo — [NO]J .

9)
(10)

One can solve now the chemical equilibrium in #s&ctor and get:
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[NOs] = [NO2]o + ([03]0 +[NOJo + szvoz> _ %\/5, (11)
[NO| = —= <[03]0 — [NOJo + ]NC’?) 3 (12)
(03] = —% <[NO]0 — [0s]o + JNO?) % (13)
with:
D = (INOJo — [Oslo + 2222 )4 4292 ([NOu]y + [0} (14)

One can assume that for a rural background coratetr NO, NQ and Q are in equilibrium. We now can verify that the
parameterization in (8) together with the modekedar radiation holds by using the computed phaislyoefficients to
estimate the equilibrium state according to (11)X1d). The initial numbers are taken from nearbgalrumeasurement
stations. Theoretically, if the measured backgrocomtentration is in equilibrium and the photolysiefficient is estimated
well, the computed equilibrium should not diffeoifn the local measurements.

The measured background concentrations are compardee modelled equilibrium state for two daystte location of
Vaassen, the Netherlands (Janssen, De Maersobiaiitk2008). The measured background concentratioreisrisan from
three Dutch rural background concentrations. Adgiagred line is based on the parameterisation)inT{® red line with the
bullets is the measured mean background concenntrati
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Figure 3: Measured rural background concentratiomiscomputed equilibrium for NO (left), NO2 (midgland O3 (right). (Vaassen, The
Netherlands, 23/08/2006, 76% cloudiness)
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Figure 4: Measured rural background concentratimmscomputed equilibrium for NO (left), NO2 (midgland O3 (right). (Vaassen, The
Netherlands, 26/09/2006, 99% cloudiness)
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DYNAMIC CHEMICAL TRANSFORMATION PROCESSES IN CFD BASED Al R QUALITY MODELS
The dispersion of a certain gasan be described by a scalar dispersion equaisiahé concentratioC; (z, y, 2):

aC;
ot

with E;(z,y, z) the local emissions of compoundand S;(z, y, z) the sum of all sink terms (deposition, interactieith
vegetation, sedimentation, ..R; is the chemical reaction term and is in genergeddent on the concentration of all
compounds involved in the reaction. The advectieloaity and the turbulent reaction terms are coebinty the flow solver
of the CFD model.

For the photochemical reactions described abovedibpersion equations for NO, NGnd Q have to be solved
simultaneously. The partial differential equati@ne coupled with the following non-linear reactierms:

Ryo = <d [io] ) = —kno [NOJ[Os] + jno, [NO2] , (16)
RNoz = (d [ﬁtoz] R “he [NO][O?r] - jNOz [NOQ] 3 (17)
ROS - (d [dCZS]> ! - [NO”OB] + jNO2 [NOQ] . (18)

Notice that these reaction terms are given in nurobecentration while equation (15) is typicallysdebing conservation of
mass. In Envi-met all concentrations are mixingosmeasured iug/kg.i, Therefore, equations (16) to (18) have to be
converted to mass concentrations first.

Figure (Janssen, De Maerschaétkal. 2008) illustrates the local effect of oxidationtodffic emitted NO on the local air
quality. The continuous lines show the modelled & NQ concentrations downwind of a motor way. The griéses are
for a motorway with a vegetation barrier, the rak$ without a vegetation barrier. The positiortted driving lanes and
vegetation barrier are indicated by the red anargrelocks. The green and red dots with error begsttee measured
concentrations.

One can see that NO is decreasing faster than @edhcentrations, both with and without a vegetabarrier. This is due
to the fact the NO is reacting with ozone and fosmsondary N@ One can also notice that due to the vegetatiereffect

is even stronger. The vegetation slows down thal lsind speed, so there is more time for the chiemiét the same time,
due to increased turbulence, more fresh ozonexsdrn which enhances the oxidation process as well
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Figure 5: NO and N@concentrations downwind of a highway with and witha vegetation barrier.
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