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Abstract: In this paper, we present a specific methodoldgyeloped to simulate a diabatic (stable or unstahibations) atmospheric
Surface Layer (SL) with a CFD approach using théNBAequations closed bykee turbulence model. This study has been carriedwvitht

the CFD software Fluent, but the results preseatedof more general interest. In a first part, weppse a set of vertical profiles for
velocity, potential temperature, pressure, turbiukdnetic energy and turbulent dissipation rateairdiabatic SBL and we discuss the
consistency of these profiles with the equatiorigesbin a RANS CFD code withlag turbulence model. We show that a parameterization
for ok and o; can improve this consistency. In the second pagt,describe a set of boundary conditions used nulate a steady
homogeneous SL. In the last part, we discuss semadts which illustrate the ability of the presapproach to reproduce and maintain the
different profiles predicted by the Monin-Obukham#arity theory.
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INTRODUCTION

Modelling of pollutant dispersion over industrialeas implies the description of the flow aroundidings or complex
obstacles. Thanks to the continual increase of cbenp performances, it is possible today to sineuthts flow around
obstacles using CFD models employing RANS equatiBhgt, Phoenics, StarCD...). But a challenging issuhis kind
of models is the parameterization of atmosphercgsses, particularly those associated with thestnafification. If one
can find several works in the literature on thel@ption of these models in neutral stability cdfdis (Richards P.J. and
R.P. Hoxey, 1993; Blocken Bet al, 2007; Hargreaves D.M. and N.G. Wright, 2007), plaeticular case of stable and
unstable conditions has been less studied andresquery close attention. Duynkerke P.G. (1988)imfamous paper,
proposes a modification of thee model constants in order to match the physicatatharistics of the atmospheric surface
layer in neutral and stable conditions. Husee#ial. (1997) apply this parameterization but show thairtinlet turbulence
profiles do not maintain with distance and thabtuence increases in the case of stable stratdizatvhich is certainly due
to the lack of buoyancy effects in the turbulemtetic energy (TKE) equation fér Pontiggia M.et al. (2009) and Freedman
F.R. and M.Z. Jacobson (2003) have treated the @mohlif the inconsistency between tkeand € profiles and the
conservation equations férande, by adding a source term in the turbulent disgpatate (TDR) equation fog or by
providing a non-constant formulation for the parameter.

But these different works leave some questions wnenesl:

*  Firstly, it is sometimes believed in the enginegr@FD community that the modelling of the atmosphstability
processes is not required to study short domassstlean 1 or 2 km and that inlet stratified velpeind turbulence
profiles are sufficient to reproduce the atmosphstability. It has seemed necessary to us to dstraie that a
full and consistent treatment of the stratificatism condition to model properly flow and turbuldispersion.

* In a diabatic boundary layer, the vertical momentguation generates a pressure profile which defrann the
constant pressure outflow condition which is gelhenased in CFD codes. We will show in this artidclew to
describe this pressure profile in order to defineappropriate downwind boundary condition for thabke or
unstable cases.

* In a surface layer, one of the main assumptionikatthe fluxes of momentum and energy remain eonswith
altitude. But this condition will not be satisfiegt bsing symmetry or Dirichlet condition at the tofpthe domain,
as it is done in all the papers reviewed. The @mdiuxes assumption requires a “flux condition’ttze ground
and at the top of the computational domain. We @igtuss in this paper how to impose these comditio

e The question of the inconsistency of thande profiles will be discussed further in order to lensde some criteria
for the necessity to make specific modificationshef set of constants for tkee model.

In the first section, we derive all the equatiosedi in the parameterization of the surface bountgmr. In the second
section, we present the integration of these cmmditin the CFD calculation. Then in the last sectiee discuss some
numerical results obtained by application of thistmodology.

PARAMETERIZATION OF THE SURFACE BOUNDARY LAYER

Surface boundary layer assumptions
The atmospheric Surface Layer is commonly assatiaith several assumptions which are listed below:

e The flow is oriented along the x direction and thean vertical velocity is null:
v=w=0 (1)
e The vertical turbulent fluxes (Reynolds stresses faeat flux) are constant with respect to altitudetighout all
the surface layer (Garratt J.R., 1992) :
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It allows to postulate that the surface layer éady (stationaritg/ot = 0).

«  The Monin-Obukhov similarity theory predicts thdiet dimensionless gradients of velocity and poténtia
temperature only depend on gd-(Garratt J.R., 1992):
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whereHg is the ground sensible heat fluk, the friction velocity and.,o the Monin-Obukhov lengthy,, and @,
are the Monin-Obukhov universal functions for whaste can find analytical expressions in Garra, (1992).

e The turbulence satisfies a local equilibrium witttie surface layer (Tennekes, H. and J. L. Luniéy?2):
P= —Wﬂ: shear TKE production

0z

P+ B=¢ with B:egﬁz thermal TKE production/destruction 4
0

€= turbulent dissipation rate

« Influence of buoyancy effects in the momentum eigmatan be taken into account using the Boussinesq
approximation, which consists of assuming that deesity p is constant except in the buoyancy term of the
momentum equation:

p =p, =cste (5)

1
except for the terr (p—p, )9 = —pPB(6-6,) g with B= ~ for an ideal gas (6)

0

Conservation equations
When using the assumptions (1) to (6), the Reynsldsraged Navier-Stokes (RANS) equations of coretéa for the
mass, horizontal momentum and energy are easilfjaterThe vertical momentum equation reduces to:
oP L — =
E = _pOB (e_ e0) g with Pabs =P+ I% ~Po 9z (7)

where P is defined as a difference between absolute addobtatic pressureﬁ is often used in CFD codes instead of
P,s in order to improve numerical accuracy. Integmatid equation (7) will give the vertical profile @ in the SBL (see

equation (12)). One can notice that is constant for the neutral case, wheref,.

k-g turbulent closure
In order to model the turbulent fluxes, we usehis tvork ak-€ turbulent closure, defined by:

- ou
uw =-K — )
0z . _k _ K,
— with K, =¢,— and K, =— (8)
— 00 € Pr
we =-K,—
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wherek is the turbulent kinetic energy, is the turbulent dissipation rate aig, and K, are the turbulent diffusivity of
momentum and hedt.ande are given by two conservation equations :

e Turbulent kinetic energy equation:
9 [ Ky K +P+B-¢=0 9)
0z\ o, 0z

D
where D is the diffusion term. As discussed latguation (9) is not necessarily consistent withatign (4) ifk is
not a constant.
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e Turbulent dissipation rate equation:
a (K, oe &P &
—| —"t—|+Ccy—-¢,—=0 10
az(os azj Tk Pk (10)

without any term for the buoyancy effects, as sstggeby Duynkerke P.G. (1988). Some authors (Pgiatilyl. et
al., 2009; and Freedman F.R. and M.Z. Jacobson, 20@f)est to add a buoyancy term in ¢hequation but the
necessity of this term is not clear. That is whydeeided to omit it in this study but one can reticat the use of
this term would not change significantly the metblody proposed.

The use of thé&-& model requires values for the constaptoy, G, G, andcg. In order to simulate realistic atmospheric
values of the TKE in the surface lay¢ k/LLZ =55, after Garratt, 1992), it is necessary to usenttogified constant set
proposed by Duynkerke P.G. (1988) and correctesdtisfy equation (19):

Table 1. Duynkerke constants for #e model

CU Ok O¢ CEl CEZ
0.033 1.0 2.38 1.46 1.83

Set of equations for the vertical profiles

Integration of equations (3) gives the classicghhithmic velocity and temperature profiles:

()=~ [n( 8)~0a )]
8(2)=0+[n(7 7)-0, )]

wherey,, andyy, are the integrated universal functions of the Me@bukhov theory.

(11)

Integration of (7) using (11) provides:
Sy __ Pe96. 2 _
P@)=-" Lo In(72)-, @] &2 (12
With equations (2), (3) and (4), one can derivepiuiile of the turbulent dissipation rage
4
0= a5 @)
@

Combining equations (2), (8) and (13) gives the‘lhmmf the turbulent kinetic enerdy
-

k(z)= (14)
\F (0
Finally, equations (8), (13) and (14) provide thefite of the momentum turbulent diffusivity:
Ko (2)= =7 (15)

o (2)
This set of solutions has been used by severabeittited in the introduction to define the upwbmlindary conditions for a
CFD calculation of a diabatic surface layer. Them@moblem with these equations is that the comapégfuation (9) fok
and the equation (10) ferhave not been used to derive this solution and, ttihese conservations equations have no reason
to be satisfied. This inconsistency will be disatsi the next section.

Consistency with the equation ok

As mentioned by Freedman and Jacobson (2003),ahsistency between equations (9) and (4) implies tfe diffusion
term D of (9) should be equal to zero.df is a constant, one can show that D cannot be exitiept for the neutral case.
Freedman and Jacobson suggest that, th@ugh different from zero, its value does not exca&€d(P + B). In fact, this
comparison seems not to be the most appropriatieisrcase. We propose to evaluate the ratio betWeand the TKEK,
which can be interpreted as the inverse of a cheniatic timet, for k to vary significantly from the “pseudo” equilibriu
value given by equation (13). An approximate exgiggs oft, can be derived near the ground:

2Lyo0
U.K

k
tk:—::

‘D for ¢ = =1 (16)

LMO

For example, with.yo = 50 m andi- = 0.25 m.3, the characteristic timg for k to vary significantly from (13) when using
equation (9) is about 1000 s. More generally, oae predict that for studying an atmospheric SBLaishort domain
(< 1km), an inflow boundary condition based on eiqua(14) for k will remain almost constant whenngsak-¢ turbulence
model with a constand,. For larger domains, we suggest introducing a camstant parameterization of, in order to
ensure the local equilibrium (4).
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Consistency with the equation o
As mentioned above, equation (13) écxs been derived without using the conservatiomgagu (10). In the assumption of a
homogeneous and steady SL, it is required thasahdion (13) will be solution of (10). Introducir{3) into (10) gives the

condition:
o R'). 1 AIFRI[Ceo o 1
T=—|—— |+ _2 5— Ri- =0 a7
0z\ oRi) Ly Ri K Ocn
. . C ., dRi
with Ri=——, Ri=— (18)
@ (2) dg
K2
and Oy =———~— (19)
=N (C£2_C€1)\/a

In the neutral case, this equation is satisfieddujusting” the value of the constaaf , as given by equation (19). In the
diabatic case, it is no longer possible to satisfpation (17) with a constant value of. In order to quantify the
“disequilibrium” of equation (10) using the solutio(13), we estimate the rati®o/ T which can be interpreted as a
characteristic timé for € to vary significantly from (13). An approximateprssion of, can be derived near the ground:

L
i P e oL R Y e | (20)

T Cez\/au Lvo

For example, with.yo = 50 m andi- = 0.25 m.g, the characteristic time for € to vary significantly from (13) when using
equation (10) is about 240 s. More generally, care gredict that for studying an atmospheric SL ewera relatively short
distance (> 100 m), solution (13) for the turbuldissipation rate will not maintain with distanchem using &-€ turbulence
model with a constard,. Therefore we suggest introducing a non-constargrpeterization af..

t. =

PARAMETERIZATION IN A RANS CFD SIMULATION
In this section, we detail the settings used inGR® code Fluent to simulate a diabatic surfacerlaye

Equations solved

The equations solved are the standard RANS equatithsthe incompressible and Boussinesq assumptibing energy
conservation was treated, considering the potetgimperature instead of the simple temperature Kfhturbulence closure
was used in the form of equations (8) to (10), gision-constant parameterizations dRrando,, to ensure consistency as
discussed above. These parameterizations depethe aign of the stratification (stable or unstable)

Inlet Dirichlet condition
On the upwind boundary, we impose the verticalifg®iiven by equations (11), (13) and (14).

Ground and top flux boundary conditions

In order to preserve the momentum and heat fluxesigh the thickness of the domain, it is necestaiypose these fluxes
on the ground and top boundaries. At the groundyseea wall function based on the rough logarithianic for the velocity
(see Blocken Bet al, 2007) and we specify the sensible heat fHgqpositive or negative). At the top of the domatns
necessary to add opposite fluxes. To do that, ieala shallow numerical layer (20 m) in which wddasolumic source
terms for the momentum and energy equations, sdhbantegrals of these volumic sources equilithe ground fluxes.

Non-uniform pressure outflow condition

In order to satisfy the vertical equilibrium of th@omentum equation with buoyancy effects, it isessary to specify an
outflow pressure condition with a variation of e with height, derived from equation (12) byegration of the Monin-
Obukhov universal functions.

The parameterization based on these different tiondiwas implemented and tested with the comnle@# software
Fluent 6.3. Some results are presented in thesgexion.

CFD SIMULATION RESULTS

The simulation domain used is 2D domain of 20 kngte and 500 m height. This height was constantdovenience even
if the validity of the surface layer assumptionslimited to one tenth of the atmospheric boundaayet height.
Consequently, results will have to be observed thith restriction.

Simulations for different stability conditions (bta, neutral and unstable) were performed in orgerevaluate the
conservation of the upwind boundary condition al@ugh a domain. We illustrate these results onrdidlu for a stable
condition H, = -15 W.n¥ andu- = 0.4 m.8). One can observe that the vertical inlet profilesiain perfectly preserved
along the 20 km of the domain.
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In order to evaluate the idea that one can repmadtratification effects only by using upwind plesi defined by equations
(11), (13) and (14), we made a simulation withawt specific treatment of the atmospheric thermaitiication effects: no
energy equation solved, no variable pressure dondit the outlet, no thermal flux at the groundl at the top of the
domain. Figure 1 demonstrates that such a para@agten is not appropriate to maintain the stratdfupwind profiles, even
for a short distance after the domain inlet. Tkapid evolution is mainly due to the local diseduilim of the TKE
conservation equation in which the lack of buoyaeffgcts makeg evolve rapidly.
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Figure 1. Vertical profiles of pressure, velociRgynolds stress ande for different position in the simulation domair).Black profiles
correspond to our methodology. b) Red profilesexpond to a RANSK-€ simulation without thermal stratification paranrétation

CONCLUSION

In this work, we have proposed an analysis of fieation of a RANS CFD approach withk& closure to the simulation
of a diabatic atmospheric surface layer. We dis¢hesconsistency of the upwind turbulence profildth conservation
equations fok ande and we propose an approach to modify the outktgure condition and to include a top flux conditio
in order to satisfy the main physical patternshef surface layer. The results illustrate the abiftour approach to maintain
the inlet profiles and the problems encounterembiparameterization is used for the stratificadffiects.
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