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ANALYSIS OF THE DYNAMICAL INTERACTIONS BETWEEN ATMOSPHERE AND URB AN CANOPIES OF
DIFFERENT DENSITIES USING A DRAG FORCE APPROACH

Maché Magdalena Calmet Isabelle Sini Jean-Francois
! Laboratoire de mécanique des fluides (LMF-DAH)niés, France

Abstract: The exchanges of momentum, heat and pollutantselestthe lower atmosphere and the urban canopyelhaswthose inside the
canopy layer, are strongly dependent on the buldioerphology and distribution and on the built dignsf the various districts. In order to
properly represent the influence of the canopyhmsé transfers, a high resolution method is redui@ir objective is to develop a method
which is able to reproduce the mean flow featumes trbulent statistics within and above the canapyhe city scale. At this scale,
building-resolving methods are prohibited and tee af an atmospheric model is required to takeaetmunt the large atmospheric scales
in a realistic way.

For that purpose, we use the Large-Eddy Simulatiodel ARPS which has been modified by Dupont anchBr (2008a, 2008b) in order to
investigate the interactions between forest carsogie the atmosphere. They introduced a drag &ppeoach and showed that this method
is able to accurately reproduce all the esserg&iufes of turbulent flows over plant canopies. &uplications to urban areas, the method
requires some modifications, mainly in the paramedgon of the drag force.

The drag term depends on the sectional drag casffi¢C). In most of the numerical work using a drag apphg a constant value of &
chosen for the whole canopy. However, this params#teuld vary with height, and with area density (ehich, in turn, depends on the
building morphology. The simulations presentedun study have been performed for various urbanmadensities and morphologies. For
each type of canopy the values qfa®d their distribution within the canopy are diéfet. The results are compared with mean wind lesofi
and turbulent statistics from measurements andtdimemerical simulations, when available in therliture. Our study shows that using a
Cq varying with height is necessary to reproducentiean flow features and the turbulent statistichiwiand above canopies.
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NOMENCLATURE

Fpi(2) — drag force per unit volume [kgfsi?]
p — air density [kg i]

C4(2) — sectional drag coefficient
a(2) — frontal density per volume [fh
u, — wind velocity in i-direction [md]
/¢ — frontal density

Zp — packing density

A — cube (frontal or packing) density
l; — cube length [m]

w; — cube width [m]

h; — cube height [m]

z— altitude [m]

dx -longitudinal grid size [m]

dy -transversal grid size [m]

H - canopy height [m]

Z, — roughness length [m]

d — displacement height [m]

INTRODUCTION

Already in the 60’s, the scientific societies warerested in the impact of urbanisation on thmate. In the 80’s, the urban
boundary layer was studied in detail (Oke, 1987A)t the numerical tools which are necessary to siteulflow
simultaneously at city scale and at the streeeswake not invented yet. Several years later,iteerfumerical models were
used in order to obtain knowledge about urban ¢én{@rown 2000). With informatics progress, the urkzmosphere
investigations have developed but even nowadaygsnetics capacities are insufficient to computeaheflow of a whole
city by solving explicitly the flow around buildisg Simplified cases of homogeneous canopies haee ibwestigated by
wind-tunnel experiences (Macdonatlal. 2000, Castret al. 2006), by direct numerical simulation (Cocethl, 2006), by
large-eddy simulation (Kanda 2006, Kanetaal. 2004, Sabatin@t al. 2008) and by Reynolds Averaged Navier-Stokes
models (Santiaget al. 2008). These studies have been performed for rue and for computational domains that do not
exceed 8l. Therefore the aim of the present work is to shioat air flows at city scale can be computed tobigygiving
simultaneously precise information about the méan features inside of the canopy.

METHOD

The simulations were performed using the Advancegid®al Prediction System (ARPS) developed by the &efur
Analysis and Prediction of Storms (CAPS, UniversifyOklahoma). CAPS is supported by the NationatiSe Foundation
and the Federal Aviation Administration under GrAmii92-20009. This Large-Eddy Simulation model ln@en modified
by Dupont and Brunet (2008b) by adding a drag temuétion 1) in the momentum equation:

Fo, (2) = 050C, (2)a; (2)u;4/u,u; (1)

668



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

The subgrid-scales are modelled by a 1.5 ordewuten closure scheme where a subgrid-scale turblieetic energy
equation is resolved. Their purpose was to simulatbulent flows at very fine scale within and abovomogeneous
vegetation canopies. The results were validatednsgaharacteristics of turbulent flows over foresinopies that were
previously observed in wind-tunnel and in-situ expents. To adjust this method to urban canoples parametera; and
Cq4 have to be redefined; is given by the geometric properties of the can@opation 2) :

.24 @
& (Z)_zdxdyZ lwz

The drag approach has already been used for udmaopies.Cy is usually considered as constant but in recamties
(Santiageet al. 2008, Koncet al. 2010) it was shown that this coefficient is heéighd density dependent. If the purpose is
to produce accurate mean wind profiles inside ef ¢anopy, this height dependency has to be takenaiccount in the
choice ofCy values. For the simulations presented hereafieryerticalCy profiles were found by adjusting the profiles of
longitudinal velocity with measured profiles (Macddd et al. 2000, Castret al. 2006) and obstacle resolving methods
(Santiageet al. 2008). The height dependant product€gtnda; that are used in the simulations are present&igure 1

for 4 densities ranging from 6.25% to 44%.
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Figure 1: Product of sectional drag coefficient &odtal density per volume as function of thetatte for various packing densities.

NUMERICAL DETAILS

The physical domain size for all simulations is @86x 1460m x 1400m. The lateral boundary conditiare defined as
periodic and the flow is forced by a constant gegstic wind of 12.1 m& At the height of 1000m a Rayleigh layer is
imposed in order to absorb the waves which couldefiected from the rigid top of the domain. Theapy is made up of
cubes whose height is H=10m for all simulationse Thaibes are homogeneously distributed in the carlopthe case of
cubes; is equal tol, (equation 3), so we will simply talk abaut

] :Zw,l,?_A :Zhlll?_A_ZI,? 3)

P odxdy ' dxdy ~  dxdy

The horizontal size of grids is 20m. Tests of gizks of 10m, 40m, and 80m were performed. The fime horizontal grid
size, the smaller the differences between simulatidVithin the canopy such differences can clebdyneglected. The
vertical grid size depends on the altitude. Gridgeha height of 1m from the bottom up to z/H =@2.5 25m). From 25m up
to the bottom of the Rayleigh layer, grids are stretl by a hyperbolic stretching, in order to reachean vertical grid size
of 25m over the whole domain. Inside of the Rayléafer the vertical grid size is 49m. Tests of ieaittgrid size have also
been performed in order to check if the high velogradients just above the canopy are correcthykited.

The time step is fixed at 0.03s. A turbulent flaches statistical steady state when a simulaiiia 6 times the large-eddy
turn-over time. In this case, this corresponds2@®Q@0s. All simulations lasted 16,200s, where #st 8,600s composed of
181 data files were used in the statistical analyBer one simulation, nearly 190 single proce€d hours were used. The
evolution in time of mean velocity and shear stpgsdiles were verified to ensure statistical cagesce.

RESULTS

The values ofC4 are chosen in order to fit the normalized longitad velocity profiles on profiles from literatur&he
comparisons of these normalized profiles are shiowfigure 2. Using a height dependaftallows accurately reproducing
the profile of U/, within the canopy for the densities of 16% and 25%4he case ok = 6.25% the simulated wind profile
is much more smoothed than the profiles from Maettbat al. (2000) experiment so that discrepancies appearthe top
of the canopy (z/H = 0.7 and 0.8). For the density44%, experimental data could not be found inlileeature. Results
from the obstacle resolving RANS method (Santiagal, 2008) were chosen to fit the curve. The accuddhe ARPS

Session 6 — Urban scale and street canyon modelling 669



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

simulation is quite satisfying. It is worth notirtigat both numerical and experimental results diffem profiles deduced
from the analytical models (Sabatiabal, 2008) that cannot reproduce the profiles shapleardower part of the canopy.
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Figure 2: Normalized vertical velocity profiles fibre 4 densities

The drag term (equation 1) resulting from the ingabsalues of ¢ and a (Figure 1) and from the simulated velocity,
normalized by its averaged value over the whol@pwgnis illustrated in figure 3. In order to avaeidmerical problems, very
small drag force values have been added aboveatiepy (Figure 1). In reality, the value of the dtagn should be 0 above
z/H = 1. It can be observed that the maximum vahfe¢ke normalized force appear just below thedbihe canopy. This is

in agreement with the numerical results of Katal. (2010) for different cube densities. Above z/H .8 ¢he normalized
drag force increases with canopy density. Near=z047 and beneath this trend is inversed due tdatige decrease of wind
velocity and to higher values of mean drag forcéhvimcreasing density (Figure 2): the less dens®oma produces the
greatest normalized drag force. These trends acecainfirmed by Konet al. (2010). However the values beneath z/H = 0.2
are about 1 when the drag force is determined bgsurre difference measurements.
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Figure 3: Vertical profile of drag force per volamormalized by the mean drag force, comparisdheofl densities

The influence of the canopy description on the abatmosphere is also examined. The roughness pam@meand d
obtained by a linear regression of the wind prafildhe roughness sublayer were compared to resfiltéacdonaldet al.
1998 (table 1). The values for the less dense gaaapin good agreement. Concerning the other dess80% differences
are found. Comparing to the results of several sgififagishimat al, 2009), it can be observed that roughness parasnete
for a given density may vary by 300% from one sttmlynother, so that we can conclude that our sgiaBs quite good
results. This is confirmed by the velocity profikdsove the canopy (Figure 4) which fit very weltlwihe logarithmic law by
using the roughness parameters from table 1.
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Figure 4 : Comparison of the longitudinal velogityfile computed by ARPS and a theoretical logarithprofile with same roughness
parameters: &) = 0.625%, b} = 16%, c)A = 25%, d) = 44%.

Table 1: Roughness parameteyazd d in comparison with results of Macdoneticl. 1998:

A =0.0625 A=0.16 A=0.25 A=0.44
Zo/H - Macdonald et al. 1998 0.06 0.13 0.13 0.06
Zo/H LES A 0.06 0.11 0.09 0.08
d/H - Macdonald et al. 1998 0.18 0.32 0.5 0.7
d/HLES A 0.18 0.2 0.57 0.79

CONCLUSIONS AND PERSPECTIVES

It is shown that the choice of a height and derd#yendant sectional drag coefficient leads toitad@al velocity profiles
that are close to profiles obtained by wind tunmelasurements and obstacle resolving methods witigircanopy. The
validity of the method above the canopy is showith@ywell fitting logarithmic profile.

The simulation area will be extended and simulatioh flow above and within heterogeneous canopy lvél computed.
Therefore canopies with several areas of diffedemsities and different canopy height will be irtiggged. The further aim
of these studies is to simulate flow within andabthe city of Nantes which will be divided in towquarters with mean
geometric characteristics.
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