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Abstract: The present paper is aimed at the analysis @f #ad pollutant dispersion in a portion of the Ga@eande (Grand Canal) in
Venice (Italy) by means of both Computational FlDighamics (CFD) FLUENT simulations and wind tunegperiments performed at the
University of Gavle (Sweden). For this applicati@anal Grande can be viewed as a sort of stregbnamhere the bottom surface is water
and bus boat emissions are the major source aftfoyl Numerical investigations were made to asteseffect of the water surface on air
flow and pollutant concentrations in the atmosph@ree of the challenges has been to deal withnifeeface between two immiscible fluids
which requires ad-hoc treatment of the wall in terhthe numerical scheme adopted and the grigitiefi which needs to be much finer
than in typical numerical airflow simulations irban street canyons. Preliminary results have shbairthe presence of water at the bottom
of the street canyon modifies airflow and turbukestructure with direct consequences on conceunttrdistribution within the domain.
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INTRODUCTION

The city of Venice (Italy) lies in the middle o550 knf-wide lagoon (close to the Adriatic Sea) and ismiyaied by fresh
water from a number of rivers originating from timain land. It consists of over one hundred smédhis, separated by a
large number of channels that communicate withageon. The main channel of this complex networthésfamous Canal
Grande (Grand Canal). Other channels spread olitdirections until reaching the lagoon. The cifyMenice has been the
subject of many studies, most of them focusing atewecological problems and hydrodynamic behasiofithe channels.
However, urban air quality, urban heat island aedtilation problems are becoming increasingly inatrr especially in
connection with the need of preserving the prestigihistorical and monumental heritage. More rdgemtr quality
investigations have been carried out mainly by ¥WenUniversity, Public Administration and the VeneRegion
Environmental Protection Agency (ARPAV) even thoygtiutant concentration in city channels have rerbspecifically
studied. Motivated by the requirement of evaluatiigquality in Venice (ltaly), we first addresstte question whether
traditional air quality models were suitable forsthspecial urban environment. Recent literature #i@sumented an
increasing development of suitable atmosphericet@pn models for urban air quality management uatakis, Set al,
2003; Holmes, N. and L. Morawska, 2006). At the naiscale, full Computational Fluid Dynamics (CFD) ratedhave
become increasingly popular and attractive becahsg allow to evaluate directly the effects of cdemp building
arrangements and shapes, though they are still wimtignally expensive for routine. It was importamthe context of this
study to evaluate whether classical CFD modellingadtde applied to Venice where most street cangoasepresented by
the city channels.

In this framework the present paper deals withahalysis of flow and pollutant dispersion in streehyons where water
constitutes the bottom domain of the street carbyppmeans of CFD simulations. Some preliminary wimchel tests have
also been performed to complement numerical ingastins. At first, we investigated flow and pollotadispersion in a
simplified street canyon with aspect ratio heigidtiv (H/'W) ~ 0.3. The aim is to study flow behaviaf both air and water
and compare it with flow regimes and pollutant @aits that develop in typical solid-surface urbagettcanyons. This case
is a simplification of the real scenario consideire@ second step, where we analyse flow and poitudispersion within a
portion of the Canal Grande. The starting pointtfee CFD study is the methodology generally appliedtiie study of
dispersion in typical urban areas. This study dtrist a first step towards a novel CFD researchicgiion.

DESCRIPTION OF THE CASES INVESTIGATED

Canal Grande is a channel which crosses the citfenfce from North to South shaping out a big ‘Ssaswn in Figure 1a.
It is about 4 km long, about 30 to 90 m wide withaverage depth of about 5 m. The Canal Grande lmrkaligned with

slightly more than 170 buildings. It can be congidiea sort of street canyon whose bottom surfac®tssolid but water

(Figure 1b). Public transport is provided by wdieats and private water taxis whose emissionsxqected to be the major
source of pollution.

For the purpose of the present work, a portionhef¢hannel has been considered. The chosen pistidraracterized by
several buildings of different height, with the rmaym height equal to about 26 m. The street widtaqual to about 65 m,
resulting in an aspect ratio H/W of about 0.3 (Fé&glc).
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Figure 1. a) Top view of the Venice city showing thanal Grande shaping out a big “S” (from Insufa&). b) Image of the Canal Grande
(from http://www.italiaabc.it/monumenti/venezia/edugrande.html). c) Portion of the Canal Grandesatered in this study (from Insula
S.p.a.).

First we consider a simplified geometry of the mortof the Canal Grande shown in Figure la. It cxinsdf an idealized
symmetric street canyon (model scale 1:200) of @sm@io H/W ~ 0.3, H=10cm. In order to deduce hiw presence of
water at the bottom of the canyowater-street canyotence forth) can alter the flow regimes that draracteristic of
typical urbanno water-street canyon®ke, T.R., 1987), CFD simulations have been perdrior both cases. The wind
direction is perpendicular to the street axis ashin Figure 2a. Moreover, preliminary wind tuniests have been carried
out as a first attempt to understand the flow reginvhich develop in such a street system.

In order to further substantiate and extend theerigal and wind tunnel investigations within theoab idealized street
canyon, the next step has been to study the resmlaso (model scale 1:200) of the Canal Grande bgnsef CFD

simulations. For this analysis, as an examplewtinel approaches from the left (East) and it isimad of about 45° to the
street axis (Figure 2b).

CFD MODELLING SETUP AND WIND TUNNEL TESTS

Idealized street canyon

No water-street canyor3D steady-state simulations were performed bynsmefthe CFD code FLUENT (2006). Generally,
main recommendations provided in the COST Action {Z®5-2009) were implemented. The computationahalo was
discretized using approximately one million hexahédlements. The smallest elements lengths &areén = 0.05H,6ymin

= 0.1H,8zmin = 0.025H within the street canyon volume. Hmance from the inlet boundary to the first binigd of the
street canyon was 8H, the distance of the latemahdaries from the street canyon ends was 15H]isit@nce from the top of
the domain to the building roof was 9H and theatise from the outflow boundary to the downstreaiiding was 30H.
The Reynolds Stress Model (Launder, BetEal, 1975) was used. The inlet wind speé@) was assumed to keep to the

following power law profile :
035
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whereU,¢ = 8.13m& is the undisturbed wind speedzat = 0.75m (model scale). Turbulent kinetic energst dissipation
rate profiles were specified as follows:
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wherey, = 0.44m& is the friction velocityx the von Karman constant (0.4@),= 0.09 and the model scale boundary layer

depth (1m). Symmetry boundary conditions were Sjgetfor the top and lateral sides of the compotal domain. For the
boundary downwind of the street canyon, a pressutiet condition was used.

For dispersion, the advection diffusion module \applied.A ground level source emittiny,0 was used to simulate the
release of traffic exhausts, with an emission @tgual to 10g/s. Mean gas concentratioase normalized as follows:
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wherel is the line source length. The second order disatéon scheme for pressure and the second ongleinding
numerical schemes for momentumegkReynolds Stresses and the scalar were used tier lecuracy and limited/reduced
numerical diffusion. The SIMPLE scheme was selefedhe pressure-velocity coupling.

Water-street canyor?D steady-state simulations were performed byyagpthe multiphase module available in FLUENTaas
first attempt to determine the appropriate modélupe Currently there are two approaches for theerical calculation of
multiphase flows: the Euler-Lagrange approach haduler-Euler approach. In the Euler-Euler apgrotie different phases are
treated mathematically as interpenetrating contiBirece the volume of one fluid (e.g. gas) in a#jgephase cannot be occupied
by the other fluid in a different phase (e.g. l@juithe concept of phasic volume fraction is introed. These volume fractions are
assumed to be continuous functions of space areldimd their sum is equal to one. Conservation @msafor each fluid in a
specific phase are derived to obtain a set of @nstwhich have similar structure for all fluidgses. These equations are closed
by providing constitutive relations that are obegirirom empirical information. In particular, thréaler-Euler multiphase models
are available: the volume of fluid (VOF) model, thixture model and the Eulerian model (FLUENT, 2006
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For the purpose of the present study, which isree*surface flow” problem, the VOF model was ussdh& only model
which accounts for immiscible fluids. With this appch we were able to model air and water by sgharsingle set of
momentum equations and tracking the volume fracbibeach of the fluids throughout the domain. THeF/formulation
relies on the fact that those fluids (or phases)rant interpenetrating. In each control volume, thime fractions of all
phases sum to one. The fields for all variablesogerties are shared by the phases and repredanie-averaged values,
as long as the volume fraction of each of the phasknown at each location. Thus the variablesppgerties in any given
cell are either purely representative of one ofghases, or representative of a mixture of the ghatepending upon the
volume fraction values. The effects of surface immg0.073 Nnif) along the water-air interface was also accoured
introducing a source term in the momentum equabiprapplying the continuum surface force (CSF) mqaebosed by
Brackbill, J. U.et al. (1992).

We used conservative numerical settings for typi@F model by using the PRESTO discretisation schimpressure and
the modified HRIC for volume fractiolhe second order upwinding discretisation schermreeamgployed for momentum, k,
¢ and Reynolds Stresses in order to increase theamycand reduce numerical diffusion. A prelimingnd study was also
performed starting from a similar grid size use@hsimulations.

A similar water-street canyorcase was also reproduced at the Department ofnbémdly and Built Environment of the
University of Gavle (Sweden) in a closed-circuinditunnel with a working section of 11m long, 3ndwiand 1.5m high.
Within this preliminary study only few videos habeen stored. Several small plastic floating objeatse employed to
visualize the water movement at several approaching speeds and aspect ratios (~ 0.3, ~ 0.6 a@®)and from the
observation, the flow pattern could be determined.

Real scenario: the Canal Grande

In the second step, flow and pollutant dispersidthiw a portion of Canal Grande shown in Figure Jreninvestigated by
mean of CFD simulations. Main geometry details ef study area were taken from a digital CAD fileikde from Insula
S.p.a. (Societa per la Manutenzione Urbana di MileheAs a preliminary test, and for the sake of patational
convenience, the real geometry was slightly singalitill maintaining the main geometrical detaifshe street canyons and
by using full scale cell dimensiors&min = dymin = 2m, 5zmin = 0.5m till a height of 5m since the emphasg&s on
pedestrian pollutant exposure. The number of thepeational cells was approximately one million. 3ERady-state
simulations were performed using a computationahalo whose dimensions are similar to those usatiénwind tunnel
street canyon case, being H the full scale heigtetallest building (Hmax ~ 26m). Velocity, tudlent kinetic energy and
dissipation rate profiles were specified at thetirals already defined in equations (1) and (2).@feliminary testing, and
due to convergence and numerical diffusion issomely, theno watercase was simulated by applying the same set-upinsed

the idealized street canyon.
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Figure 2. a) Geometric details of the idealizedettcanyon of aspect ratio H/W ~ 0.3 (model sc&led) used both in wind tunnel test and
in CFD analysis. b) Sketch of the Canal Grandeigogeometry considered in CFD simulations.

RESULTS

Idealized street canyon

Figure 3a shows velocity vectors of wind velocitggnitude (hormalized by,¢) and normalized concentration contours at
two horizontal planes, i.e. at z = 0.1H (2m in fadiale) and z = 0.5H (10m in full scale) obtaineshf CFD simulations.
Overall, large pollutant concentrations in the nédglart of both leeward wall A and windward wall B2dound in theno
water-street canyanThe decreasing of concentration level towardsstheet ends can be explained by the enhancedahatur
ventilation at those points. In particular, theufig highlights the presence of two symmetric conmgtices, one clockwise
and the other anticlockwise, close to the groundhano watercase. In the middle of the street canyon, thos@ces
impinge on two smaller vortices rotating in the ogite direction shaping out two “8"-like symmetviortices throughout the
length of the canyon. This implies that air movastlie wind direction in the middle of the canyoradmg to an
accumulation of pollutants and larger concentratialnes at the windward wall rather than at theverd wall.

Wind tunnel tests carried out for water-street cangase have shown that the floating objects mioraugh two symmetric
vortices at all the wind speeds and aspect ratosidered. This means that, contrary to what happetheno water-street
canyoncase, in thevater case floating objects reaching the middle of #n®yon move opposite to the wind direction as shown
in Figure 3b. 3D simulations with water are therefoeeded to further resolve the air-water behawbthe interface.
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Figure 3. aNo waterstreet canyonVectors of normalized wind velocity obtained fr@RD simulations. byVater-street canyorwind
tunnel frame showing water waves and movemente#rgfloating objects following two symmetric cornertices.

Although 3D simulations are required to further lexp the above phenomenon as remarked, 2D simoatio thewater
case do show that the typical vertical vortex odngrfor no-watercanyon is partly modified as depicted in Figure His
suggests that the water body has a non-negligiileence on airflow particularly in the vicinity ahe interface with the
atmosphere. This results in a modification of tbéypant dispersion behaviour. Numerical simulasigmroduced only small

waves at the interface as shown in Figure 4b antegwoblems have been identified such as a largencal diffusion and
lack of good convergence of the continuity and waduraction.
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Figure 4. aNo water-street canyoiectors of normalized wind velocity. #yater street canyorVectors of normalized wind velocity and
water volume fractions showing waves at the intarfabtained from 2D transient CFD simulations.

Further 2D and 3D simulations, both steady-stateé ansteady, and a systematic grid study are inrpssgto enable
appropriate set-up of CFD methodology. New systemwitid tunnel experiments have also been planned.

Real scenario: the Canal Grande

In this section we discuss CFD results of flow antypant dispersion within theo waterscenario of Canal Grande for one
approaching wind direction, i.e. East. Figure Svehovectors of the normalized velocity magnitude aodcentration
contours at z = 2m. Due to the interaction withtiét environment, the resulting flow is channdl@ong the Canal Grande
blowing from North to South. A helical flow develmside the canyon yielding a forward convectrems$port of pollutants
and larger concentrations are found at the leewdshted wall. Large concentration bubbles occwe ttuthe formation of
small vortices in correspondence of lateral stogemings. In order to determine the effect on flovd pollutant dispersion

due to the presence of water at the bottom of thealQarande, CFD simulations will be performed oriee duitable set-up
of CFD methodology will be achieved.
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Real scenario. Vectors of normalized wialbcity magnitude (a) and contours of normalizedcentration at z = 2m (full scale)
obtained from CFD simulations.

Figure 5.
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CONCLUSIONS

The goal of the present work was the analysis@# fand pollutant dispersion in a portion of the Gdaande in Venice
(Italy) by means of CFD investigations and wind telnexperiments. Preliminary numerical results emiplp the VOF
module available in FLUENT and wind tunnel inveatigns were also performed in a simplified streetyon with the aim
of finding the appropriate set-up when simulatilogvfin a street canyon where water makes up th@imodomain in lieu of
solid grounds/roads.

A preliminary analysis of numerical results in thiealized no water-street canyosuggests that for a perpendicular
approaching wind the atmospheric flow above theswahould follow a horizontal 8-shaped vortex wath flowing in the
same direction as the wind, in the middle of theyom. On the other hand, experimental tests ofuwéer case showed that
the floating objects at the water-air interfaceldas two symmetric vortices moving opposite to dygroaching wind
direction in the middle of the canyon. Furthermdtes typical vertical vortex inside the canyon wasdified due to the
presence of water. To completely understand thiesagmena, further testing is in progress sincenabeun of problems have
arisen in the steady-state CFD simulations VOF pesuch as lack of convergence and large numatiffakion.
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