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Abstract: Traffic pollutant concentration and dispersionepbmena in urban street canyons with avenue-li&e planting have been
investigated in an atmospheric boundary layer wimthel. The study comprises tree planting of déifercrown porosity, aligned in two
rows in an isolated street canyon of width to heigitio W/H = 2 and length to height ratldH = 10. The tree planting has been realized
according to a new modelling approach which aceotortaerodynamic similarity of the flow througtethermeable crown by the pressure
loss coefficienf\. In the presence of tree planting, considerabifgetapollutant concentrations at the leeward carwalhand slightly lower
concentrations at the windward canyon wall in congpa to the tree-free reference street canyon wezasured. Overall, an increase in
pollutant level due to tree planting is found. Clading, a relationship allowing to estimate the maxm traffic pollutant concentration at
the canyon walls is presented.
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INTRODUCTION

Traffic emissions are the dominant source for aliytion in urban areas. They have significantuefice on the quality of
life and health of the city population. Criticalugtions arise in dense built-up inner city areasickvare usually formed by
urban street canyons. Here, the air exchange bettheestreet level and the wind above the buildoafs is limited. As a
consequence, near ground traffic-released emisseamain and accumulate at the street level, regpiti high pollutant
concentrations.

Dense avenue-like tree planting inside urban staeyons even complicates the issue, since ittaftbe prevailing flow
field and therefore pollutant dispersion and exgeaprocesses. In particular, the lower and the ugpeet level parts are
separated by the tree crown layer and the air exgghwith the above roof wind is hindered.

In former studies Gromke, C. and B. Ruck (2007), G@nC. and B. Ruck (2009a) and Gromke, C. and B. R2@R9b)
investigated flow and concentration fields in stregnyons with avenue-like tree planting in a barmdayer wind tunnel.
For a street canyon with aspect ratiosWgH = 1 andL/H = 10 WV street width,H building height and_ street length)
subjected to perpendicular approaching flow, ovarahcentration increases at the building wallsupfto 50% and local
peak increases of up to 90% due to tree plantimg faund. Furthermore, smaller wind velocities desthe street canyons
and reduced ambient air exchange due to blockifegtefof the trees were measured. These phenomamaalso found in
complementary numerical simulations (BuccolierigRal, 2009, Balczé, Met al, 2009, Gromke, Cet al, 2008) as well as
in the numerical study of Ries, K. and J. Eichh@®0().

In this paper, we focus on wind tunnel experim@miformed in broad street canyons of aspect ratfbs= 2 andL/H = 10
with avenue-like tree planting aligned in two roas each side of the road (Figure 1). This kind tofet canyon/tree
planting configuration can be found often in cityaim streets with dense traffic and, hence, higHupait emissions.
Concentration measurement results obtained for aseafihigh tree planting density, i.e. with inteirig neighbouring tree
crowns and varied crown porosity are presented.

APPROACH

The street canyon was formed by two rows of ho(sesleM = 1:150) forming an isolated canyon of lengtl 180 m,
heightH = 18 m and street widtW/ = 36 m (Figure 1). A boundary layer flow approachperpendicular to the street axis
with profile exponents af, = 0.30 andy = -0.36 according to the power law formulationsrafan horizontal and turbulence
intensity profilesu(z) andl(2) respectively, were reproduced
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with @, = U, a; = a, and®, = |, a, = . A flow velocity of uy = 4.70 m/s at building heiglti was realized, resulting in a
Reynolds number dRe= 37000 based om, and the building heighi, thus, ensuring a Reynolds number independent flow
field. More information on the simulated atmospbdroundary layer flow, including data on the intddength scale profile
Lu(z) and spectral distributions of turbulent kinetic iyyeS,(z,f) are documented in Gromke, C. and B. Ruck (2008)ian
the internet database CODASC (2008).

A tracer gas emitting line source embedded in treesground was installed for the simulation afffic exhaust releases
(Meroney, R.Net al, 1996). Sulfur hexafluoride (gFwas used as tracer gas to model the traffic éomiss Measurement
taps were applied along the leeward and windwanyaa wall (wall A and wall B, respectively) to salmpghe near-wall
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canyon air. The samples were analyzed by Electrgutu@a Detection (ECD) yielding mean concentratiorisctv were
normalized according to
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with ¢ the measured concentration agl the tracer gas source strength per unit lengtheofine source.
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Figure 1: Street canyon with avenue-like tree ftanand close-up of tree model.

The tree crown modelling was realized using custoadte lattice cages forming cubes with cross-sextidr0.42H width
and 0.67H height (Figure 1). Spanning the entire street oarof lengthL, the cages were divided into 31 cells, each dt 0.3
H depth, which were filled with a filament/fibre-ksynthetic wadding material. The cells' purpose twaensure a uniform
distribution of the wadding material. Crown porasstiwith pore volume fractions B, = 97.5% (large crown porosity) and
Pyo = 96% (small crown porosity) were modelled (GromBeand B. Ruck, 2009b).

The fluid dynamical similarity of the crowns is ledson the pressure loss coefficiériim™] which has been determined for
wadding material samples of the given pore voluraetions in forced convection conditions, accordimg
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with 4ps: the difference in static pressure windward (wwjl &eward (Iw) of the porous sampjg,, the dynamic pressure,

u the mean stream velocity addthe porous sample thickness in streamwise dinectiteasurements resulted in pressure
loss coefficients oft = 80 m' andA = 200 m' for the model tree crowns of higR\, = 97.5%) and lowRy, = 96.0%)
porosity, respectively.

Grunert, F.et al. (1984) have determined pressure loss coefficidnté$ artificially arranged natural vegetation elertsen
simulating wind shelter belts. Their measuremeessilted in pressure loss coefficiedtsanging from 0.4 m to 13.4 nt
with the majority lying in the range of 1.0 A < 3.0 m.

The derivation of a similarity criterion is basen energy considerations and expressed by the ptistuthat the normalized
pressure losses (normalized by the dynamic preggyyenave to be equal in full scale (fs) and modeles¢as), i.e.

(8] Py 157129/ Payrd ms @
which, with equation (3), yields
A d
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That is, the ratio of the pressure loss coefficems to be equal to the scale fadtbhereM = 1:150). Calculating the
required small scale pressure loss coefficidiptsis now straightforward and using the values deiteethby Grunert, Fet
al. (1984), one obtains 60k A < 2000 M. Thus, the realized pressure loss coefficienthethigh 4 = 80 mt, Py, =
97.5%) and low { = 200 mt, Py, = 96.0%) porosity model tree crowns match the toliveit of Grunert's down-scaled
values.
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RESULTS AND DISCUSSION

Street canyon without trees: reference case

Before discussing the influence of trees on pollutdispersion, the traffic pollutant concentratidnsa tree-free street
canyon, so called reference case, is studied. &gwhows the measured traffic pollutant concdotratat the canyon walls.
Two characteristic features are evident, (i) treavierd wall A shows larger pollutant charges thanwindward wall B and

(i) a steady decrease in concentrations towarelstieet ends at both walls. In the canyon ceratres pconcentration levels
are 3 to 4 times higher compared to the outer p@ihs normalized wall-averaged pollutant conceiunat (equation (2)) are
Cc'a=14.8[-] andc’s = 5.2 [-] for wall A and B, respectively.
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Figure 2: Normalized pollutant concentratiari§-] in the tree-free street (reference case).

The observations can be explained by the dominatimtex structures inside the canyon. The higherceatrations at the
leeward wall A are due to the canyon vortex. Atfriewel, air of the atmospheric flow is entrainedoi the canyon and
moves downwards in front of the windward wall B. Tiav at street level is directed reverse to thaastpheric flow and

accumulates near-ground released traffic emissibimsse are transported towards wall A before tbhe finoves up and is
mixed into the above roof flow. Here, an exchangeveen polluted street canyon air and the atmospfiew takes place,

before the flow is again entrained into the stietyon in front of wall B. The concentration decesatowards the street
ends are due to the enhanced natural ventilatidheastreet canyon ends, where the corner eddmsremdditional air

exchange. A more detailed discussion on the cafiganfields and vortex structures is given in GraniC. and B. Ruck

(2007) or in Gromke, C. and B. Ruck (2009b).

Tree planting of high stand density with large and sall crown porosity

In comparison to the reference street canyon (Ei@)rincreases in pollutant concentrations at #alhd decreases at wall
B are present for both the tree planting with laage small crown porosity as can be seen in Figuidakimum relative
increases occur in the upper central part of wall68% resp. 80%). However, the peak concentrataesnot strongly
affected by the planting and the pattern of come¢ion distribution remains almost unchanged. Theximum relative
concentration decreases at wall B also occur meastreet central part (30% resp. 40%), but ardlemhban the increases at
wall A. Because of this and the inherent lower galht charges at wall B, an overall increase in cotmaéon remains inside
the street canyon, which is slightly stronger foe planting with small crown porosity (Figure 3yi). The wall-averaged
pollutant concentrations agd, = 20.7 [-] andc’s = 3.9 [-] (large crown porosity) and @, = 20.8 [-] andc’s = 3.6 [-]
(small crown porosity) reflecting relative increager wall A of 40% and 41% and decreases for Balf 25% and 32%.
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Figure 3: Normalized pollutant concentrations (abs[-] and relative changes (rel.) [%] in comparigorthe reference case (Figure 2) for
tree planting of high stand density with large anguorosity (left) and small crown porosity (right).

DIMENSIONAL ANALYSIS AND ESTIMATE OF MAXIMUM POLLUTANT CON  CENTRATION
Based on wind tunnel experiments which comprise e 40 street canyon/tree planting configurati@®SDASC, 2008)
with varying

- street width to building height ratig(H = 1 or 2)

- one- or two-rowed tree planting

- tree stand densityE 0.5, 1.0)

- crown porosity Ryo = 0%, 96%, 97.5%, 100%)

- approaching wind directiorr(= 0°, 45°, 90°),
a relationship for the maximum pollutant concemrat’ ., at the canyon wall was derived. By dimensionalysis and
additional considerations (e.g. assuming Reynoldshban independent flow), it was found that the maximpollutant
concentration can be expressed by a relationshipeafype
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+ Cmax Uy H w
Cmax =" = _1p1R/0|1a . (6)

Using the dataset of wind tunnel measurementsxplici equation for the estimation of the maxim@oncentratiorc” .«
according to

C+max =a-ay exp{— ag [,0 (100- P\/ol)} @)

was derived. The parametexs a, andaz are functions of the street width to building HeigatioW/H and the wind direction
a and can be determined by means of the diagranes givFigure 4. A detailed derivation of equati@) ¢an be found in
Gromke, C. (2008).
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Figure 4: Parametey;, a, andas of equation (7) as functions ¥#/H ando.

CONCLUSIONS

The results show that the street canyon air qualisygnificantly affected by avenue-like tree flag. Pronounced increases
in traffic pollutant concentrations at the leewaashyon wall A and rather moderate decreases atititavard canyon wall B
were measured in the wind tunnel experiments. Talsiemmarizes the main results.

Table 1. Overview on wall average and maximum patiticoncentrations (c.p: crown porosity).

concentrations” [-] and rel. changes to reference case [%] in ()

street canyon wall average wall maximum
A B A
without trees 14.8 () 5.2 (") 24.2 (-)
with high c.p. Py = 97.5%) 20.7 (+40) 3.9 (-25) 38.2 (+58)
with low c.p. Pye = 96.0%) 20.8 (+41) 3.6 (-32) 38.9 (+61)

The results clearly show that the implications eéraue-like tree planting on pollutant dispersion @oncentration inside
urban street canyons have to be considered careR#lduced street canyon ventilation performance raaylt in critical
exceedance of pollutant concentration limits angsechazardous conditions for the residents.

The estimate given in equation (7) can be usedomntplanners and support local decision-makers ¢8essing the
implications of trees on traffic pollutant concextibns in urban street canyons. In particular,esmate allows to design
avenue-like tree planting with respect to streayoa air quality and to control traffic pollutardrecentrations.
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