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1. Introduction

As urbanization progresses, more comprehensive and advanced methods are required to analyze the mod-
ifications of urban microclimate. Among various factors that alter urban environments from undisturbed
climates, street level air pollution due to vehicular exhausts is of major concern and is significantly affected
by atmospheric motion and stability. Thermal forcing is shown to play an important role in determining
flow patterns and pollutant dispersion in built environments [Il 2], yet numerical studies of dispersion at
microscale in urban areas are limited to simplified and uniform thermal conditions and the analyses on the
effect of realistic surface heating are scarce.

To address this shortcoming, a detailed indoor-outdoor building energy model (TUF-IOBES) is employed
to compute heat fluxes from street and building surfaces, which are then used as boundary condition for a
PArallelized Large-Eddy Simulation Model (PALM). In comparison with previous studies, our model consid-
ers the transient non-uniform surface heating caused by solar insolation and inter-building shadowing, while
coupling the indoor-outdoor heat transfer, flow field and passive pollution dispersion. Series of fluid flow
and thermal field simulations are then performed for an idealized, compact mid-rise urban environment with
no vegetation and the pollution dispersion and exchange behavior in and above buildings is investigated.
The following sections describe the methodology and structure of the presented work. Numerical tools
and the simulation setup are described in Section 2l The characterization of the flow and thermal field is
examined and their degree of universality is evaluated in section [3| as a function of two dimensionless num-
ber. Subsequently, spatial distribution of dimensionless concentration and turbulent fluxes are investigated
as varied with the prescribed characterization method in Section Additionally, street canyon pollutant
exchange performance, i.e removal of the ground level traffic emissions from the top and lateral ventilating
faces of the building canyon is examined by means of Air Exchange Rate (ACH) in Section

2. Methods and simulation setup

Large Eddy Simulations are used as a superior method for evaluating turbulence characteristics and dis-
persion behavior in the street canyon. The PArallelized Large-eddy simulation Model (PALM) developed
at the Leibniz University of Hannover (Raasch et al. [3] and Letzel et al. []) is employed with realistic
thermal boundary conditions extracted from Temperature of Urban Facets Indoor-Outdoor Building En-
ergy Simulation [5]. TUF-IOBES as well as the velocity and temperature fields of PALM were validated by
Yaghoobian and Kleissl [5] and Park et al. [6] respectively. Yaghoobian et al. [7] validated the coupling
method against the wind-tunnel experiment of Kovar-Panskus et al. [8] and demonstrated that one-way
coupling of TUF-IOBES surface heat flux to PALM can account for the effects of the realistic temperature
distribution over urban canopy surfaces. For the purpose of this study, the prognostic equation for passive
scalars is also solved in PALM that was validated in Park et al. [6].

All simulations are performed over an array of uniformly spaced obstacles with a canyon aspect ratio (canyon
height-to-width) of 1 and the configuration represents compact low rise urban zone, corresponding to a rough-
ness plan aspect ratio, A, = A,/Ar, of 0.29 and frontal aspect ratio, Ay = Ay /Ar, of 0.25. A, , Ay and Ap
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Table 1: surface radiative and material properties

Surface Roof  Ground Walls
Albedo (-) 0.6 0.1 0.3
Emissivity (-) 0.9 0.95 0.9

Roughness length (m) | 0.0005 0.0005 0.0005

indicate the plan area, the frontal area and the total area of roughness elements, respectively. Total domain
height is 7.4H, where H is the building height. Each building wall has a window fraction of 0.47.

Thermal, radiative and material properties of urban surfaces are shown in Table [I| Latent heat fluxes are
assumed to be zero. There is a window considered on all walls and the windows heat flux is computed
based on the ASHRAE Toolkit. Surface heat flux at each grid points from TUF-IOBES are outputted in 15
minutes intervals and temporally interpolated to PALM. Periodic boundary conditions are used in horizontal
directions, conserving mass-flow rate in the streamwise direction. Uniform and constant pollutant emission
is prescribed at the ground boundary condition (z=0), representing traffic emission. A constant sink term
for scalar flux is imposed as top boundary condition. Using this boundary condition, the integral of the
concentration in the whole domain is constant in time, therefore, the ensemble average can be approximated
by the time average. Additionally, above the buildings the turbulent flux is nearly constant with height,
which is a typical feature for the inertial sublayer (e.g. the upper part of the atmospheric surface layer).
LES explicitly resolves turbulence and simulates one realization of the flow. Results must be time averaged
to obtain statistically significant quantities. The definition of the averaging interval is crucial. A guiding
principle is that, given the regularity of the array and the periodic boundary conditions, the time averaged
flow in all the canyons must be identical. However, 30 min averaged velocity fields shows a strong variabil-
ity between different canyons. This behavior is due to the formation of roll-like circulations with axes in
streamwise direction. Coceal et al. [9] with DNS showed that to filter these it is necessary to average over
at least 400 large eddy turnovers, that for our set-up, corresponds to about 11 hours. They also observed
that the so-called dispersive stress (Raupach and Shaw [10] becomes zero above the canopy when the time
averaging is large enough. In our case, however, it is not possible to use 11h as averaging time, since the
heat fluxes change significantly following the solar forcing. As a compromise, we decided to combine the 30
min average, with an average over the 15 canyon units (“ensemble average”). This 30 min ensemble average
shows a small dispersive stress above the canopy, and local differences in velocity and temperature of about
0.1m s~ ! and 0.2K compared to an 11 h average of a simulation with constant heat flux.

The focus of this study is on unstable atmospheric stratification and the simulations are done for a temper-
ate mid-latitude climate (Boston, Massachusetts with latitude of 42.37), while the results can be expanded
to various locations and time of the years using the characterization method further explained in Section
The simulation day is set to clear summer day (8th of July) and the forcing data is extracted from the
representative Typical Meteorological Year (TMY3) file.

In a 3D urban environment with realistic heating, more than one urban surfaces is often heated (Figure [1).
Solar noon at the simulation day is approximately at 1200 EDT. The convective heat flux at the roof surface
is symmetric around solar noon, whereas @)y, at ground surfaces is higher in the afternoon hours due to the
ground thermal storage . Accordingly, though solar flux received at east and west walls (leeward and
windward, respectively) is symmetric around solar noon, due to the increased longwave radiation exchange
between ground and wall surfaces in afternoon hours, @} at ground and wall surfaces exhibit larger value
after 1200 EDT. Additionally, due to the sun path at the studied day, @} at the south wall is predominantly
larger than the north wall with maximum heat flux difference occurring at 1330 EDT.

3. Characterizing momentum versus buoyancy forcing
Traditionally, the bulk Richardson number in the vertical direction Ri, is used to indicate the atmospheric
stability
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Figure 1: A) Horizontal Richardson number (Rip) and, b) vertical Richardson number (Riz) with ToD at different
wind speed. ¢) Convective heat flux(Qr) Qr averaged at different urban facets for U, = 3ms™ 1.

Ri, = g (T —T,) ’ (1)
Uy Ta

where g = 9.81 ms™! is the gravitational acceleration, Ty is the air temperature at roof level, T} is the
temperature of the ground surface inside the building canyon, T, is the inflow air temperature, and U} is
the bulk wind velocity in the streamwise direction. This methods alone neglects the horizontal temperature
gradient, and fall short in comprehensive characterization of the flow. Therefore, horizontal Richardson
number is also defined [II] to convey more information about the directionality of thermal forcing in rela-
tionship to the canyon vortex.

Rip — %(TL Tw) H ’ 2)
U T, w

where Ty and T, are the averaged surface temperature on windward and leeward walls (here west and
east), respectively. Rij, indicates the effect of differential solar heating and also incorporates the effect of
canyon aspect ratio H/W. The validity of this choice of non-dimensional numbers is demonstrated through
simulations with different wind speed and surface radiative properties, but the same sets of Richardson
numbers. Overall, similarity between two cases with same set of Richardson numbers is seen and the local
normalized values in two cases are shown to be very close.
The average wind speed in simulation cases is varied from 0.5 to 8 ms~! to span the weakly to strong
unstable regimes. This setup results in a wide span of vertical and horizontal Richardson numbers (Figure
and according the analyses are performed for following conditions: a) assisting condition (0930 EDT)
with maximum leeward heating occurring inside the canyon, i.e minimum Riy,, and significant roof/ground
heating, (Fig. , b) opposing condition (1600 EDT) when maximum windward heating occurs, i.e maximum
Riy,, combined with roof/ground heating and c¢) horizontal heating condition (1330 EDT) when both roof
and ground surfaces are at maximum heating scenario with large Ri, while west and east wall experience
same average value of @ (Fig. , therefore Rip, = 0. It is worth mentioning that when considering the
realistic surface heating, wall and ground surfaces in the stream-wise canyons are also heated, therefore the
thermal forcing in these conditions are more complex than cases previously studied by Cai [12].

4. Results

The analysis is structured as follows. First, the contour plots of flow, temperature and pollutant concentra-
tion are investigated at different locations in the stream/span-wise canyons. These detailed examinations
further improve our understanding on the effects of three-dimensional heating orientation and strength
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(quantified by sets of Richardson numbers) on pollutant distribution and the mechanisms involved in pollu-
tant dispersion. An example of this analysis is shown in Section (Figures [2| and , where the flow and
concentration fields are evaluated together at different Richardson numbers.

Secondly, ”Breathability” in urban environments is analyzed by studying the pollutant concentration distri-
bution and exchange processes in the 3-D geometry. By adopting air quality concepts originally developed
for indoor building environments, such as age of air, and Air and Pollutant Exchange Rate, outdoor ven-
tilation is defined as a measure of city “breathability”. An example of this analysis is described in Section
4.2

4.1. Flow and dispersion fields

The contour plots of mean velocity magnitude superimposed by velocity vectors are shown in Figures
followed by the plots of dimensionless pollutant concentration in Figures For brevity, only the results
of Uy = 0.5 and 3ms~! are reported here and data are time-averaged over 1800s and ensemble averaged
in the computational domain. The results are reported for the assisting, opposing, and horizontal heating
conditions, with different Richardson numbers due to the variation of inlet bulk velocity.

Formation of the secondary vortex is only seen when the absolute value of the horizontal Richardson number
is large (U, = 0.5ms™ 1), and the region of low velocity adjacent to the heated wall is enhanced in the
opposing condition (Fig. [2)). The intensity of the vortex decreases with the decrease in the magnitude of
Ri, (increase in Up) and the region of low velocity extends deeper in the canyon. Nazarian and Kleissl 2015b
showed that for the opposing condition (Rij >0), larger horizontal (streamwise) temperature gradient exists
at the roof level, therefore a lower pressure gradient is observed inside the canyon compared to the assisting
conditions (Rij < 0). This horizontal pressure gradient results in higher velocity at the roof level and higher
kinetic energy entering the building canyon when Rij, >0, as also shown in the Figure[2] On the contrary,
assisting condition (Rip < 0) has the smallest intensity of vortex, and the difference is more significant for
the larger Ri,. At the horizontal heating condition (Ri, = 0), the heat advected from the ground surface
causes a larger temperature increase in the canyon than the convection from the roof, therefore increasing
the strength of the vortex in the building canyon. It is worth mentioning that this behavior can be reversed
when the more dominant roof heating decreases the vortex strength in the canyon [11].

Subsequently, the concentration is larger in the canyon at assisting compared to opposing conditions, and
the horizontal heating condition has the lowest concentration due to the large vertical Richardson number,
therefor enhanced mixing, in the absence of wall heating in the stream-wise canyon (Rip = 0). Dimensionless
concentration increases with the decrease in vertical and horizontal Richardson numbers (larger Up) since
the flow approaches neutral stability conditions.

4.2. Air Exchange Rate

The concept of Air Exchange Rate in street canyon represents the volumetric air exchange (removal or entry)
per unit time integrated over the ventilating faces of street canyons. Applying kinetic (mass) balance in the
3D street canyon, 3D-ACH is defined by sum of air exchange rates along the top and sides of the canyon as

<ACHgop > = fi , <ACHgge+ > = M ) (3)

Atop Aside
Here only velocities exiting the canyon are considered, i.e. w4 are positive vertical velocities along the top
plane and according to the orientation of the side plane, the sign of spanwise velocity (v) differs to represent
air removal. Ao, and Agige are the areas of top and side of the urban canyon. To analyze the relative effects
of mean flow and fluctuations on air removal from the building canyon, ACH is calculated both using the
velocity and local velocity fluctuations (e.g. v' = v — ¥) and referred to as ACHy, and ACH,,, respectively.
Figure [4] shows the time series of ACH,, and ACH,- calculated for the simulation case with inlet bulk
velocity of 3 ms~!. The ventilating faces are identified as follows. In the span-wise building canyon, the
vertical planes that bound the volume between the buildings are defined by their coordinate in span-wise (y)
direction, where side +y and side -y are aligned with the north and south walls of the building, respectively.
The horizontal surface at roof level in the span-wise and street-wise canyons are identified as building canyon
and street canyon, "BC” and ”SC”, respectively.
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Figure 2: Contours of mean velocity magnitude normalized by bulk wind velocity, UQ, overlaid by the mean velocity
vector field at different conditions. Results are calculated at the vertical plane in the building canyon shown in red.
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The ACH do not have a symmetrical behavior around solar noon throughout a day and are influenced by
the sign of Rij. In the assisting conditions when Rij is negative and the Ri, is also large, the ACH does
not increase, presumably due to the effect of warm air advected in the canyon from the heated roof. The air
exchanged from the horizontal surface at top of the building canyon (BC, spanwise canyon) is the largest
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followed by south vertical ventilating face (side -y) and then north of the building canyon, with the horizontal
surface at top of the street canyon (SC, stream-wise canyon) having the smallest value of ACH (Fig. H]).
The difference between ACH,, and ACH], is significant at the top BC face and the south ventilating face
(side -y), while at SC and north horizontal face (side +y) the velocity fluctuation has the main contribution
to ACH. Pollutant Exchange Rate has a very similar patterns tp ACH (not shown) which demonstrates
that the correlation between concentration and velocity does not change during the day. Therefore only by
analyzing the flow field we can have an accurate calculation of pollutant exchange from the canyon level.
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Figure 4: Comparison of instantaneous ACH calculated over all ventilating faces for Uy = 3ms™'.

5. Conclusions

A three dimensional configuration of a compact urban environment is simulated with realistic surface heating
and ground-level pollutant emission. The significance of considering realistic surface heating on the accurate
analysis of pollutant dispersion is emphasized. Concentration distribution is shown to be correlated with
horizontal and vertical Richardson numbers. Air Exchange Rate at street ventilating faces are analyzed and
shown to have distinct characteristic according to the orientation and strength of the heated walls. Following
this methodology, the study aims to further investigate the air quality and breathability in urban canopy.
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