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Street intersections play an important role in determining pollutant concentrations in the urban canopy -
vehicle emissions often increase in the vicinity of road intersections, and the complex flow patterns that occur
within the intersection determine the pollutant fluxes into adjoining streets and into the atmosphere.
Operational models for urban air quality therefore need to take account of the particular characteristics of
street intersections. We have performed an experimental and numerical investigation of flow and dispersion
mechanisms within an urban intersection, and on the basis of our observations and results, we have develo-
ped a new operational model for pollutant exchanges in the intersection, which takes account of the non-
uniformity of the pollutant fluxes entering and leaving the intersection. The intersection is created by two
streets of square cross-section, crossing orthogonally; concentrations were measured by releasing a neutrally
buoyant tracer gas from a line source located in one of the streets. As a general result, the numerical simu-
lations agree well with the measurements made in the wind tunnel experiments, except for the case of
ground-level concentrations, where the computed concentrations far from the axis of the line source are
significantly lower than the measured values. In the first part of the study we investigate the influence of an
intersection on the velocity and concentration fields in the adjoining streets; we show that the immediate
influence of the intersection extends within the adjoining streets, to a distance of the order of the charac-
teristic size of the streets. A large recirculating vortex is formed at the entrance to the cross-wind streets, and
this determines the exchange of pollutants between the streets and the intersection. For some wind directions
the average velocity in the street segment between intersections is the same as that which occurs in an
infinitely long street with the same wind, but for other angles the average velocity in the finite-length street is
significantly lower. The average concentration along a finite-length street is significantly different from that
observed in an infinitely long street. In the second part of the study we investigate how the pollutant fluxes in
the incoming streets are redistributed amongst the outgoing streets. An analysis of the mean streamlines
shows that the flows remain relatively planar, with little variation over the vertical, and we have exploited this
result to develop a simple operational model for the redistribution of pollutant fluxes within the intersection.
This model has been further adapted to take account of the influence of fluctuations in wind direction over
typical averaging periods. The resulting model is used in the street network model SIRANE.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction increase emissions above the level for free-flowing traffic. Secondly,

street intersections are regions where there is significant exchange

Street intersections play an important role in determining
pollutant concentrations in the urban canopy. Firstly, traffic flows
are disrupted, and vehicles are obliged to accelerate and decelerate,
thereby increasing emissions. In congested intersections, or at
intersections controlled by traffic lights, idling vehicles will
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of pollutants between the connected streets. So models of pollutant
dispersion within the urban canopy need to take account of the
specific effects induced by street intersections. And since pollutant
concentrations are often measured close to, or within, street
intersections, the correct analysis of these data requires a detailed
understanding of the physical processes involved (Ott, 1977;
Scaperdas and Colvile, 1999).

There have been several in situ experiments to investigate how
traffic emissions vary in the vicinity of street intersections (O'Toole
et al., 1975; Rosas et al., 1980; Bullin et al., 1982), and the results of
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those studies have been used to develop semi-empirical models such
as IMM and MICRO2, to estimate concentrations near crossroads
(Benesh, 1978; Zamurs and Piracci, 1982; Griffin, 1983; Messina,
1983). But the experiments were performed in open areas (because
the main interest was the influence of intersections on emissions,
rather than on dispersion) and the models that have been developed
do not explicitly consider the effects of the surrounding buildings, so
they cannot reasonably be applied to the urban environment.

There have also been several studies of pollutant dispersion in
urban street intersections using both experimental and numerical
approaches. Hoydysh and Dabberdt (1994) and Hoydysh et al.
(1995) carried out wind tunnel experiments for a grid of orthogonal
streets, measuring concentrations of a tracer gas within the inter-
sections. These studies demonstrated that the concentrations
varied significantly within the intersection, with maximum values
consistently located at street corners, and showed that the street
aspect ratio had an important influence on conditions within the
intersection. Robins et al. (2002) also performed wind tunnel
experiments to investigate the dispersal of pollutants in an urban
street intersection; their results showed that the flow was very
sensitive to the wind direction relative to the intersection, so that
even small asymmetries in the configuration could lead to very
different dispersion patterns.

Numerical simulations of flow in street intersections have
provided a detailed picture of some of the major flow mechanisms
that occur. Hunter et al. (1990) studied the case of two streets crossing
at right angles, and showed that when one of the streets was
orthogonal to the wind direction, large vertical-axis recirculating
regions formed in the cross-wind streets, at the interface with the
streamwise street. In another study, Gadilhe et al. (1993) simulated
the flow in a square in Nantes, analyzing the recirculating motions
taking place within it. Scaperdas and Colvile (1999) studied the flow
and the dispersion within a real intersection in London by means of
field measurements and numerical simulations, focusing on the
influence of the external wind on pollutant concentrations.

The flow field within and around a street intersection in London
was measured as part of the DAPPLE project field campaign (Dobre
et al., 2005); an analysis of those measurements showed that, at
a short distance from the intersection, the main features of the flow
in the streets were similar to those observed in idealised two-
dimensional street canyons — a combination of flow channeled
along the street, and a recirculating vortex with its axis parallel to
the street axis. In this study, the streets that formed the intersection
had a rather irregular geometry.

As far as we are aware, the only operational model for pollutant
dispersion in urban street intersections was developed by Yamar-
tino and Wiegand (1986). The model assumes that the pollutants in
the intersection are well-mixed, so that the whole intersection can
be treated as a single box containing pollutant with a uniform
concentration, which is computed from a simple mass balance of
the fluxes entering and leaving the box. Data from measurements
and numerical simulations show that this is a rather unrealistic
assumption, which limits the ability of the model to provide
reasonable predictions of concentrations within the intersection
and in the adjoining streets, so there is a need to develop a more
realistic model, which can nevertheless be used in an operational
context.

The various studies of flow and dispersion in urban street
intersections all show that, even for simple configurations, the flow
structure is very complicated, and a detailed description would
require a large number of experiments and numerical simulations.
An operational model must be able to treat an infinite variety of
situations, rapidly, and with limited computing resources, so it will
only be capable of reproducing some of the more basic aspects of
mass and momentum exchange in the intersection. A reasonable

objective for such an operational model, compatible with the
conditions in which it is likely to be used, would be to compute the
average concentration in the intersection and the average pollutant
fluxes into and out of the adjoining streets, for given meteorological
conditions and pollutant emissions. The average concentration is
understood here to be taken over both space and time; the typical
averaging period for an operational model would be of the order of
1 h, but in certain circumstances it could be as little as 15 min. The
aim of the research presented here has been to understand the
basic physical processes which determine mass and momentum
exchanges between the streets that define the intersection, and to
use the results of that work to develop a suitable operational model.
The model that we have developed forms part of the urban
dispersion model SIRANE, in which the urban canopy is modelled
as a network of streets, with pollutant exchanges between different
streets, and between the streets and the overlying atmosphere (see,
for example, Fig. 1). In this model, each street segment is charac-
terized by a constant height, width and direction, and street
intersections are therefore defined as the nodes at which the street
characteristics change. These nodes can be the junction of several
different streets, but they can also be the points at which the height,
width or direction of a street changes significantly. The model
SIRANE has already been used to compute street level concentra-
tions in several large European cities including Lyon, Paris, Gre-
noble, Turin and Milan (Soulhac et al., 2002, 2003, 2004; Boni et al.,
2008; Biemmi and Gaveglio, 2007). More recently, the network
approach was adopted by Hamlyn et al. (2007) to model pollutant
dispersion within regular arrays of obstacles.

The geometry of real street intersections can be relatively
complicated and a full description might require many parameters
(the geometrical characteristic of the streets, the size and shape of the
intersection, details of the roofs, building walls, ground...) so it seems
unrealistic to attempt a universal classification of intersections. But
many of these details are probably relatively unimportant in the
average exchange of mass and momentum (Salizzoni et al., 2008).
Firstly, the exchanges will be dominated by the faster moving parts of
the flow, distant from the boundaries; secondly, temporal fluctua-
tions in wind direction should smooth out some of the finer details,
and the time average of the concentration fluxes should be less
sensitive to individual details of the boundaries. By analogy with the
representation of real streets as simplified canyons, a ‘minimal’
definition of a street intersection might therefore be the intersection
of a number of simple, smooth-walled canyons, with a height equal to
the average of the heights of the intersecting streets. This definition is
also consistent with the context in which the operational intersection
model is likely to be used, in which the contributing fluxes will be
obtained from calculations based on the flow in individual street
canyons.

In order to develop an operational model for the pollutant fluxes in
a street intersection in an urban environment, we have investigated
the simplest possible configuration, consisting of the orthogonal
intersection of two identical streets, of square cross-section. Although
simple and idealised, this configuration is nevertheless typical of
a rather large number of street intersections in European cities. We
have used both wind tunnel experiments and numerical simulations
to study the velocity and concentration fields within the intersection,
as a function of the external wind direction. The configuration is
described in detail in Section 2, together with the experimental
facilities and the numerical methods that have been used. We focus
first (Section 3) on the velocity and concentration fields generated in
one of the streets adjoining the intersection, to establish the ‘zone of
influence’ of the intersection; the results from the street network
study are compared with corresponding results for an isolated street
of infinite length. Then, in Section 4, we investigate flow and disper-
sion within the core of the intersection as a function of the external



L. Soulhac et al. / Atmospheric Environment 43 (2009) 2981-2996 2983
[ ] [
: 4 L 4 L J

[ T T ®

Fig. 1. The street network approach applied to a district of the city of Lyon (France).

wind direction. In particular, we focus on the topology of the flow in
the intersection, so as to understand how the flows from the incoming
streets mix and are redistributed amongst the outgoing streets.
Finally, in Section 5, we present a new operational model for the
pollutant exchange in a street intersection. This model can be inte-
grated into urban dispersion models in order to improve the evalu-
ation of the pollutant turbulent exchanges in street intersections, and
forms part of the SIRANE urban dispersion model, developed at the
Laboratoire de Mécanique des Fluides et d’Acoustique (LMFA), Ecole
Centrale de Lyon.

2. Experimental and numerical methods
2.1. Wind tunnel experiments

The experiments were performed at the LMFA, in a recirculating
atmospheric boundary layer wind tunnel, with a test section that
measures 14 m x 2.5m x 3.7 m.

A grid of streets was created by placing obstacles (10 cm high
and 50 cm x 50 cm in plan) on the floor of the wind tunnel in
a regular pattern, 10 cm apart, as illustrated in Fig. 2. This created
streets with a square cross-section (height H = 10 cm, width
W = 10 cm) and a length L = 50 cm. At a scale factor of 1:200 this
would correspond to streets measuring 20 m x 20 m in cross-
section.

The boundary layer was generated using a combination of Irwin
spires at the entry to the test section, and roughness elements
distributed randomly on the floor over a distance of about 6 m
upwind of the measurement section. The incoming velocity profile
in the boundary layer has a logarithmic form:

U= “T*m{zz‘od} (1)

with a displacement height d of 20 mm, a roughness length zy of
2.7 mm and a friction velocity u* of 0.27 ms™ . These values were
obtained by fitting the assumed profile (Equation (1)) to the
measured velocities, using the method described in Salizzoni et al.
(2008).

In the analysis that follows, we will refer to the street parallel to
the wind direction as street no. 1, and the street perpendicular to the
wind as street no. 2, as shown in Fig. 2. This figure also defines the
wind angle f relative to the initial configuration § = 0°; experiments
have been performed for § = 0°, 15°, 30°, 45°, 60°, 75° and 90°.

Velocities were measured using a two-component Laser
Doppler Anemometry system. The dispersion of pollutant within
a street intersection was investigated by placing a line source of
pollutant (length 2L) along the axis of street no. 1, as shown in Fig. 2.
The source emitted a continuous mass flux Q of ethane (CHg),
which was chosen as a tracer gas because its molecular weight is
nearly the same as that of the air. The tracer gas concentrations
were measured with a Flame lonisation Detector. The homogeneity
of the emission from the line source was tested before starting the
measurement campaign (Meroney et al., 1996).

2.2. Numerical simulations

The numerical simulations were performed using two codes —
FLUENT and MERCURE (Carissimo et al., 1995), a three-dimensional
numerical code which implements a finite difference method to
solve the Reynolds-Averaged Navier-Stokes equations. A standard
k-¢ turbulence model was used in both cases. The computations
were performed using a Cartesian grid with variable spacing;
closest to the rigid boundaries the spacing was set equal to H/40,
and it increased with distance from the boundary. The roughness
lengths of the roof and sidewalls of the street were set equal to
H[400. The geometrical symmetry of the obstacle array was used to
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Fig. 2. Wind tunnel set up (on the left) and numerical domain (on the right); the dashed line represents the line source.

limit the size of the computational domain, and hence the
computing time; the computations were performed for a single
intersection, with periodic conditions on the inlet and outlet
sections, so that the flow exiting from a street was identical to the
flow entering the street at the upstream boundary. A condition of
zero shear was applied at the upper boundary. Scaperdas and
Colvile (1999) found that both symmetrical and asymmetrical
numerical solutions were possible for a symmetrical geometry, like
the one investigated here, and the use of periodic boundary
conditions ought to permit asymmetrical solutions. However all the
solutions we obtained were symmetrical, but we did not attempt to
push the model towards asymmetrical solutions. Scaperdas and
Colvile (1999) also found that concentration measurements in the
side streets were not very repeatable, and this may be another
indication of the possible coexistence of symmetrical and asym-
metrical solutions. In this study the numerical model was used to
compute steady state solutions, so this would also have the effect of
selecting some solution - possibly the symmetrical ones - over
unsteady, asymmetrical solutions.

3. Flow and dispersion in the streets connected to an
intersection

Previous studies (Robins et al., 2002) have shown that the
direction of the external wind can have an important influence on
the flow within a street intersection, and on the transport and
mixing of pollutants. We have therefore measured the velocities
and concentrations in the streets forming an intersection, for
different external wind directions; those configurations have also
been simulated numerically. Because the obstacles in the array are
arranged symmetrically, it is only necessary to study wind direc-
tions between 0° (wind parallel to the x-axis) and 45°, so these are
the limiting cases for our analysis.

3.1. External wind perpendicular to the x-axis (6 = 90°)

This configuration, illustrated in Fig. 3, represents one of the two
limiting cases for the wind direction; the wind blows along-street
no. 2 and perpendicularly across street no. 1, so that, sufficiently far
from the intersection, we should expect the flow in the street no. 1
to resemble that in a classical street canyon, with a recirculating cell
occupying most of the street. Since the wind blows parallel to street
no. 2 the flow within the street should be relatively rectilinear, and
this means that there must be a transition zone at the entrance to

the street no. 2, in which the recirculating cell develops. This raises
three interesting, and practically important questions:

e How does the flow adapt from rectilinear flow in street no. 2 to
the recirculating cavity flow in street no. 1?

e What is the characteristic length of this transition zone?

e Does the transition have any important influence on the flow in
street no. 2?

In order to understand how the transition takes place, we need
to define the region of transition. To do this, we have measured
horizontal and vertical velocities (u and w) within the street no. 1,
along the horizontal and vertical planes passing through the centre
of the cavity, at different distances (x) from the centre of the
intersection. The measured velocities have been normalised by the
external wind speed at roof height Uy and normalised profiles are
plotted in Fig. 4 for five different distances from the intersection
(x/H = 0.6, 0.8, 1.4, 2.2, 3); the length of the street no. 1 is equal to
5H, so the profiles at x/H = 3 corresponds to flow close to the mid-
point of the street, and by symmetry the conditions here should be
closest to those in an infinitely long street with a perpendicular
external wind.

On the same profiles we have also plotted the results of the
corresponding 3-D numerical simulations and the velocity profiles
measured in a previous wind tunnel study of flow and dispersion in
an isolated street canyon, which corresponds to the case of an
infinitely long street without end effects (Soulhac, 2000).

Fig. 3. Visualisation of the main structure of the flow in a street connected to an
intersection (numerical simulation).
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Fig. 4. Mean velocity profiles at different sections of the street no. 1: comparison between numerical and experimental results. a) x/H = 3; b) x/H = 2.2; ¢) x/H = 1.4; d) x/H = 0.8;

e) x/H = 0.6.

The first point to note is that the numerical results agree well with
the measured velocities, for all values of x/H, even close to the
intersection, where the flow is likely to be highly three-dimensional.
This means that we can use the numerical simulations to obtain
additional information about flow in the transition zone that might
be hard to extract from experimental measurements.

The second point is that all the profiles exhibit the characteristic
form of a recirculating cell driven by an external flow, with
a downward flow on the downwind face of the cavity, and an
upward flow on the upwind face. The flow is driven by the shear
from the external wind, and this is demonstrated by the steep
gradient in the horizontal velocity, at the top of the cavity.

A comparison between the 3-D and the 2-D profiles shows that
there is only one position (x/H = 2.2) where the two are in close
agreement. As already argued, symmetry considerations suggest
that the closest agreement ought to occur for x/H = 3 but this is
clearly not the case. One possible explanation could be that the
flow is very sensitive to wind direction, and that a small error in
positioning the array or a small dis-symmetry in the array could
lead to a large displacement of the ‘neutral’ profile along the
street. But the agreement between numerical and experimental
profiles, for both x/H = 2.2 and x/H = 3, suggests that this is not the
case, for these small errors in alignment are not present in the
numerical simulations.
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On the basis of these measurements it would seem reasonable
to conclude that the influence of the intersection penetrates into
the street to a distance between 1.4H and 2.2H.

We can infer some aspects of the complicated 3-D structure of
the flow in the transition region from the way in which the velocity
profiles evolve with distance from the intersection, notably by
comparing them with the profiles of infinitely long street. The basic
flow pattern within the street remains that of a recirculating cell,
filling the street, and driven by the wind above the street. Near the
mid-point of the street the profiles for the 2-D and the 3-D street
are similar, but there are some significant differences between the
two, close to the intersection (e.g. x/H = 0.6). The downward
velocities on the downwind face of the cavity are much lower in the
3-D street than in the 2-D street, indicating that less air must be
entrained across the upper surface of the cavity. However at ground
level the reverse flow, towards the upwind face of the cavity, is
much greater in the 3-D street than in the 2-D street. Indeed, the
upwind mass flux in the lower half of the street easily exceeds the
downwards mass flux in the cavity on the downwind face. By
conservation of mass, the upwind flux must be fed by the
entrainment, at ground level, of air in the intersection, and this
entrainment is driven by the vertical-axis recirculating region that
forms at the entrance to the cross-wind street. This can be seen
schematically in Fig. 3 - both the vertical-axis recirculation and the
horizontal-axis recirculation contribute to an upwind flux at
ground level in the cross-wind street, close to the intersection.

All along the cross-wind street (no. 1) the flow exhibits
a rotating cell structure, with a centre that moves around as
a function of distance from the intersection. This suggests that the
flow has a helicoidal structure. The computational results agree
well with the measured velocities, at all position in the cross-wind
street, so the numerical model can be used to investigate some
aspects of the flow that cannot be studied easily using experimental
techniques.

In order to study the dispersion of pollutant along the cross-wind
street (no. 1), and the exchanges that occur, both with the atmosphere
and at the intersection, we placed a line source all the way along the
centre of the cross-wind street, and across the intersection.
Concentrations of tracer gas in the cross-wind street were measured
at different distances from the intersection, and some of the profiles
are shown in Fig. 5. The concentration field within the cross-wind
street, on a plane perpendicular to the axis of the street, in the centre
of the street (x/H = 3) is shown in Fig. 5a. The cavity is filled with
a strong recirculating cell which transports the tracer from the line
source at the bottom of the cavity - first upstream, then rising along
the upwind wall before turning over at the top of the cavity. The
concentration contours suggest that the centre of this recirculating
cell is located at about half the cavity height, somewhat downwind of
the axis of the street.

The vertical profile of dimensionless concentration at the mid-
point of the street (x/H = 3) and on the street axis has been plotted
in Fig. 5b, together with the corresponding profile obtained from
numerical simulations, and an equivalent profile for an infinitely
long street oriented perpendicular to the wind.

The measured and the computed profiles agree well over the full
height of the cavity, but the concentrations are almost twice those
measured in an infinitely long street. This means that the concen-
tration distribution is still strongly affected by the finite length of
the street. The velocity measurements show that the end conditions
have no influence on the recirculating velocities at the mid-point of
the cross-wind street, so the only possible explanation for the large
difference in the concentration measurements is that there must be
a significant component of the wind along the street, induced by the
end conditions. The horizontal profile of concentration at mid-
height (Fig. 5¢) confirms that the computational results agree well

with the measured data, and that once again the concentrations in
a street of finite length are greater than those in an infinitely long
street, by a factor that varies between 1.5 and 2. The profiles all show
adouble peak superimposed on a concentration that decreases with
increasing distance downwind. The double peak arises from the way
in which the recirculating cell transports the tracer gas around the
cavity, from the source at ground level, and the general underlying
decrease in concentration is due to the escape of tracer gas into the
atmosphere, across the upper boundary of the cavity.

The overall increase in concentration in the finite-length street,
compared with an infinitely long street, suggests that the end
conditions might generate a flow along the street, from the inter-
section to the mid-point, which would transport pollutant along
the street; continuity and symmetry conditions would then ensure
that the pollutant left the street at the mid-point. To test this
hypothesis we have plotted the measured and computed concen-
tration profiles on the axes of the cross-wind street, at mid-height
(Fig. 5d). Once again the numerical results agree reasonably well
with the measured concentrations and provide at least partial
confirmation of this hypothesis. There is a clear peak in the
concentration at the mid-point of the cross-wind street, and the
concentration decays symmetrically from this towards the ends of
the street. The numerical simulations and the measurements agree
reasonably well in their estimates of the peak concentration at the
centre of the street.

Both the computed and the numerical profiles show that the
rate at which the concentration decays along the street decreases
towards the end of the street; the computed profile shows a clear
minimum (at x/H = 1.5 and x/H = 4.5), followed by an increase in
concentration, up to a value only slightly less than the peak value at
the mid-point of the street. The measured profiles also show
a slight peak in the concentrations at these points, but the peak
concentrations are much lower than those computed in the simu-
lations. This rather striking ‘triple peak’ concentration distribution
occurs in both the experimental and the numerical results, and can
only be explained by the rather complex three-dimensional struc-
ture of the flow in the street. The concentrations plotted in Fig. 5d
are measured at the centre of the street, at the half height, and are
not therefore necessarily representative of the cross-sectionally
averaged concentration at the same position. The basic flow
structure in the street consists of a single vortex (as shown in
Fig. 5a) centred on the axis of the street, and driven by the external
wind, so that the pollutant at the bottom of the cavity is transported
towards the upwind face of the street. In an infinitely long street
this structure is relatively stable, and will generate a constant
concentration at the centre of the street, independent of the axial
location. But in the configuration studied here, the basic configu-
ration is perturbed by the flow structures that develop at each end
of the street. These are essentially regions of recirculating flow,
about a vertical axis, which entrain unpolluted air from the street
aligned with the wind (street no. 1 in our configuration); the axis of
this recirculating flow bends over at the top of the cavity, and
becomes aligned with the axis of the street, so that the vertical-axis
recirculating region blends into the larger horizontal-axis recircu-
lating flow that occupies the large central part of the street. This is
illustrated schematically in Fig. 3, and in more detail in Fig. 13c
which shows the pathlines of pollutant particles emitted by a line
source along the floor of the cavity, as computed in the numerical
simulations. These pathlines, together with the concentration field
at street level, largely explain the measured and computed
concentration distributions along the axis of the street. In the
vertical-axis recirculating region, the pollutant emitted by the
ground-level line source is well-mixed at ground level throughout
the recirculating region, and slowly lifted by the flow as it spirals
upwards around the vertical axis. The peak in the concentration
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Fig. 5. Comparison between the concentration fields within an infinite street and within a street of finite length, for wind incident at an angle of 90°. a) Concentration field in the
street no. 1 at x/H = 3 (wind tunnel). The crosses represent the measurement points. b) Vertical profiles of concentration C* = CUyWL/Q at y/W = 0 and x/H = 3. c) Horizontal profile
of concentration C* = CUyWL/Q at x/H = 3 and z/H = 0.5. d) Horizontal profile of concentration C" = CU;WL/Q at y/W = 0 and z/H = 0.5.

distribution at the end of the street is more or less coincident with
the vertical axis of the recirculating region; the concentration falls
off very rapidly towards the open end of the street, because of the
rapid flow of non-polluted air in the street aligned with the wind.
On the other side of the recirculating region the polluted air leaves
the region at the upper surface of the cavity, and on the upwind
side of the cavity, because it is then carried across the top of the
cavity by the external wind. This means that the reverse flow at
the bottom of the cavity is essentially provided by clean air
entrained from the street aligned with the wind, and explains why
the concentration on the street axis drops to a minimum on the
inside edge of the recirculating region. This entrained air will
provide a steady drift along the street, towards the mid-point of the
street, converting the 2-D recirculating flow of the infinite street
into a helical motion, with an angle of inclination that varies with
position over the cross-section of the street; the recirculating flow
is slowest at the bottom of the cavity - so the angle of inclination (of
the pathlines) relative to the external wind direction is greatest
there — and fastest at the top of the cavity, where the pathlines are
more or less aligned with the external flow. As a result the
projection of the pathlines onto a horizontal plane resembles
a sawtooth wave along the axis of the street, as can be seen in
Fig. 13c. If the street and the line source were infinitely long, these
effects on their own would still not be sufficient to explain the
observed concentration variation along the axis of the street — the

simplest way to see this is to imagine the line source emitting
a constant stream of particles, without any diffusion; the particle
pathlines would then form a sheet wrapped around the centre of
the main recirculating cell, and the conditions in any cross-section
of the street would be identical, independent of the axial location of
the cross-section. But in the finite-length street the surface
composed of the particle pathlines wrapped around the centre of
the street now contains a band - a helix of finite width, corre-
sponding to the clean air entrained at the end of the street. If the
particle paths were centred on the axis of the street, and if diffusive
effects were the same throughout the cross-section, this still would
not be sufficient to generate an axial variation in centreline
concentration. But in fact the recirculating cell is not centred on the
axis of the street, as the velocity profiles (Fig. 6a—e) show, and so as
the clean air winds its way down the street the distance of the
plume centreline from the centre of the street varies, and it is this
meandering that gives rise to the axial variation in concentration on
the street centreline. A corollary of these hypotheses is that if the
experiment were to be repeated with a very much longer street, the
vertical-axis recirculating cell should not change very much -
because it is determined principally by conditions at the entrance -
but additional peaks in the centreline concentration should occur
on each side of the mid-point of the street, corresponding to
additional ‘turns’ in the helix. The computed concentration agree
reasonably well with the measured values, except close to the ends
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Fig. 6. Mean velocity within a street: comparison between a 2-D street and a 3-D
street.

of the streets, where the numerical values significantly exceed the
measured ones. This is probably because the line source is repre-
sented in the calculations as infinitely thin, whereas in the exper-
iments the line source emits over a finite width. So there is an initial
dilution of pollutant, close to the source, which is absent from the
numerical simulations. Consequently, the numerical simulations
will tend to underestimate the dispersion and overestimate the
concentrations close to the source.

3.2. Influence of the external wind direction

Previous studies (Soulhac et al., 2008; Dobre et al., 2005) have
shown that in the general case of wind incident on the street at any
angle, the flow in the street is helicoidal, provided that the street is
long enough. This flow pattern arises from the superposition of the
along-street and cross-street components, and this decomposition
was exploited by Soulhac et al. (2008) to develop a simple model
for the spatially averaged flow along the street.

If we consider a wind which blows above the street with speed U,
atan angle 6, then the velocity induced within the street and parallel
to it, can be denoted Uj. This velocity varies throughout the volume
of the street, but the street-averaged value can be defined as

1 o
Ustreet = W/ / Uy (y,z)dydz (2)
00

Soulhac et al. (2008) then showed that for a given external wind
velocity U, blowing at an angle § to the street axis, the mean velocity
along an infinite street is modelled reasonably well by the mean
wind speed resolved parallel to the street:

Ustreet (1) = Ustreer (8 = 0°) cos(8) (3)

This is not the case for a street of finite length and the end effects
caused by the intersections could modify the simple theoretical
relationship for an infinitely long street (Equation (3)). To test this
we have calculated the street-averaged velocity, for a finite-length
street, and for different incidence angles, and the results are plotted
in Fig. 6, together with the result for the simple model for an

infinite street. This shows that the simple model agrees well with
the computed average velocities for an infinitely long street, but
that it tends to overestimate the velocities for a street of finite
length. This overestimate is proportionally greatest for wind angles
of 45° and 60°, but this is also very sensitive to wind direction when
the angle is close to zero; this is probably the result of flow
entrainment into the side streets by the vertical-axis recirculating
region that forms at the entrance to the side street. The side street
downwind of the intersection will entrain a significant quantity of
air, thus reducing the average velocity in the main street. The weak
component of the wind along the side street will help transport
flow away from the intersection. On the opposite side of the
intersection, a similar recirculating region forms for very low angles
of incident wind, and this will also entrain fluid out of the main
street, as well as tending to inhibit flow from the side street
entering the main street. The net effect is therefore to remove
momentum from the flow along the main street and it is only when
the wind is perfectly aligned with the main street that this effect
disappears. This effect is likely to be very sensitive to the geometry
of the street - the extent of the recirculating regions will depend on
the aspect ratio of the streets, for example - so the case of a wind
exactly aligned with the main street may be a very special case
which hardly ever occurs in practice. This would imply that even at
a wind angle of 0°, the mean flow in a street with intersections will
be substantially less than the value computed for an infinitely long
street without intersections.

4. Flow and dispersion within a street intersection

In this section we investigate how the flow in a street intersec-
tion redistributes pollutant amongst the adjoining streets, and how
this depends on the wind direction. To begin with we consider the
basic case in which the wind is parallel to one of the streets - street
no. 1, in which we have placed a line source of pollutant - and then
we investigate the influence of wind direction; in total, we have
examined 7 different angles (0°, 15°, 30°, 45°, 60°, 75° and 90°).

We are particularly interested in the exchanges between the
different streets, and we can obtain some indication of these by
examining the streamlines of the flow entering from different
streets, as shown, for example, in Fig. 7b.

4.1. Wind parallel to the street (§ = 0°)

The graph of the velocity vectors at half height (z = H/2) plotted
in Fig. 7a shows that several effects influence the velocity field
within the intersection. Firstly, the flow separation at the upstream
corners of the side streets leads to the formation of vertical-axis
recirculating zones at the entrances to the two side streets, which
penetrate into the side streets a distance of the order of the street
width. These recirculating zones also appear to extend a small way
into the main street — probably the result of the growth of the shear
layer which forms downstream of the flow separation. The graph of
the mean streamlines in the street (Fig. 7b) shows that the vertical-
axis vortices in the two side streets are principally responsible for
the exchanges between the streets; those exchanges are essentially
limited to the fluid exiting closest to the sidewalls. There is very
little flow from the side street into the main street (no. 1) so, by
conservation of flux, the flow in the main street must entrain air
from the overlying canopy, whilst some of the flow in the side
streets must leave through the top surface, into the overlying
canopy. In terms of pollutant dispersal, this means that polluted air
from street no. 1 must be entrained into the side streets before
being vented to the atmosphere, further along the side street. The
net effect of this is that the intersection generates an enhanced
lateral diffusion of pollutant into the overlying atmosphere.
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Fig. 7. Flow and dispersion in a street intersection for # = 0°. a) Velocity field at z = H/2. b) Streamlines crossing the end of the street no. 1 (black) and streamlines crossing the end
of the street no. 2 (white). ¢) Concentration field C* on the ground in case of a line source placed in the street no. 2 (MERCURE). d) Concentration values on the ground: comparison

between wind tunnel measurements (black) and MERCURE simulations (grey).

Fig. 7 also shows that the streamlines in the main street remain
fairly uniform with height; the image is a projection of a large
number of streamlines at different heights, and there are very few
that cross each other. This is far from true in the side street, where
the flow is strongly three-dimensional. The plot of ground-level
concentrations (Fig. 7c) shows that the mixing in the main street is
strongly enhanced downstream of the intersection. Fig. 7d shows
a quantitative comparison of the measured and computed
concentrations at selected points around the intersection. The
numerical model and the measurements agree well on the axis of
the main street, but are substantially different at all other points
along the centreline; the numerical model consistently underesti-
mates the measured concentrations, by factor between 5 and 20.
This difference can be explained by fact that the velocity and
concentration fields are very sensitive to small asymmetries in the
intersection (see, for example, Robins et al., 2002) so that even
a slight displacement of the plume centreline can lead to significant
differences in concentrations at a given location.

4.2. The influence of wind direction

In order to investigate the influence of wind direction we have
repeated the preceding measurements and analysis for wind
directions of 15°, 30°, 45°, 60°, 75° and 90°. The corresponding
results for those cases are presented in Figs. 8-13.

The graphs of velocity vectors (Figs. 8a-13a) and streamlines
(Figs. 8b-13b) show that as the direction turns (§ = 15°), the

recirculating zone in the ‘upwind’ side street rapidly leaves the side
street, and reforms in the main street, downwind of the intersec-
tion. The upwind corner of the intersection remains a separation
point, but because there is now a component of flow along the side
street, directed towards the intersection, the flow leaks out into
the mainstream, and there is no recirculation region at the end of
the side street. The downwind corner of the intersection also
becomes a separation point — because the flow from the side street
cannot turn immediately through 90° - and so a recirculation
region is established there. Once the wind angle reaches 45° the
flow pattern in the intersection becomes symmetrical about the
diagonal, with identical recirculating regions in the two down-
stream streets (Fig. 10a and b). As the wind direction increases from
45° to 90°, the flow patterns simply become rotated and reflected
versions of those obtained for the complementary angles (90° — 6),
since the streets and the obstacles are all symmetrical.

It is important to note that in all these cases, there is very little
evidence of time-averaged streamlines crossing within the inter-
section which means that the direction of the time-averaged
velocity within the intersection varies little with distance from the
ground. This suggests that the average flow within the intersection
can be considered essentially two-dimensional, i.e. independent of
distance from the ground. Similar results were obtained in the wind
tunnel measurements of Kastner-Klain and Plate (1998) and in the
wind tunnel simulations of the Dapple site by Carpentieri (2006).
We will exploit these results later to propose a simple model for
flux distribution in the intersection.
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Fig. 8. Flow and dispersion in a street intersection for § = 15°. a) Velocity field at z = H/2. b) Streamlines crossing the end of the street no. 1 (black) and streamlines crossing the end
of the street no. 2 (white). c) Concentration field C on the ground in case of a line source placed in the street no. 2 (MERCURE). d) Concentration values on the ground: comparison

between wind tunnel measurements (black) and MERCURE simulations (grey).

The graphs of the concentration at ground level (Figs. 8c-13c
and 8d-13d) show that there is very little diffusive transport of
pollutant into the side streets. Upstream of the intersection the
change in wind direction immediately generates an asymmetric
concentration distribution in the main street, as the recirculating
flow in the street carries ground-level pollutants upstream. For
0 = 15°, 30° (Figs. 8c-11c) the influx from the side street immedi-
ately deflects the ground-level pollutants to the downwind side of
the street — overcoming the recirculating flow in the street - but the
deflection is not enough to push the pollutants into the side street.
At 45° the peak in the concentration is deflected sufficiently that it
impacts on the downstream corner, with half the pollutants going
into the side street, and half remaining in the main street. The
recirculating patterns in the main street downwind of the inter-
section are rather complicated - the external wind creates large-
scale recirculating flows in the street, with a horizontal axis,
generating a helical type flow (Soulhac et al., 2008; Dobre et al.,
2005), whilst the separation from the downwind corner generates
a smaller localised recirculating region, with a vertical axis. The
interaction of these recirculating flows ensures that the pollutant is
rapidly mixed across the whole of the main street, downwind of the
intersection.

The quantitative comparisons of measured and computed
ground-level concentrations (Figs. 8d-13d) show the same general
trend as for the case § = 0°; the numerical model computes peak
centreline concentrations that are close to the experimental values
for all wind directions, but greatly underestimates the off-centre

concentrations in all cases. The higher ground-level concentration
at the street corners observed in the experiments can be again
explained by the effect of the initial dilution associated with the
finite width of the line source, compared with the infinitely thin
line source which is assumed in the numerical model.

Both the measured and the computed concentrations show that
local average concentrations vary within the intersection. This
suggests that the instantaneous variation in concentration will be
even greater, due both to fluctuations in the overall concentrations
and fluctuations in the wind direction, which will displace the
entire concentration field (Hoydysh and Dabberdt, 1994). The
consequences of this are discussed further in Section 5.3.1.

5. A simple model for the dispersion of pollutants in a street
intersection

The experimental and numerical study of flow and dispersion in
an intersection has shown that the physical processes involved are
complex and depend on a wide variety of parameters. Even fully 3-
D calculations such as those presented in Section 4 cannot repro-
duce all of the details, and are far too time-consuming to be used for
practical operational modelling. But, as various studies have shown,
street intersections play an important role in the redistribution of
pollutants between streets, and in the exchanges between streets
and the atmosphere, so their influence has to be included in
operational urban air-quality models.
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Fig. 9. Flow and dispersion in a street intersection for § = 30°. a) Velocity field at z = H/2. b) Streamlines crossing the end of the street no. 1 (black) and streamlines crossing the end
of the street no. 2 (white). ¢) Concentration field C* on the ground in case of a line source placed in the street no. 2 (MERCURE). d) Concentration values on the ground: comparison

between wind tunnel measurements (black) and MERCURE simulations (grey).

To provide an operational model for the effect of street intersec-
tions, we have developed a model based on a simplified description of
the flow field within a street intersection: the flow in the intersection
is imposed by the flow in the connected streets and the flow in the
streets is driven by the external atmospheric flow. The model
considers the intersection as the junction of street segments and
takes into account the mass exchanges at the intersection by means
of a balance of the incoming and outgoing fluxes; each street is
characterized by an average velocity Usgeer, Which depends on the
intensity and the direction of the external wind, as well as on the
geometrical characteristics of the street - length, width and height.
The model assumes two independent transport mechanisms, one
related to the mass exchange in the horizontal plane and the other to
the mean vertical air motion. In order to evaluate the pollutant
transport in the vertical direction, vertical air fluxes within the
intersection are computed as the consequence of an imbalance in the
incoming and outgoing fluxes within the intersection.

We assume that the flow in each street contributing to an
intersection is driven by the wind field above the buildings, and we
have developed simple relationships to compute the air flows as
a function of wind velocity and direction, and street geometry
(Soulhac et al., 2008). The first step is to divide the streets into two
classes - the streets in which the flow is towards the intersection,
denoted by the index m = 1, M and those in which the flow is away
from the intersection, denoted by the index n = 1, N. Yamartino and
Wiegand (1986) assumed that there would be perfect mixing
within the intersection, so that the concentrations in the outgoing

flows would be identical. The measurements and computations
presented in Section 4 show that this is not necessarily true, and
that mixing within the intersection is often rather limited, as has
also been observed by Scaperdas and Colvile (1999) and Robins
et al. (2002). This means that the concentrations in the outgoing
flows will be determined by the contributions from individual
incoming streets, and we cannot simply homogenise the incoming
concentrations. So the simple model presented here is based on
that the computation of a transfer matrix Q[m,n] which gives the
mass flux from any incoming street m into any outgoing street n.
Before we can compute this matrix we have to consider the possible
exchange with the atmosphere, which will occur if there is an
imbalance between the incoming and the outgoing fluxes. Indeed,
since these fluxes are computed independently, from a consider-
ation of the flux induced in each street by the wind, there is no
reason to expect that the fluxes will balance. The flux imbalance Q;
in the intersection i is given by:

m=M n=N
A=Y Q-3 O

m=1 n=1
where a positive value for Q; indicates that there is more flow
entering the intersection from the contributing streets than leaving
it through the streets, and a negative value for Q; indicates that the
total flow in the streets leaving the intersection exceeds the total
flow in the streets entering the intersection. These two cases have
to be considered separately.
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Fig. 10. Flow and dispersion in a street intersection for § = 45°. a) Velocity field at z = H/2. b) Streamlines crossing the end of the street no. 1 (black) and streamlines crossing the
end of the street no. 2 (white). ¢) Concentration field C" on the ground in case of a line source placed in the street no. 2 (MERCURE). d) Concentration values on the ground:

comparison between wind tunnel measurements (black) and MERCURE simulations (grey).

5.1. Q; > 0: flow out of the intersection into the atmosphere

The atmosphere acts as a passive sink which receives the excess
incoming flux in the intersection. We therefore include the atmo-
sphere as an extra, fictitious, outgoing street n = N + 1, and the flux
from each of the incoming streets is assumed to contribute to the
atmospheric flux in proportion to the flux in that street. The flux to
the atmosphere is then given by:

Qm,N+1] = LQ,H
Zm =1 Qm

and the modified fluxes entering and leaving the intersection:

%_<L_F%T_

m=1 "

) Qm fluxes leaving the upwind streets

Q;, = Qn fluxes entering the downwind streets

5.2. Qi < 0: flow into the intersection from the atmosphere

The atmosphere acts as a passive source supplying the addi-
tional flux required for the outgoing streets, so it is modelled as an
additional, fictitious incoming street m = M + 1, and the flux from

each of the outgoing streets is assumed to receive a contribution
from the atmosphere, in proportion to the flux in that street. The
flux from the atmosphere is then given by:

aMi1m =% g,
anl(ln

and the modified fluxes entering and leaving the intersection
become:

Qn = Qn

/ Q;
=(1- Qn
Qﬂ ( anQn)

5.3. The flux transfer matrix
Once the incoming and outgoing fluxes have been modified to

include the transfer to or from the atmosphere, the modified fluxes
balance:

m=M n=N
S Q= Q
m=1 n=1



L. Soulhac et al. / Atmospheric Environment 43 (2009) 2981-2996 2993

Fig. 11. Flow and dispersion in a street intersection for # = 60°. a) Velocity field at z = H/2. b) Streamlines crossing the end of the street no. 1 (black) and streamlines crossing the end
of the street no. 2 (white). ¢) Concentration field C* on the ground in case of a line source placed in the street no. 2 (MERCURE). d) Concentration values on the ground: comparison

between wind tunnel measurements (black) and MERCURE simulations (grey).

and it only remains to redistribute the incoming fluxes over the
outgoing streets.

The model for the advective redistribution of pollutants in the
intersection is based on the observation that there is very little
vertical variation in the mean flow at any point in the intersection;
as can be seen in Figs. 8b-13b, the streamlines hardly cross each
other at all. For any given intersection, and set of fluxes within the
incoming and outgoing streets, there is only one way in which
the incoming fluxes can be redistributed so as to satisfy both the
(imposed) outgoing fluxes and the requirement that streamlines
must not cross. The method is illustrated with the example shown
in Fig. 14; flows Q1,Q> and Qs enter through streets 1,2 and 3, and
flows Q4, Qs and Qg leave through streets 4, 5 and 6. So the streets 1,
2 and 3 correspond to m = 1, 2, 3 and the streets 6, 5 and 4
correspond to n = 1,2,3 respectively. After the flows have been
modified to account for any flux imbalance in the intersection, the
fluxes Q1-Qs become Q;—Qg. Then the transfer matrix Q[m,n] is
given by:

QG U-Q O
Qmn =0 Q O (4)
0 0

If there is a flow out of the intersection into the atmosphere, the
transfer matrix would be:

o 0-¢ 0 |
Qmn =10 Q) 0 aQ,|, wherea:%
0 0 Q aQs >m=1Qn

(5)

and if there is a flow from the atmosphere into the intersection it
would be:

% Q-0 O

0 Q; 0 i
amnl = | g G g | whees = g ©
8Os fQs  BQs

Once the air fluxes have been computed it is straightforward to
compute the pollutant fluxes and the concentrations in the
outgoing flows. The flows Q, in the incoming streets transport
pollutant at a concentration Gy, so the pollutant mass flux in each
incoming flow is just Q,Cp. For the case in which there is no flux
imbalance, and hence no exchange with the overlying atmosphere,
the concentrations in the outgoing street n are then just given by:

m=M+1

> Qm,n
m=1

This can readily be extended to cover the two cases involving
exchanges with the atmosphere.

m=M
G = Z] Q[m,n|Cp/
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Fig. 12. Flow and dispersion in a street intersection for # = 75°. a) Velocity field at z = H/2. b) Streamlines crossing the end of the street no. 1 (black) and streamlines crossing the
end of the street no. 2 (white). c¢) Concentration field C* on the ground in case of a line source placed in the street no. 2 (MERCURE). d) Concentration values on the ground:

comparison between wind tunnel measurements (black) and MERCURE simulations (grey).

5.3.1. Effect of fluctuations in wind direction

The simple model for convective exchange in the intersection
assumes that the wind will be steady over the averaging period, but
this is rarely the case, and fluctuations in wind direction can have an
important influence on the eventual redistribution of pollutants
within the intersection. To model this effect simply, we compute an
average transfer matrix Q[m,n] for each intersection, where the
average is taken over the time step of the model, and includes
fluctuations in wind direction on time scales shorter than the time
step of the model. In an urban dispersion model, the mass exchanges
in each intersection can then be computed using this averaged
transfer matrix. We assume that the concentrations depend prin-
cipally on conditions in the neighbourhood of the intersection, and
do not change much over the averaging period for the wind. We also
assume that fluctuations in wind speed are uncorrelated with fluc-
tuations in wind directions, so the average flux redistribution in the
intersection does not depend on wind speed.

The average transfer matrix is computed assuming that the
fluctuations in wind direction 6 are small enough that they can be
modelled by a Gaussian probability density function:

1 1760 — 6\
0= sl 35 7

where 6 is the mean wind direction during the model time step
and gy is the standard deviation of the angle, over that period. Then
the average transfer matrix is given by:

Oo+30y

Q(fp) = f(0—00)Q(8)do (8)

fo—30y

The average transfer matrix Q[m, n](fy) expresses the average air
flux circulating from a street towards another. The influence of the
fluctuations in wind direction depends strongly on the value of the
standard deviation gy of the external wind direction. Blackadar
(1997) has proposed a simple expression for this variable, based on
the standard deviation of the transverse velocity fluctuations ¢, and
the average velocity u:

oy
7=2 (9)

where oy is expressed in radians. For operational purposes, ¢, can
be evaluated directly from in situ sonic anemometer measure-
ments or it can be evaluated indirectly from empirical relations
which relate a,/u* to z/Ly0 and z/6 (Fisher et al., 1998), where ¢ is
the boundary layer height and Lyo is the Monin-Obukhov length
scale.

The value of gy represents the standard deviation of the
wind direction due to ‘atmospheric turbulence’, i.e. higher
frequency fluctuations, and meteorological variability in the
atmospheric boundary layer, i.e. lower frequency fluctuations
(Stull, 1988).
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Fig. 13. Flow and dispersion in a street intersection for # = 90°. a) Velocity field at z = H/2. b) Streamlines crossing the end of the street no. 1 (black) and streamlines crossing the
end of the street no. 2 (white). ¢) Concentration field C* on the ground in case of a line source placed in the street no. 2 (MERCURE). d) Concentration values on the ground:
comparison between wind tunnel measurements (black) and MERCURE simulations (grey).

6. Conclusion

Flow and dispersion within a street intersection have been
studied using numerical and experimental methods. The
numerical simulations reproduced some aspects of the wind

4 tunnel experiments well, but other features — most notably the
ground-level concentrations away from the axis of the line
source — were not captured at all. In the first part of this study
we investigated the influence of an intersection on the velocity
and concentration fields in the adjoining streets, by comparing
conditions within the street with those that occur in an infi-
nitely long street. This showed that the immediate influence of
the intersection extends within the adjoining streets, to
a distance of the order of the characteristic size of the streets.
Flow and dispersion at the entrance to cross-wind streets is
dominated by a large vertical-axis recirculating vortex which
forms at the interface between the intersection and the street.
This vortex also appears to have an important influence on
exchanges between the streets and the overlying atmosphere.
The intersection also influences the average velocity and the
concentration distribution in the street segment between two

3 intersections; for some wind directions the average velocity is
the same as that which occurs in an infinitely long street with
the same wind, but for other angles the average velocity in the
2 finite-length street is significantly lower. The average concen-
tration along a finite-length street is significantly different from
Fig. 14. Internal transport phenomena within the intersection. that observed in an infinitely long street.
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In the second part of the study we investigated how the
pollutant fluxes in the incoming streets are redistributed amongst
the outgoing streets. An analysis of the mean streamlines obtained
from numerical simulations shows that the flows remain relatively
planar, with little variation over the vertical, and we have exploited
this result to develop a simple operational model for the redistri-
bution of pollutant fluxes within the intersection. The model also
includes exchanges with the overlying atmosphere, computed from
a balance of the incoming and outgoing fluxes in the streets. This
model has been further adapted to take account of the influence of
fluctuations in wind direction over typical averaging periods.

The intersection model is a module of the urban air-quality model
SIRANE, which has now been applied to several European cities,
including Lyon, Grenoble, Paris, Milan, Turin. Comparisons with field
measurements for a number of these cities (Soulhac et al., 2002, 2003,
2004; Boni et al., 2008; Biemmi and Gaveglio, 2007) and with wind
tunnel data (Garbero, 2008) enabled us to validate many aspects of
the model; these validation studies are the subject of on-going
research, and will be described in detail in future publications.
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