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Abstract

In order to study flow and dispersion of a passive scalar through a group of obsta-
cles, we performed wind tunnel experiments in a neutrally stratified boundary
layer. The aim of the study was to evaluate the influence of obstacle geometry
and of wind direction on the spreading of a passive scalar plume. An idealized
urban neighborhood was simulated by means of an array of aligned blocks, whose
height H was approximately 1/16 of the simulated boundary layer depth; the width
and the length of each block were SH. The pollutant source was placed at height
H/2 within the array. Flow-field and mean concentration data were obtained for
different wind directions, which varied from 0 to 45°, and for different spacing
between the obstacles, which varied from H to 2H; all measurements were per-
formed within and above the obstacle array. Measurements of concentration have
been examined in order to evaluate the mass exchange processes and their depen-
dence to the wind orientation. Our goal was to verify the extent of the applicability
of a simple analytical model in rather complex geometries.
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1 Introduction

The study of plume dispersion in urban environment, because of its complexity,
is not generally solvable by computational means and so it has been conducted
by using physical models in wind tunnel or field experiments. Investigations are
usually focused on dispersion through idealized arrays of simple patterns, in order
to facilitate a general understanding of the overall plume behaviour and its depen-
dence by the most relevant parameters (Britter and Hanna [1]).
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A key parameter in determining the plume dispersion behaviour is the plan area
density of the buildings, \, = WL/((S + W)(S + L)), related to the spac-
ing between the obstacles and their height (Macdonald et al. [2]); three different
aerodynamic flow regimes occur in any arrays, depending on the building den-
sity: the isolated roughness flow (A, < 10 %), the wake interference flow (10
%< A\p <17%) and the skimming flow (A, > 15 — 20%).

Davidson et al. [3] investigated the near-field plume behaviour emitted by point
sources in relatively sparse array of cubes and verified an approximated Gaussian
distribution for the concentration profiles. Macdonald et al. [4] examined the effect
of obstacle width-to-height ratio on plume dispersion around urban buildings in a
wind tunnel and at a field site; they found that the measured concentration profiles
exhibited a Gaussian distribution profile. Differently, Theurer et al. [5] showed
that, in more irregular arrays of buildings, Gaussian plume model may approx-
imate concentration distribution only in far-field, i. e. for distance larger than a
radius of homogenization, while in near-field dispersion depends strongly on the
local arrangements of the obstacles and the assumption of a Gaussian plume gives
erroneous results.

In our work we studied the problem of dispersion through a dense group of
obstacles and looked at the effects of wind direction and obstacle layout pattern on
the spreading of a passive scalar plume.

2 Experimental setting

The problem of plume dispersion in urban areas has been investigated by means
of wind tunnel experiments, performed in the Wind Tunnel at the Laboratoire de
Mecanique des Fluides et Acoustique in Lyon. The wind tunnel working section
was 14 m long x 2.5 m high x 3.7 m wide and a neutrally stratified urban boundary
layer of approximately 0.8 m was generated at scale 1:400. A 1.5 km x 1.5 km
urban neighborhood was simulated by an aligned configuration of building-like
obstacles with dimensions H = 50 mm and W = L = 250 mm, laying out on
a 3.7 m x 3.7 m rotating plate of the working section. The ratio of the height of
the obstacles to the depth of the boundary layer is 1/16, ensuring a somewhat sim-
ilar condition between the simulated and the real case. The reference free stream
velocity Uy at the boundary layer height was set at 5 m/s, yielding a characteristic
Reynolds number of 1.5 x 10* that assured an asymptotic behavior of the turbulent
flow, independent of the Reynolds number.

Mean wind speed and turbulence intensity were measured upwind the obstacle
array, to verify they were consistent with typical urban flow profiles. Flow field
measurements above the group of obstacles were performed with conventional
hot-wire anemometry, a technique which did not allow to measure velocity and
turbulence intensity within the obstacles; Laser Doppler Anemometry was adopted
to replace it.

Concentration measurements were made by detecting a passive gas tracer
(ethane) discharged from a punctual source, which released the gas with a negligi-
ble discharge momentum: a Flame Ionisation Detector was used to record vertical
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Figure 1: Geometry of the obstacle arrays studied, W=L= 5H. (a) Conf 1:
Sy = Sz = H; (b) Conf 2A: S, = H S, = 2H; (¢) Conf 2B: S, = 2H
S, = H.

and horizontal mean concentration profiles, within and above the obstacle array.

The measured concentrations were non-dimensionalised by introducing a new

variable K:
K— 10-5CUy LH _ 10-5CUy5H? )
Q Q
where C is the measured mean concentration in ppm, Q is source strength in
m?3 s~1, H is the height of the obstacles, L is their length and Uy is the upwind
velocity at height H.

The basic experimental configuration, shown in Fig. 1(a), consisted of the men-
tioned obstacles aligned parallel to the mean wind direction and equally spaced at
a distance S = H = 50 mm; the characteristic plan area density was \, = 69%.
Other two different configurations were studied: one, shown in Fig. 1(b), consisted
of aligned obstacles spaced along the y-axis at a distance .S;, = 2H and along the
x-axis at a distance S,, = H; the other, drawn in Fig. 1(c), was characterised by
Sy = H and S, = 2H. The plan area density was the same for the two configura-
tions, A\, = 59%, so that it was possible to extrapolate on one hand the influence of
the package density and on the other hand the effect of the geometry on the plume
spreading through and above the group of buildings.

In order to study how the wind direction affects the dispersion, the turning
surface on which the group of buildings laid was rotated of various angles: the
obstacle layout S, = S, = H was studied for wind incident angles respect to the
x-axis equal to 12.5, 27.5 and 47.5°.

The source was placed at the center of an intersection at height H/2 within
the obstacle array. Concentration measurements were performed along the y-axis
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within the array, at height H/2, and above it, at height 2H, for different rows down-
wind the source; our goal was to evaluate how the lateral spreading of the plume
evolves with distance from the source and how it was influenced by the local
arrangement of the array. Vertical concentration profiles were also measured, in
order to estimate the vertical plume spreading development.

3 Result

3.1 Profiles of mean concentration within the canopy: array configuration

Macdonald et al. [4] and Davidson et al. [3] showed that the mean concentration
field through an obstacle array can be modelled satisfactorily by suitably adapted
Gaussian profiles; they suggested the measured concentration distributions may be
fitted to a Gaussian profile laterally,

(y — yc)2
K, =K, —— 2
Yy yo €LP { 205 (2)
and to a reflected Gaussian profile vertically,
(z — 20)? (2 + 20)?
KZ:KZOea?p{W—I—expW (3)

In the equation, the lateral and vertical plume standard deviations o, and o, repre-
sent the dispersion parameters, y. is the distance to the centreline of the plume and
zc the effective vertical height. The values of these parameters were not estimated
by fitting the theoretical profiles to the measured profiles, as the other authors did,
but they were calculated as moments of the measured K, and K, by using the
following relations:

CJyKWdy 5 [y —7)K(y)dy

YTV T TRy 7T KWy @
o, _J2ER)z [z —2)K(2)dz )
7 [ K(z)dz 7 [ K(2)d=

Fig. 2 shows measured concentration profiles, in the variables obtained by the
previous equations, together with the theoretical Gaussian profile; three different
configurations of obstacle array, obtained by varying the spacing-to-height ratio,
ie. S, =8, =H(Confl),S, =HS, =2H (Conf2A)and S, =2H S, = H
(Conf 2B), were studied for one wind direction, that is parallel to x-axis. The hor-
izontal profiles of mean concentration referred to S, = 2H S, = H configuration,
represented by diamond in Fig. 2, agree with the theoretical Gaussian profile, plot-
ted in solid line; the horizontal profiles measured in the other two layouts show
a Gaussian profile but they do not appear self-similar. Specially, they seem to be
fitted by two different Gaussian distributions, plotted in dashed lines; the narrower
one describes the concentration values within the channel shaped by two block
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Horizontal and vertical profiles of mean concentration for three obstacle
configuration, measured at several locations downstream of the source.

lines, the larger one fits the concentration values behind the obstacles. A similar
behaviour can be explained by an important effect of channelling, that limits the
dispersion mechanisms in the lateral direction, owning to the presence of recir-
culation regions in the lee of the obstacles: it indicates a typical skimming flow

regime.
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Figure 3: Lateral and vertical plume spread as a function of distance from the

source in obstacle arrays with various spacing-to-height ratio.

In order to study the effect of the array geometry on the plume spreading, we
plot the o, and o, values for the three different configurations. Fig. 3 shows that
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Figure 4: Plume behaviour for various wind direction: (a) parallel to x-axis;
(b) 12.5° respect to x-axis.

the plume behaviour is similar for Confl and Conf2A, while it seems quite differ-
ent for Conf 2B. The augmented width of the longitudinal channels, i.e. S, = 2H,
doesn’t affect the general behaviour of the plume, whereas the augmented width
of the lateral streets, i.e. S, = 2H, produces larger values of lateral and verti-
cal plume standard deviations, that indicates an enhanced dispersion. Presumably,
a wake interference regime is established and the vortices induced by obstacles
interact with the mean flow in the longitudinal channels, by enhancing the lateral
mass transport, which in turn affects the plume structure and smooths the concen-
tration profiles.

3.2 Profiles of mean concentration within the canopy: wind direction

While a Gaussian model may describe the plume dispersion through the canopy
with a normal wind, it is no more able to represent the concentration distributions
within the array with various incident wind angle. In order to better describe how
the wind direction affects the plume behaviour through an array, we have shown
in Fig. 4 and 5 the evolution of the horizontal concentration profiles with distance
from the source for a wind parallel to the x-axis, inclined of 12.5°, 27.5° and 47.5°
respect to the x-axis.

The channelling mechanism is evident in Fig. 4 (a): the plume appears to be
confined into the channel within which it is released, inhibiting the spread of the
plume into neighboring channels. Coherent turbulent structures arise into the chan-
nels and limit the mass exchange in the lateral direction, which mainly relied on
the mechanism of intermittency.

In Fig. 4(b) and 5(a), the effect of the channelling on the plume behaviour is
shown: the centreline is shifted with respect to the expected straight line, parallel
to the wind direction and passing through the source. As noted by Theurer [5],
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Figure 5: Plume behaviour for various wind direction: (a) 27.5° respect to x-axis;
(b) 47.5° respect to x-axis.
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Figure 6: Lateral plume spread and lateral offset as a function of distance from the
source in obstacle array by varying mean wind direction respect to the
X-axis.

wide obstacles deflect the plume for angles of the wind on the front row up to 30
degrees and the plume does not follow the direction of the overhead mean wind.
Nevertheless, this effect vanishes for a wind incident angle respect to x-axis of
50°: as it is showed in Fig. 5(b), the lateral offset of the plume is in agreement
with the value predicted by the mean wind orientation.

In Fig. 6 statistics from the measured profiles are plotted, in order to evalu-
ate how the plume behaviour is affected by the wind orientation. The evolution
of the plume centreline y.as function of distance from the source confirms what
we explained before on the effect of channelling. In regard to the lateral standard
deviation, as the incident angle of the flow increases respect to the x-axis, a steeper
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Figure 7: Horizontal profiles of mean concentration for all the obstacle configura-
tions, measured at the 5" row from the source.

slope characterizes the growth of o,/ H as function of x/H; it indicates a quicker
and larger spreading.

3.3 Profiles of mean concentration above the canopy

In order to analyse how the disposition of the obstacles influences the plume devel-
opment above the canopy, concentration measurements have been performed at
height 2H from the terrain for all the configurations. In Fig. 7 horizontal profiles
of mean concentration confirm that the mean concentration field can be modelled
satisfactorily by adapted Gaussian profiles; it demonstrates that the inhomogene-
ity of the horizontal concentration profiles, due to the local arrangement of the
obstacles, vanishes at height 2H.

Nevertheless, the evolution of lateral standard deviation o, /H and lateral offset
ye/H as a function of the downwind distance from the source is similar to that
within the canopy (Fig. 8): the dispersion rate strongly depends on the topography,
the shape and the disposition of the obstacles, within and above the canopy.

4 Conclusion

The effects of obstacle geometry and wind direction on plume dispersion within
and above an urban canopy have been examined in wind tunnel experiments.
Three different configurations with various spacing-to-height ratios have been
studied for a wind direction parallel to the x-axis and different phenomena have
been observed: (1) for S, < S, values, an important effect of channelling was
observed, which inhibited the plume lateral spread and limited the mass exchanges;
(2) for S, = 25, values, the vortex structures induced by obstacles interacted with
the mean flow in the channels, enhancing the lateral mass transfer and the mixing

WIT Transactions on Ecology and the Environment, Vol 86, © 2006 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



Air Pollution XIV 627

5
L I
41— S
L PN -O- alfa=2.5°
e s
3 l— v o £ - - alfa=125°
7
S £ 5 o -A- alfa=27.5°
5, P ~ - alfa = 47.5°
-7
- &
17
- 40
0 | | L | | 1 -
0 10 20 30 40
x/H
4
| | =& - Conft
—¢ - Conf2A A
3 |—4& - Conf2B 7
e
7
" 5 //g 50
., PO
6 e
— [P
&
1B
0 | | | | |

Figure 8: Lateral plume spread and lateral offset as a function of distance from the
source in obstacle array with various mean wind and various spacing-to-
height ratio.

within the array.

Mean concentration measurements have been conducted through the S, = S, =
H array for various wind incident angles and non-Gaussian distributions were
observed; the directionality introduced by the presence of the streets don’t agree
with the isotropy of a Gaussian profile. Besides, the wind channelling is a rele-
vant phenomenon for wind incident angle < 30°, since the plume centreline is not
determined by the direction of the overhead mean wind, but it is affected by the
obstacle layout.

Measurements of mean concentration have been performed above the canopy
and may be fitted by adapted Gaussian distributions; the inhomogeneity of the
horizontal distributions, due to the local obstacle arrangement, disappear at height
2H and the dispersion may be described by analytical models.
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