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Abstract -In this paper we present the results of two wind-tunnel simulations of dispersion from upwind
point sources through a large group of obstacles. and compare these with an associated field study
(Davidson et al.. 1995, Atmospheric Environment 29, 3245 3256). Detailed flow-field and plume concentra-
tion data were obtained from simulations at scales of 1:20 and 1:200. With these data we are able to
provide experimental confirmation of many of the ideas developed during the field study and to confirm the
experimental results obtained in the field. In doing so. we show that the upstream flow-field parameters are
the most effective means of scaling the three data sets to achieve broad quantitative agreement.

Measurements and flow visualisation of the flow-ticld confirm that there are a number of mechanisms
influencing the behaviour of a plume as it passes through an obstacle array: in particular the divergence and
convergence of streamlines and changes to the structurce of the turbulence within the array. However.
although the turbulence within the array is shown 10 be of greater strength and smaller scale than at
corresponding locations outside the obstacle array. it is found that there is little change in the transverse
diffusivity (and therefore in the lateral plume width).

The concentration data confirm that the divergence of streamlines near the upstream end of the obstacle
array has a significant effect on the vertical width of 4 plume (a.). Changes to the structure of the turbulence
appear to have little effect. however. since the transverse diffusivities within the obstacle array are
unchanged. Thus, the mean lateral spread and decay of mean concentration of the plume with downstream
distance resemble that of a control plume; that is. a plume released under identical conditions where the
obstacle array is not present. We also confirm that the mean structure of a plume has a Gaussian form as it
passes through an array of obstacles. By contrast. concentration measurements with a high-frequency-
response detector confirm that the small-scale, high-strength turbulence rapidly mixes the plume internally.
dramatically reducing the strength of concentration fluctuations within the plume.

Since the wind tunnel is shown to be an effective means of modelling this type of field situation. with the
appropriate scaling, these studies were extended to consider the effects on plume behaviour of changes in

source position. array configuration and array height. Copyright ¢ 1996 Elsevier Science Ltd

Key word index: Wind tunnel. obstacle array, flow field. plume dispersion.

1. INTRODUCTION

The transportation and storage of hazardous mater-
ials near a large group of buildings, such as those
in an industrial estate or a housing complex. creates
a potential problem. Should a release of a toxic sub-
stance occur, perhaps as the result of an accidental
spillage (a vehicle accident) or as the result of a fire at
a storage site, it 1s important that we be able to
evaluate the risk to nearby populated areas. Thus we
must be able to predict the behaviour of the cloud of
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toxic material generated by incidents such as these.
We currently have sufficient knowledge to incorpor-
ate the effects of most factors that influence the disper-
sion of a toxic plume over level ground, such as the
atmospheric conditions, the nature of the release and
the properties of the gases {e.g. Pasquill and Smith,
1983).

Most previous research on the effect of buildings on
dispersion has concentrated on the problem of flow
and dispersion around a single building and to a lesser
extent on small groups of buildings. There are a num-
ber of reviews in the literature relevant to this work.
Hunt (1984) and Hosker (1981) review the flow and
dispersion around 4 single surface-mounted obstacle
and, more recently. Hosker and Pendergrass (1987)
review flow and dispersion around small groups of
buildings. Fackrell {1984) reviews the application of
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a number of simple models (including modified Gaus-
sian plume models) to dispersion from point sources
around single and small groups of buildings. More
complex eddy-diffusivity models of dispersion around
two- and three-dimensional obstacles have been de-
veloped by Hunt and Mulhearn (1973), Puttock and
Hunt (1979) and Turfus (1986). Jerram et al. (1995)
have shown how the latter approach may be extended
to multiple obstacles, but no general formulae have
yet been derived.

There have also been a number of wind-tunnel
studies of flow and/or dispersion around a single
surface-mounted obstacle in a turbulent boundary
layer, notably the work of Snyder and Lawson (1994),
Snyder (1993), Davies er al. (1980), Castro and
Robins (1977), Castro and Snyder (1982) and others.
The flow and/or dispersion around small groups
of obstacles has been investigated by Britter and Hunt
(1979), Hunt (1985) and Kim er al. (1990). Hosker
and Pendergrass (1987) give some insight into the
interaction of a small array of obstacles (up to 5)
through a series of flow-visualisation experiments.
Some idea of the effects of building density and mean
height on the dispersion of a plume in an urban centre
can be obtained from the study by Jacko et al. (1972).
They show that the crosswind-average ground-level
concentrations increase as the density and mean
height increase. Although useful, the work is rather
limited as it does not give an overall picture of
the plume behaviour and there is no flow field in-
formation.

There have been some field investigations around
isolated buildings (e.g. Jones and Griffiths, 1984) and
at industrial sites where there are typically a smali
number of large structures surrounded by a number of
small structures. The results from the latter experi-
ments are dominated by dispersion around the single
largest obstacle. There have also been investigations
into plume behaviour in closely spaced building ar-
rays (representing a portion of an urban environ-
ment), where secondary flows become significant
(street-canyon effects); the study by Cermak er al.
(1974) is an example. Also there have been experi-
ments on dispersion over and through vegetative can-
opies, but the sources are usually placed within or
above the canopies, not upwind. If, however, we are
concerned (as we are in this paper) with dispersion
from point sources upwind of a large group of build-
ings, where the obstacles are sufficiently spaced that
secondary flows are not significant, we have little
guidance as to what approach to take.

A recent field study by Davidson et al. (1995) has
given some insight into the behaviour of a plume as it
passes through a large group of obstacles. In the field
study, and in the wind-tunnel simulations presented
here, we have focused on idealised arrays of a simple
pattern (equally spaced and similarly sized obstacles)
because idealised studies are the best way to develop
a general understanding of the overall plume behav-
iour. This approach is consistent with that generally
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adopted for the study of flow and dispersion around
single and small groups of obstacles.

In the field experiments two array configurations
were considered, a staggered configuration and an
aligned configuration. Examples of these configura-
tions are shown in Fig. 1. The configurations are fun-
damentally different as the staggered array diverts
flow onto neighbouring obstacles whereas the aligned
array presents channels through which the flow can
pass. The dimensions of the obstacles were: height (H)
2.3m, width (W) 2.2 m and breadth (B) 2.45m. The
ratio of the overall width of the array to the height of
the array (L, /H), the spanwise aspect ratio was 18
and to the overall breadth (L, /H), the streamwise
aspect ratio was 7. Flow-visualisation and tracer
experiments were conducted for each of the two
source positions: at one and four building breadths
upstream of the centre of the front face of the obstacle
array. The source height was half the obstacle height.
The main conclusions of the study were that: (1) the
mean concentration profiles of the plume retain
a Gaussian form as it passes through the obstacle
array; (2) there is little effect on the lateral spread and
decay of mean concentration of the plume with down-
stream distance (i.e. they remain similar to those of the
control plume); (3) there is an increase in the vertical
extent of the plume and (4) the internal structure of
plume changes due to increased mixing within the
obstacle array. A limited number of flow field
measurements indicated that there was a reduction in
the mean velocity within the array.

The wind-tunnel simulations presented in this
paper extend these field results by: (1) largely confirm-
ing the conclusions drawn from the small field data set
(there are some differences which are discussed here);
(2) considering the problem of scaling data from small-
scale experiments to full-scale scenarios; (3) presenting
more detailed flow field information; and (4) consider-
ing variations in source position, array configuration
and array height. Wind-tunnel simulations are an
important alternative to full-scale field experiments
because of the reduced cost and our ability to vary
and control flow-field parameters which are uncon-
trollable in the field.

2. WIND-TUNNEL SIMULATIONS

The flow field around sharp-edged obstacles is rela-
tively simple to model in a wind tunnel, since the sharp
edges define where the flow separates and, hence,
providing the ambient flow is fully turbulent and the
building Reynolds number is sufficiently high (Snyder,
1992), similarity is maintained. There are, however,
limitations because it is not possible to simulate large-
scale atmospheric motions in a wind tunnel. Whereas
a plume in the atmosphere meanders because there
are always eddy motions larger than its width,
a plume in a wind tunnel eventually becomes larger
than the largest scales of turbulence and ceases
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Fig. 1. A schematic diagram of the staggered and aligned obstacle arrays. These configurations were used

in the field study and the EPA study. An additional row of obstacles was added to the downstream end of

the array for the Cambridge study. Note that x, is the downstream distance from the source to the front face

of the obstacle array and that x is the downstream distance from the source. The quantity x — x, is therefore
the downstream distance from the front face of the obstacle array.

to meander. This is not a serious limitation and much
can be gained from studying the simplified wind-tun-
nel version of the atmospheric problem. The experi-
ments were conducted in two wind tunnels: the
United States Environmental Protection Agency’s
(EPA) wind-tunnel in Research Triangle Park, North
Carolina, and the one at the Department of Applied
Mathematics and Theoretical Physics, Cambridge,
UK.

The working section of the EPA wind tunnel is
2.1 m high, 3.7 m wide and 18 m long. An atmospheric
boundary layer was simulated using the Counihan
(1969) system of a fence, vortex generators and down-
stream gravel roughness. The experiments conducted
in this wind tunnel were direct simulations of the field
study, but in the wind tunnel detailed flow-field and
concentration measurements were made. The stag-
gered array consisted of 39 obstacles with dimensions
of H=W = B =0.12m. This is a scale of approxim-
ately 1:20 when compared with the obstacles in the
field study. The distance between the obstacles was
twice the relevant obstacle dimension, that is 0.24 m
in both the streamwise (x) and spanwise (y) directions
and, therefore, the spanwise aspect ratio was 19 and
the streamwise aspect ratio was 16. The aligned array
consisted of 42 obstacles of the same dimensions and
spacing as the staggered array. These obstacle arrays
are shown in Fig. 1.

The wind profile upstream of the arrays was char-
acterised by profile measurements and a reference
measurement at a height of 2 H. At this point the ratio
of the friction velocity (u,) to the mean velocity (U)
was 0.06 and the roughness height (zo/H) was 0.0025,
both values being comparable to the equivalent full
scale values where u,/U =007 at 4m and z,/H
= 0.0022. The wind-tunnel values were estimated
from a least-squares fit of the standard logarithmic
wind profile formula to the velocity profiles assuming
a displacement height (d) of — 3 mm (negative be-
cause - was measured from the rop of the gravel
roughness). The depth of the boundary layer (L) was
0.8 m. The obstacle Reynolds number, based on the
obstacle height and the free-stream velocity at that
height, was 22400. Flow-field measurements were
made using both an X-array hot-wire anemometer
and a pulsed-wire anemometer (Bradbury and
Castro, 1971). The use of the hot-wire anemometer
was limited to regions outside the obstacle array,
because this instrument has poor directional resolu-
tion in regions of high turbulence intensity ( > 25%)
and flow reversals such as those found within the
obstacle array. A pulsed-wire anemometer was used
to make reliable measurements in these regions.
Tracer experiments were conducted using ethane as
the tracer gas (ethane is essentially neutrally buoyant
in air) and a number of Flame lonisation Detectors
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(FIDs) as sensors. A high-frequency-response FID
(Cambustion HFR400) was used to obtain informa-
tion about the internal structure of the plumes, where-
as low-frequency-response FIDs (Beckman 400A)
were used to record mean concentration profiles.
These experiments are described in a detailed laborat-
ory report by Snyder er al. (1991).

The Cambridge wind tunnel has a working section
of height 0.45 m, width 0.45 m and length 2.3 m. The
limited length of the wind tunnel made it impossible
to simulate an atmospheric boundary layer. A turbu-
lent flow field was generated by inserting a square-
mesh grid at the inlet to the working section. This grid
consisted of 10 mm bars spaced at 114 mm centres.
The experiments were then conducted in the natural
boundary layer of the wind tunnel. The statistics of
this boundary layer were: u,./U = 0.05 at a height of
40 mm, zo = 0.001 mm, d = 0mm and Lg = 60 mm.
The smooth nature of the wind tunnel boundary indi-
cates the existence of a viscous sublayer. However, the
expected depth of this layer is less than half a milli-
metre and velocity profiles over the measurement area
show no influence from this sublayer. The turbulence
intensity in the free stream was 18% near the up-
stream edge of the obstacle array. Details of the flow
field in this wind tunnel using the grid described
above are presented by Britter et al. (1979). The ob-
stacle width was 10 mm, breadth 10 mm and the
height was varied from 10 to 20 mm and finally to
30 mm. The corresponding obstacle Reynolds num-
bers were 6100, 12,400 and 18,800. Snyder (1992) sug-
gests that the critical Reynolds number for similarity
of flow around an obstacle immersed in a simulated
atmospheric boundary layer is 4000. The quantitative
agreement between the three data sets presented here
suggests that a Reynolds number of 6100 was ad-
equate for similarity in this case. The obstacle arrays
were approximately 1:200 scale versions of the field
study. Flow-field measurements were made upstream
and downstream of the arrays with a hot-wire anemo-
meter. No flow-field measurements were made within
the arrays. Detailed vertical and horizontal mean con-
centration profiles were recorded, using ethane as the
tracer gas and a FID (Cambustion HFR400) for the
Sensor.

The ratio of H/Ly varies from 1/6 to 1/2 in the
Cambridge wind-tunnel experiments. In the EPA
experiments this ratio was 1/7, and in the field study
it was approximately 1/250. Due to the different
methods of generating the boundary layers in the
wind tunnels and the differences in the ratios of the
heights of the obstacles to the depth of the boundary
layers, we would expect differences in the shear gradi-
ents and varnations of turbulence intensity over the
heights of the obstacle arrays. In the atmospheric
boundary layer and the EPA simulated atmospheric
boundary layer, the turbulence intensity will decrease
with height as the shear gradients decrease, but the
boundary layers are in equilibrium, that is, indepen-
dent of downwind distance. In the Cambridge experi-
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ments, the turbulence is grid-generated and, therefore,
the turbulence intensity will be relatively uniform
throughout any cross-section and decay with down-
wind distance. The shear gradients over the obstacle
height will be much greater in the field study than in
either of the wind-tunnel studies, since the obstacle
height represents a smaller portion of the overall
height of the boundary layer. We have already men-
tioned the inability of wind tunnels in simulating the
large-scale motions present in the atmosphere. In or-
der to quantify the effects of these differences in the
flow fields on the behaviour of the plumes, the field-
study experiments have been repeated in both the
EPA and the Cambridge wind tunnels.

Additional experiments were conducted in the EPA
wind tunnel to examine the effects of source position
and array type. In the Cambridge wind tunnel, we
considered changes in the overall height of the array;
changes in the density of the array (by doubling the
spacing between the obstacles in the y direction) and
differences between the aligned and staggered config-
urations. The arrays in the Cambridge wind tunnel
had an additional row of obstacles downstream of the
original arrays (Fig. 1) and with the standard spacings
of 2W and 2B, this increased the number of obstacles
to 46 for the staggered array and 49 for the aligned
array. The overall width and breadth of these arrays
were then 0.19 m. When the spacing in the y direction
was doubled (to 4W) the overall width of the array
was 0.21 m because the number of obstacles was re-
duced to 32 for the staggered array and 35 for the
aligned array.

3. RESULTS

3.1. Flow field

The most important quantities for the purpose of
interpreting the dispersion measurements are the
mean velocity and the turbulence scales and inten-
sities. The point measurements made in the field study
indicate that the mean velocity is reduced within the
staggered array to approximately 50% of the up-
stream value at the same height. During the EPA
experiments, detailed mean velocity measurements
were made within the staggered and aligned arrays.
Figure 2 shows a series of vertical profiles of
mean velocity (u-component) recorded along the x-
axis of the staggered array. The velocity profiles
within the array are clearly not logarithmic and
this indicates that application of a change-of-rough-
ness argument to this type of problem would be
incorrect.

A more complete picture of the mean flow field can
be obtained by considering lateral profiles of velocity.
Figure 3 shows lateral profiles of the u-component of
the mean velocity at z = H/2. The individual effects of
the obstacles are seen in the near wakes and an overall
reduction in magnitude of the velocity within the
array is also observed. The far-wakes of individual
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Fig. 2. Vertical profiles of the u-component of mean velocity measured along the x-axis of the staggered
obstacle array [EPA]. Data measured with: [J, pulsed-wire anemometer; 2, hot-wire anemometer. The
shaded areas represent the buildings, but the vertical scale is greatly exaggerated.
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obstacles spread and merge with those of neighbour-
ing obstacles, reducing the mean flow through the
array. The individual effects of the obstacles quickly
decay downstream of the obstacle array; however, an
overall reduction in the mean velocity appears to
persist for some distance downstream. The data con-
firm that there is a significant reduction in the mean
velocity within the array.

A similar set of profiles is shown in Fig. 4 for the
aligned array configuration. The near-wakes of the
obstacles are again apparent and the flow can be
observed passing down the channels created by the
rows of obstacles. The magnitude of the velocity in
these channels is less than the corresponding up-
stream values and, hence, there is an overall reduction
in the velocity within the array. The lateral profiles
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array [EPA]. Data measured with: O, pulsed-wire anemometer; A, hot-wire anemometer. The lateral (y-
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were averaged, within the array, in the y-direction to
produce spatial and temporal average of velocities
at the source height. These horizontally-averaged
velocities are presented for both the staggered and
aligned arrays in Fig. 5 along with the point measure-
ments from the field study. The mean velocity is re-
duced to approximately 45% of the upstream value.
The region in which the obstacle array influences the
flow field (defined as more than a 5% reduction in
mean velocity) extends from ~ 6B upstream of the
front edge of the array to ~ 30B downstream from
the rear edge of the array. The velocity decays rapidly
upstream of and within the first 3 rows of the array,
but the corresponding recovery occurs more slowly
downstream of the array.

The turbulence in the flow field can be character-
ised by estimating the root-mean-square (r.m.s.)
values of the velocity fluctuations (o, 0., ¢,,) and the
integral length scales (L, L,,, L33), in the stream-
wise direction, of the velocities u, v and w. The tem-
poral resolution of the pulsed-wire anemometer is
inadequate for estimating the length scales from time
series data and the hot-wire anemometer was used
instead. Because of the limitations of the hot-wire
anemometer described in Section 2, measurements
within the obstacle array could only be made in re-
gions where the turbulence intensities were relatively
low and there were few flow reversals (determined by
examining the pulsed-wire signal). The turbulence in-
tensities measured by the hot-wire anemometer at
these locations ranged from =~ 25% to = 30%. Com-
parisons of these data with those from the pulsed-wire
anemometer, at the same locations, indicated that the
hot-wire anemometer was over estimating the inten-
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Fig. 5. Spatial (y-direction) and temporal average of the

u-component of mean velocity measured at z = H/2, with

the staggered and aligned obstacle arrays. U, is the magni-
tude of the velocity at (x — x,)/B = — 16.

sities within the obstacle arrays by up to 5%. These
hot-wire anemometer data must therefore be treated
with some caution.

The data from time series recorded at a height of
H/2 are shown in Table 1, for the staggered array
((x —x,) =9.5B, y/W =0) and the aligned array
((x — x,) = 8B, y/W = 1.5). These point measure-
ments indicate the order of the parameters within the
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Table 1. Turbulence statistics measured at x — x, = 9.5B,
y =0and z = H/2 for the staggered array and x — x, = 8B,
y = 15W and z = H/2 for the aligned obstacle array

No Staggered Aligned

array array array
U (m/s) 2.50 1.44 1.66
¢,(m/s) 0.390 0.397 0.516
Ly (m) 0.130 0.037 0.080
K, (m?/s) 0.051 0.015 0.041
TL(s) 0.333 0.093 0.156
a,.(m/s) 0.270 0.356 0.294
Ly;(m) 0.062 0.050 0.032
K, (m?/s) 0.017 0.018 0.009
Th(s) 0.230 0.140 0.109
o, (m/s) 0.206 0.270 0.263
L33 (m) 0.033 0.029 0.023
K.(m?/s) 0.007 0.008 0.006
TL(s) 0.160 0.107 0.087

Note: Data were also recorded in the absence of the
obstacle arrays at the same height for comparison [EPA].

obstacle arrays. Data recorded at a similar position
when the obstacle arrays were not present are also
shown for comparison. The integral length scales were
calculated using the formula described in Davidson er
al. (1995).

Estimates of eddy diffusivities (K., K,, K,) and
Lagrangian time scales (TL, T%, TL) are also shown.
The diffusivities are calculated as the product of the
relevant length scale and r.ms. velocity. The Lagran-
gian time scale is calculated as the length scale divided
by the r.m.s. velocity; an estimate that is often satisfac-
tory in inhomogeneous anisotropic flows such as this.

The data suggest that the scale of the turbulence is
reduced by the presence of the obstacles. These new
scales will be some function of the scale of the ob-
stacles (as the turbulent eddies are shed from these
obstacles) and their spacings. The differences in the
lateral and vertical eddy diffusivities (K. K,) between
the control or no-array case and the staggered array
are small and this suggests that the reduction in the
scale of the turbulence by the presence of the obstacles
is balanced by a corresponding increase in the magni-
tude of the fluctuations. The dispersion of the plume
within the array will therefore be similar to that of the
control plume, that is, a plume released under identi-
cal conditions when the obstacle array is not present.
In the aligned case the lateral eddy diffusivity is re-
duced and thus the dispersion of the array plume in
the lateral plane is inhibited [this was referred to as
channelling by Davidson et al. (1995)]. There is also
a change in the longitudinal eddy diffusivity (K,); this
would be significant if we were concerned with a cloud
of pollutant passing through the obstacle array, but
with continuous releases this result has little rel-
evance. The reductions in the Lagrangian time scales
of the turbulence within the array indicate the pres-
ence of smaller scale and higher intensity turbulence,
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which is consistent with the thoroughly-mixed plume
structure noted by Davidson et al. (1995).

The data presented above give an indication of the
effects that an obstacle array which presents a low flat
aspect to the oncoming wind has on the flow field. The
obstacles exert a drag force on the ambient flow and
thus the mean velocity is reduced within the array.
This reduction in mean velocity suggests (by continu-
1ty) that, near the upstream edge of the array, a por-
tion of the oncoming flow is diverted around the array
as a whole. The amount diverted (and the magnitude
of the reduction) is dependent upon the density of
obstacles within the array. With low flat arrays such
as these, the majority of the diverted flow will pass
over the top of the array, as opposed to passing
around its sides. If, however, we were to increase the
height of the obstacles within the array (decreasing
L,,/H and L,,/H), an increasing portion of the
diverted flow would pass around the sides of the
obstacle array. If we continued to increase the height
of the obstacles, we would eventually reach the two-
dimensional limit, where all of the diverted flow
passed around the sides of the array, as opposed to
passing over the top. Near the downstream edge of
a low flat obstacle array, the reverse must occur and
fluid will move from above the array down behind the
last row of obstacles, as the flow field begins to re-
cover. Figure 3 suggests that the changes downstream
of the array occur relatively slowly when compared
with the changes at the upstream end.

The mean flow field in proximity to an obstacle
array can be divided into a number of regions as
shown in Fig. 6. Region I represents the area where
the mean velocity and turbulence statistics are un-
affected by the presence of the array. In Region I, the
streamlines are diverging as a portion of the fluid
passes over the array and as the fluid passing into the
array decelerates. There is a dividing streamline (sur-
face or tube in the three-dimensional case) above
which the fluid passes over the array and below which
the fluid passes through it. In Region III, the fluid is
moving through the array at a reduced speed; it has
a turbulence scale that is some function of the obstacle
dimensions and an increased fluctuation strength. Re-
gion IV, just above the obstacles, represents a region
of strong shear, where a second turbulent boundary
layer is developing. In Region V the streamlines grad-
vally converge as the fluid accelerates behind the
obstacle array.

Given this classification of the flow around a large
group of obstacles, it appears that there are two mech-
anisms that will influence the behaviour of a plume:
the divergence and convergence of streamlines and
changes to the nature of the turbulence. The effects on
the plume are quite different as diverging or converg-
ing streamlines alter the extent of the plume, but there
is not necessarily a corresponding change in dilution;
whereas changes to the turbulence affect entrainment
and, hence, both the extent and dilution of the
plume. As an example, consider a tracer released in



3722

Streamlines \

Near Wake J

Fig. 6. A schematic diagram of the flow field around a large
group of obstacles.

Region I (Fig. 6) and entering the diverging flow in
Region II. Because we have one source and no sinks,
the flux of tracer downstream from the source is
conserved. Therefore, as the fluid decelerates in the
diverging flow, the plume must spread more rapidly to
maintain a constant tracer flux, but this does not
affect the rate of dilution of the plume. Conversely, an
increase in the rate of spread of a plume in uniform
flow as the result of increased turbulent mixing, must
have a corresponding increase in the rate of dilution
to maintain the flux of tracer.

The divergence and convergence of the streamlines
affects the structure of the turbulence and therefore
both types of change occur simultaneously. The rapid
divergence of the streamlines near the upstream edge
of the array suggests that this may be dominant in Re-
gion I1. Thus as the plume passes the array, a portion
will pass over the array and the remainder will pass
through it. The position of the source will have a sig-
nificant effect on the proportions of the plume enter-
ing the different regions. A release above the dividing
streamline will result in a larger portion passing over
the array, whereas a release below this streamline will
result in more material passing through the array. In
Region V at the downstream edge of the array, the
converging streamlines will act to reduce the extent of
the plume. However, the streamline convergence
downstream occurs at a slower rate than the diver-
gence near the upstream edge, and the changes in the
structure of the turbulence downstream of the ob-
stacle array may dominate the behaviour of the plume
in this region. Within the array it appears that, despite
the changes in the scales and intensities of the turbu-
lent fluctuations (which changes the internal structure
of the plume), the effect on the transverse eddy dif-
fusivities is small; hence, the rate of dilution of the
plume with downstream distance is unchanged.
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3.2. Dispersion

3.2.1. Scaling and general results. Experiments on
plume dispersion through a staggered array of ob-
stacles have been conducted on three scales (1:1, 1:20,
1:200) and, to make quantitative use of the wind-
tunnel data, an effective means of scaling the data is
required. The standard approach to scaling data from
dispersion influenced by an obstacle’s wake is to use
an obstacle dimension as the relevant length scale
(Hosker, 1981). It is assumed that the turbulent eddies
shed from the obstacles are dominant with respect to
plume dispersion. This is not the relevant scale for
a plume impacting onto an obstacle (Hunt, 1985). In
the problem considered here, where the plume im-
pacts onto a group of obstacles, dispersion is affected
both by the upwind atmospheric turbulence and by
the wake turbulence. Nevertheless, as a working hy-
pothesis it is assumed that in this case the relevant
parameters for defining the dispersion are those of the
upwind turbulence, namely the length scales (L,,,
L;;) and the intensity of the fluctuations relative to
the mean flow (¢,/U and g,,/U) at the source height.
These parameters are presented for each of the data
sets in Table 2. It was not possible to measure all of
these quantities in the Cambridge wind tunnel; how-
ever, we were able to establish that ¢,/U = 0.2 and
Ly, =14 mm at the source height from hot-wire
measurements. As the turbulence is grid-generated
and, therefore, a reasonable approximation to an iso-
tropic flow field, we can assume that ¢, = ¢, and that
L,, = L;;. The proximity of the boundary suggests
that the vertical length scale L;; is determined by the
distance from the boundary and that was 5 mm. The
value of the vertical fluctuation intensity (s,,/U) at the
source height was determined by considering the con-
sistency between the control plume data from the
experiments at three different scales and it is assumed
to have a value of 0.1.

The wind-tunnel data have been analysed by fitting
{using a least-squares routine) Gaussian curves to the
profiles of mean concentration (c¢) data. This method
enables us to describe the behaviour of the plume with
four parameters, the centreline (maximum) mean con-
centration (C); the height from the boundary to the
peak mean concentrations of each of the two Gaus-
sian distributions, which are commonly combined to
describe the vertical profiles as a reflected plume (z,);
the lateral spread (o,) and the vertical spread (g,) of
the plume. The addition of z,, and o, yields the max-
imum height of the plume (o1,). The Gaussian for-
mula that were applied to the data sets are listed in
Davidson et al. (1995). In analysing the field data, it
was assumed that the value of z, and the source
height (z,) were the same, because of the close proxim-
ity of the source to the positions where profiles were
measured. Initially, this assumption was relaxed in
analysing the wind-tunnel data. Although there
was a tendency for the value of z, to increase over
the array and to decline in the control plume, the
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Table 2. Upstream turbulence statistics, at the source height,
for the three data sets

EPA FIELD CAMB
a,/U 0.156 0.2
a./U 0.108 0.3 0.2
g,/ U 0.082 0.1 0.1
L, (mm) 130 - 14
L, (mm) 62 3000 14
Ly; (mm) 33 600 5

Note: These statistics were used to scale the data to
achieve quantitative agreement between the data sets.

variations were small and therefore the original as-
sumption seems reasonable. The data presented in
this paper have been analysed assuming that z,, = z,.

Examples of the vertical and horizontal profiles,
recorded in the staggered array, are shown in Figs 7
and 8. The data have been recorded at the three scales
and at a number of positions downstream from the
source. Gaussian profiles are also shown for compari-
son. In Fig. 7 the horizontal profiles are Gaussian and
self-similar. In Fig. 8 the profiles have a reflected-
Gaussian form, however, they are not self-similar
when o,/z, is of order 1, and this was generally the
case in the experiments. The figures demonstrate that
these plumes can be adequately described with Gaus-
sian plume formulae.

In Figs 9-11 the variations of the Gaussian para-
meters with travel time from the source (T = x,U)
are presented. The position of the source relative to
the obstacle array varies from 1B to 12B. Data
from a transformed Gaussian plume model (Pasquill
and Smith, 1983), modelling the control plume, are
shown for comparison. In Fig. 11, data from the
model are presented for two cases: when the ratio of
the source height (z,) to La; is 1, which was the case in
the CAMB experiments and when this ratio is 2,
which was the case in the FIELD and EPA experi-
ments. The data in these figures are presented using
both the traditional approach to scaling {a) and the
alternative approach suggested here (b). Clearly. the
alternative approach to scaling is superior for the
control plume data, because there is quantitative
agreement between all three data sets. This is expected
because the obstacles were not present in the control
plume experiments and therefore the obstacle dimen-
sions should not be relevant when the data is scaled.
The agreement between the data sets suggests that the
effects of differences in the flow fields on plume disper-
sion are small for these experiments at the different
scales.

The alternative approach also appears to be su-
perior for scaling the array-plume data, although
there are some small differences in array-plume be-
haviour in the Cambridge wind-tunnel and this may
be due to the grid-generated flow field. The agreement
between the FIELD and the EPA array plume data
(under upstream parameter scaling) suggests that the
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Fig. 7. Horizontal mean-concentration profiles from plumes

passing through the staggered array. Data have been re-

corded at a number of positions downstream of the source

and from experiments at the three scales (FIELD, EPA and

CAMB). Note: ¥ =y — y, and y, is the distance to the
centreline of the plume.
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Fig. 8. Vertical mean-concentration profiles from plumes
passing through the staggered array. Data have been re-
corded at a number of positions downstream of the source
and from experiments at the three scales (FIELD, EPA and
CAMB). Note: C, = C/[1 +exp{ — 2(z,/5.)*}].

influence of the obstacle dimensions on the turbulence
scales is not significant. However, the relevance of the
upstream parameters is probably due to a significant
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Fig. 9. The decay of mean concentration (at z = H/2, y/W = 0) with downstream distance of plumes
passing through the staggered obstacle array. This figure includes control and array plume data from
experiments at the three scales.

portion of the plume passing over the obstacles (as the
streamlines diverge) and interacting with the up-
stream scales in the region above the array. The ob-
stacle dimensions may be more relevant for very tall
obstacles, where the plume passes into a flow field that
is completely dominated by the obstacle scales.

The results show that these types of field situations
can be modelled effectively in a wind tunnel with
a simulated atmospheric boundary layer (EPA) and
that useful results can be obtained in a small wind
tunnel, such as the Cambridge one. The results also
confirm the conclusions drawn from the limited field
data set.

The main conclusions are that an array causes
a significant increase in the vertical height of the
plume, but that there is little change in the lateral

spread or decay of mean concentration with down-
stream distance. This suggests that it is the divergence
of the streamlines caused by the array as a whole that
is the dominant mechanism in determining the disper-
sion of plumes from upwind sources. This is consistent
with the flow field measurements which indicated that
changes in the transverse eddy diffusivities were small.
However, the instantaneous flow pattern and disper-
sion within the array is quite different from that over
level ground. This is demonstrated by the tracer
measurements with the high-frequency-response
FID, which confirmed that there is a dramatic reduc-
tion in the strength of concentration fluctuations
within the arrays. The probability density function of
these fluctuations is also changed (compared with the
control plumes) and can be modelled effectively
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Fig. 10. The lateral growth (at z = H/2) of plumes passing through the staggered obstacle array. This figure
includes control and array plume data from experiments at the three scales.

with a clipped-normal function (Davidson er al.,
1993).

3.2.2. Array configurations and obstacle dimensions.
Despite small quantitative differences between the
array-plume data from the Cambridge study and
those from the EPA and FIELD studies, the results
from the three sets of experiments are reasonably
consistent. The Cambridge study was extended to
consider changes in the array configuration and the
height of the obstacles. The resuits of this study give
some insight into the importance of these array para-
meters in determining the behaviour of a plume
passing through an obstacle array. Experiments were
conducted with the staggered and aligned array con-
figurations. The dimensions of the obstacles were
H =20mm, W = 10 mm and B = 10 mm, the spac-
ing between them was 2W in the spanwise and 2B in

the streamwise direction, and the streamwise and
spanwise aspect ratios were 10. The spacing in the
spanwise direction was subsequently increased to 4 W
and the number of obstacles reduced to create two
new arrays with streamwise and spanwise aspect
ratios of 10. The tracer gas was released 7B upstream
of the centreline of the array at a height of H/2. The
behaviour of a plume passing through each of the four
arrays was then compared with the behaviour of
a control plume released from the source with no
array present.

Since scaling in these experiments is not as critical,
because the upstream flow field conditions are identi-
cal, for simplicity we revert to the traditional form of
scaling in presenting the results of these experiments
in Figs 12-14. CONT represents the control plume;
STG2 represents the staggered array with spacing
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Fig. 11. The vertical extent (at y/W = 0) of plumes passing through the staggered obstacle array. This
figure includes control and array plume data from experiments at the three scales. Note z, is the source
height.

between the obstacles of 2W and 2B, and ALG?2
represents the aligned array with the same spacings.
STG4 represents the staggered array with spacings of
4W and 2B and ALG4 represents the aligned array
with the same spacings. The centreline mean concen-
tration (at the source height) of ali the array plumes is
higher than that of the control plume (Fig. 12). This
was observed consistently throughout the Cambridge
study and at times in the field study, but it was not
evident in the EPA study. The Cambridge results
suggest that within the arrays the eddy diffusivities are
reduced relative to the upstream values, that is, the
reduction in the scales of the turbulence is not bal-
anced by a corresponding increase in the fluctuation
strength (this differs from the results of the EPA study
— see Section 3.1).

In addition, the channelling effect discussed in
Davidson et al. (1995) is evident in the ALG2 data.
The lateral growth of the plume is limited by the
presence of rows of obstacles at y/W = +2.5
(Fig. 13) and, consequently, the levels of concentration
within the array are higher than in all other cases
considered. The channelling effect is not evident in the
ALG4 array since the plume does not reach the neigh-
bouring rows of obstacles before leaving the array.
Apart from channelling, the effects of the arrays on the
lateral spread of the plume are small; although the
spread is generally larger in the presence of the arrays,
at least initially. There are notable changes in the
vertical heights of the array plumes when compared
with the control plume (Fig. 14). The least affected is
the ALG4 array and the most affected is the STG2
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decay of mean concentration (at z = H/2, v/W =0} with

downstream distance of a plume passing through the arrays
[CAMB].

sl

40 50

1 10 20 30

z
B

Fig. 13. The effects of different array configurations on the
lateral growth (at z = H/2) of a plume passing through the
arrays [CAMB].

array, with the ALG2 and STG4 arrays lying in be-
tween. This is consistent with the effective gap between
the obstacles, that is, the distance between the ob-
stacles as they would appear to an upstream observer.
The effective gaps being STG2 =05W, STG4
=1.5W,ALG2 =2W, and ALG4 = 4W . It appears,
then, that it is this effective gap that influences the
divergence of the streamlines (and hence the vertical
extent of the plume) rather than the obstacle spacing
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Fig. 14. The effects of different array configurations on the
vertical extent (at v/W = 0) of a plume passing through the
arrays (CAMB].

and that channelling is the only notable difference
between the staggered and aligned array configura-
tions.

Experiments were also conducted to investigate the
effect of changes in the height of the obstacles on the
behaviour of the plume. The staggered array config-
uration with spacings of 2W and 2 B was used and the
height of the obstacles was increased from 10 mm
(cubes) to 20 mm and finally to 30 mm. These arrays
are denoted as SA10, SA20 and SA30, respectively.
The corresponding spanwise aspect ratios were 19, 10
and 6, but we would not expect the results to be
sensitive to this ratio as these changes are unlikely to
affect the three-dimensional nature of the mean flow.
Increasing the obstacle height increases the height of
the dividing streamline and also increases the depth of
the region over which the obstacles can influence the
dispersion of the plume. The source was 7B upwind of
the arrays at a height of H/2 (5 mm).

To emphasize the effects of the obstacle height on
the behaviour of the plumes, we use the alternative
method of scaling when presenting the results of these
experiments in Figs 15-17. As the height of the ob-
stacles increases, the vertical height of the plume also
increases, but the results appear to be approaching
a limit with the SA20 and SA30 data being very
similar (Fig. 17). The centreline mean concentration
(at the source height) within the arrays is greater than
that of the control plume in all cases, although this
increase is not monotonically related to changes in the
obstacle height (Fig. 15). The pattern of the lateral
spread data, likewise, does not reflect a monotonic
relationship (Fig. 16). Changing the height of the ob-
stacles changes the relative importance of streamline
divergence and the structure of the turbulence to the
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Fig. 16. The effects of changes in the array height on the
lateral width (at z = H/2) of a plume passing through the
staggered array [CAMB].

dispersion of the plume. With this limited amount of
data and no flow-field data within the arrays, it is
difficult to draw conclusions. The data do indicate
that the plume behaviour is sensitive to the height of
the obstacles and that further detailed investigations
are required.

3.2.3. Source position. For a given set of ambient
conditions the position of the source determines the
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Fig. 17. The effects of changes in the array height on the
vertical extent (at y/W = 0) of a plume passing through the
staggered array [CAMB].

size of the plume as it reaches the obstacle array. If the
plume is small relative to the first obstacle it reaches
then mixing in the near-wake region will increase the
size of the plume to that of the obstacle. Conservation
of tracer flux dictates that there must be a correspond-
ing drop in the mean concentration. This can be seen
in Figs 18-20, where the mean plume parameters are
presented for three plumes: the control plume, a
plume released from a source located relatively close
to the array (1 B upstream) and a plume released from
a source a significant distance (10B) upstream of the
array. These data were obtained during the EPA
experiments with the staggered array and we revert to
the traditional method of scaling for simplicity. Com-
paring the array plume when the source is close to the
array (x, = 1B) with the control plume, we see a dra-
matic increase in the lateral and vertical spread of the
plume and a corresponding drop in the mean concen-
tration at the position of the first obstacle with which
the plume interacts. When the plume is of the same
order or larger than the first obstacle with which it
interacts, these rapid changes in the scale and concen-
tration of the plume are not observed. This is evident
in the data from a plume released 10 B upstream of the
centre of the array. The changes to this plume occur
gradually and these are the changes described in Sec-
tion 3.2.1. It is worth noting that the expansion of the
plume in the near wake of an obstacle generates a
plume larger than the remaining obstacles in its path
and therefore this effect will only occur once within an
array of similar sized obstacles. The importance of the
position of the source relative to individual obstacles
1s dependent on the scale of the plume relative to the
first obstacle with which it interacts. The importance
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Fig. 18. The effects of changes in the source position on the
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Fig. 19. The effects of changes in the source position on the
lateral growth (at z = H/2) of a plume passing through the
staggered array [EPA].

of the position of the source relative to the dividing
streamline has already been discussed in Section 3.1.

4. CONCLUSIONS

Data from the wind-tunnel simulations described in
this paper have increased our confidence in the con-
clusions drawn from the field study and they have
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Fig. 20. The effects of changes in the source position on the
vertical extent (at y/W = 0) of a plume passing through the
staggered array [EPA].

provided experimental evidence of many of the con-
cepts developed during the field programme. Com-
bining the results from the detailed flow field and
dispersion experiments, we can conclude that there
are two mechanisms that determine the behaviour of
a plume as it passes through a large group of ob-
stacles: the divergence and convergence of streamlines
as the fluid passes around the group of obstacles as
a whole and the changes to the structure of the turbu-
lence as eddies are shed from the individual obstacles.
The measurements within the obstacle arrays indicate
that there are only small changes in the transverse
eddy diffusivities despite reductions in the scales and
increases in the strength of the turbulent fluctuations.
Therefore changes to the structure of the turbulence
have little effect on decay of the mean concentration
and the spread of the plume. The divergence of
streamlines near the upstream end of a low flat ob-
stacle array increases the overall height of the plume
by approximately 50% in these experiments. The ef-
fects of the converging streamlines near the down-
stream end of the array are not as significant, since the
streamlines converge over a much greater distance
than that over which they diverge. These changes do
not alter the mean structure of the plume; the mean
concentration profiles have Gaussian forms as the
plumes pass through the arrays.

These conclusions have been confirmed on three
scales: 1:1, 1:20 and 1:200. It has also been shown
that reasonable quantitative agreement between the
data from the experiments, conducted at three scales,
can be obtained by scaling with upstream flow field
statistics and that this is superior when compared
with the standard method of scaling. However, where
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the plume passes into a flow field dominated by eddies
shed from the obstacles, an obstacle length scale will
be the most relevant scaling parameter. With the
appropriate scaling, wind tunnels with a simulated
atmospheric boundary layer are able to reproduce the
results of full-scale situations and useful results can be
obtained with small wind tunnels, such as the one at
Cambridge.

In addition to comparisons with the field data, we
were able to extend the wind-tunnel simulations to
consider how changes in some parameters influence
the behaviour of the plumes. The position of the
source relative to the array, for example, determines
the proportions of the plume that will pass into and
over the array and the size of the plume at the point of
initial interaction with an obstacle within the array. If
the plume is large relative to the obstacle then only
the local structure of the plume and the concentration
fluctuations are affected. If, however, the plume is
small relative to the obstacle, mixing in the near wake
of the obstacle increases the size of the plume to that
of the obstacle and thus there are dramatic changes to
the extent, dilution and structure of the plume.
A number of small-scale experiments (1:200) indicates
that the configuration of the obstacle array is signifi-
cant where the rows of the obstacles present channels
to the flow. These channels restrict the lateral growth
of the plume. These experiments also showed that the
effective gap between the obstacles (as they would
appear to an upstream observer) is inversely corre-
lated with the increase in the vertical height of the
plume and that the results are sensitive to the height
of the array.

Clearly, more research is required, particularly with
respect to the flow field, before we can be confident
that we understand the behaviour of a plume passing
through a large array of obstacles, but through these
studies we have been able to develop some general
concepts which can be applied when presented with
such a problem.
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