Boundary-Layer Meteorology (2024) 190:34
https://doi.org/10.1007/510546-024-00874-w

RESEARCH ARTICLE

®

Check for
updates

Pollutant Dispersion Around a Single Tall Building

Tomos Rich! - Christina Vanderwel’

Received: 14 March 2024 / Accepted: 29 June 2024
© The Author(s) 2024

Abstract

An experiment was carried out using a scale model of a tall building, with the goal of
investigating the role of individual buildings in the dispersion of air pollution. Pollutant dis-
persion around an isolated building with a height-to-length aspect ratio of 1.4 is investigated
using simultaneous particle image velocimetry and planar laser induced fluorescence. Dye is
released from a ground-level point source five building heights upstream of the tall building.
It was found that in this case the scalar plume was dispersed laterally strongly by the building,
but only slightly vertically. It is hypothesized that this is due to 94% of the plume impinging
below the stagnation point on the front of the building and being drawn into the horseshoe
vortex. We expect this fraction would be lower in a case in which the building is in an array
of smaller buildings, and that this would lead to more vertical dispersion.

Keywords Atmospheric boundary layer - Air pollution dispersion - Particle image
velocimetry - Scale model experiment - Urban aerodynamics

1 Introduction

Urban air pollution is becoming an important global problem as the proportion of the world’s
population living in urban environments increases. Currently this proportion is at 55% and
this figure is predicted to rise to 68% by 2050 (United Nations Department of Economic
and Social Affairs 2018). There is now a better understanding of how the negative health
effects of living with air pollution can be severe (Dziubanek et al. 2017). The World Health
Organisation estimates thatin 2019, 6.7 million premature deaths were caused by air pollution
and of these 4.2 million were caused by outdoor air pollution. As a growing proportion of
the world’s population resides in cities and is exposed to this pollution, the importance of
predicting it correctly has been emphasized.

Understanding urban airflow and how air pollution is transported is necessary for both
weather forecasting and air quality forecasting. In the UK, two of the main providers of these
data types respectively are the Met Office and the Department of Environment, Food, and
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Rural Affairs. The Met Office uses High Performance Computer (HPC) powered computa-
tional models so that they are able to output daily forecasts of weather and air quality (Met
Office 2022; Bermous and Steinle 2015). The Department of Environment, Food, and Rural
Affairs uses a variety of models to predict pollution, some running on HPC and some more
simple ones that can be run on personal computers (Williams and Barrowcliffe 2011). It has
also recently become necessary for new building developments within London to conduct
studies into the influence they will have on the local urban micro-climate (City of London
2022).

The scalar transport equation must be solved in order to predict air pollution dispersion
and this equation is given by:
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Here, the C term refers to the time-averaged concentration of a flow, and the U; term refers
to the time-averaged flow velocity in the j direction. In a simulation this requires modelling
of the turbulent flux term which is given by —c’ u’j in Eq. 1, due to this term being comprised
of fluctuating components (Pope 2001; Arya et al. 1999). This is true for either Reynolds
averaged Navier Stokes or large eddy simulations; however, in direct numerical simulations
or experimental studies, this term is accurately simulated. In contrast, the advective scalar
dispersion (U Z?TC;) are fully resolved in all of these simulation types.

Experiments show that within an urban boundary layer this turbulent flux is often at least
one order of magnitude lower than the advective flux (Talluru et al. 2018). However the
direction of this flux does not necessarily agree with that of the advective flux. A previous
study by our team at the University of Southampton (Lim et al. 2022) found that for a
particular scalar release the turbulent flux was significant to vertical transport, but only over
the rooftop shear layer of one building in the path of the plume. The gap in understanding in
this previous study is how inhomogenous low level buildings contributed to this particular
case.

The objective of this work is to use experiments to measure a scalar release around an
isolated building in a more comprehensive manner than just center-line measurements. By
comparing our findings with those of Lim et al. (2022), we aim to reveal the role of upstream
buildings or lack thereof. We also quantitatively present both the turbulent and scalar fluxes
in multiple cross-sections of the flow.

2 Literature Review

Understanding flow features around buildings can be approached through the study of
simplified structures, with the most simple of all being the flow around a cube. The char-
acteristics of a fluid flow over a single cube have been previously studied (Martinuzzi and
Tropea 1993; Xie et al. 2008; Hearst et al. 2016). In the diagram shown in Fig. 1a, a horse-
shoe vortex forms below the stagnation point ahead of the cube. The large attached vortex in
the wake of the cube is shown in Fig. 1b. These two vortices are particularly significant for
bluff bodies with a relatively low height-to-length aspect ratio like cubes. The small vortices
visible in Fig. 1a on the top and side of the cube are also common to most bluff bodies
and indicate flow separation. Castro and Robins (1977) observed that the reattachment of
flow behind these vortices depends on the turbulence intensity of the flow and the ratio of
boundary layer depth to cube height. Castro and Robins (1977) also found that in the wake
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Fig.1 a The flow structures around the front, top, and side faces of a bluff body attached to a wall. b The flow
structures in the wake of the same bluff body. Both (a) and (b) are inspired by the work of Martinuzzi and
Tropea (1993)

of a wall mounted cube, the mean stream-wise velocity profile past the cube varied by only a
few percent from the freestream at a downstream distance of 4.5H, and variation was below
experimental uncertainty levels of their hot-wire measurements by 8.5H. This is not to say
that the flow was back to entirely free-stream conditions, turbulent statistics take longer to
reform to background levels than mean flow does. In this case by Castro and Robins, reversed
flow was observed to extend just slightly more than one cube height downstream.

The Commonwealth Advisory Aeronautical Research Council (CAARC) tall building
model is another standardised bluff body used for investigations with a higher aspect ratio
than a cube (Elshaer et al. 2016). The CAARC building’s height-to-length aspect ratio is
equal to 6 when aligned with its wider face to the flow. The CAARC building creates the
same pattern of vortices and detached flow as a cube, however, in this higher aspect ratio
case certain vortices are expanded or contracted. Braun and Awruch (2009) shows the lateral
vortices shedding from the cube sides are elongated vertically in proportion to the building
height. It is also shown that the vertical recirculation region detaching from the top-back
edge only propagates halfway down the height of the building in this case, and extends less
than one building height downstream.

Both high and low aspect ratio bluff bodies share the flow structures presented in Fig. 1a,
b. In the case of high aspect ratio buildings like the CAARC building, the lateral and cross
stream sections of the rear detached vortices stretch the full height of the building (Zhao et al.
2022). The horseshoe vortex and the vertical recirculation in the rear are also proportionally
weaker (Hu and Morgans 2022). In contrast to this for low aspect ratio bluff bodies such as
cubes, all vortices are present but the horseshoe and vertical recalculation sections are more
relevant to the flow (Castro and Robins 1977). While the influence of aspect ratio on the flow
structure around the building is fairly well understood, its impact on scalar dispersion has
been less thoroughly studied.
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Several studies also consider a single tall building surrounded by low lying urban envi-
ronment. It has been shown that the presence of one building like this can be significant
to both the velocity and scalar concentration fields. Fuka et al. (2018) measured the effect
of adding a single tall building with a height-to-length aspect ratio of 3 to a uniform array
of low buildings, both experimentally and computationally. They took combined velocity-
concentration measurements, allowing both the advective and turbulent scalar fluxes to be
examined. They found that the tall building created an area in its vicinity with lower vertical
transport, both advective and turbulent, but with higher lateral transport. In contrast, the low
buildings by themselves created mostly negative vertical advective fluxes, at low heights,
but large, positive vertical turbulent fluxes, that resulted in overall upwards vertical species
transport. The flow field shows that this is in part because species in front of the tall building,
at a low height, gets caught in the strong down-wash and horseshoe vortex pattern. Fuka et
al also suggested a high sensitivity to the scalar source location, which is in agreement with
the findings of Fackrell and Robins (1982).

The changes in dispersion measured by Fuka et al. (2018) when changing the scalar
source position can be interpreted through the flow structures into which the scalar is being
released. Fuka et al. (2018) investigated a case with the species release in the street canyon
slightly ahead of the tall building and to the side, and showed a similar flow pattern to the
uniform array case, aside from an asymmetric deflection away from the wake of the tall
building. This appears to reveal the species being trapped in the horseshoe vortex emanating
from the tall building. In a different case in which scalar was released into the wake of the
tall building directly, the species became trapped in the near wake of the building within
the recirculation region. This release point showed the least horizontal transport, and by far
the most vertical transport. It appears that species entering this taller recirculation zone is
strongly vertically transported by the rooftop shear layer; however, most species impacting
the front of the building is transported horizontally away from this zone, so it mostly stays
relatively clear of the species. Heist et al. (2009) shows that in the case that the scalar is
released at ground level directly into the recirculation bubble, vertical transport of the scalar
is significantly higher than elsewhere in the uniform array, agreeing with the latter study by
Fuka et al.

In a more recent study, Lim et al. (2022) studied dispersion around a tall building with a
height-to-length aspect ratio of 1.4 situated in a realistic neighbourhood of low-rise buildings
using experiments and computational simulations. They found that a significant proportion of
the scalar was transported above the building and spread vertically by the detached shear layer
at the top of the rear vortex. They also measured the relative significance of the advective
and turbulent fluxes and identified a strong correlation between the turbulent stresses and
the vertical scalar transport in the upper region of the wake. This contrasts the findings of
Fuka et al. (2018) and could be a result of the different surrounding building geometries and
building aspect ratio in both cases.

Airflow in urban environments often has a Reynolds number in the order of magnitude
of hundreds of thousands or millions. Experimental investigations into these subjects are
limited by facility size to Reynolds numbers of the order of 10,000. Fortunately it has been
proven that bluff bodies become Reynolds number independent at a Reynolds number of
roughly 10,000-20,000 (Castro and Robins 1977; Plate 1999). This is due to the sharp edges
of bluff bodies creating fixed separation points, which are relatively insensitive to viscous
effects. Therefore in an urban case in which buildings are modelled as bluff bodies, the flow
structures present around these bluff bodies are insensitive to flow velocity above this region
of Reynolds numbers.
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The objective of this work is to investigate scalar dispersion around an isolated tall build-
ing using novel experimental techniques that provide full maps of both the turbulent and
advective fluxes, and to use this data to draw conclusions about the interaction between
the scalar and the flow structures. The value of this lies in the variation shown by previous
studies in how a scalar is transported through the regions in which these flow structures
are expected. By calculating both fluxes, a clearer picture of the components of scalar
transport can be created. In addition, the building aspect ratio of 1.4 was chosen so that
comparison could be made with the study by Lim et al. (2022), so that the effect of a sur-
rounding low lying urban environment to this tall building could be investigated through its
absence.

3 Methodology

This investigation was carried out in the recirculating water tunnel at the University of
Southampton. This facility has a total test section length of 8 ms, width of 1.2 ms, and max-
imum depth of 1 m. For all measurements the water depth was constant at 0.5ms and the
velocity was 0.55m/s. The building itself was modelled on a particularly tall building in
the city section used by Lim et al. (2022), which was based on a neighborhood in Beijing.
Lim et al studied this at a scale of 1:2400. It was approximated as a single square cylinder
with a height of H = 30 mm and length of L = 21.4 mm, resulting in an aspect ratio of
H/L = 1.4. This places it physically in between the CAARC building (Braun and Awruch
2009; Elshaer et al. 2016) with an aspect ratio of 6 and a cube with an aspect ratio of 1. The
experimental Reynolds number based on the building height and the constant free-stream
speed of 0.55m/s was 16, 424. This is high enough that flow around this building can be
assumed to be Reynolds independent (Plate 1999; Lim et al. 2007).

Dye was released upstream of the building a distance of xr = SH = 150 mm from the
front of the building, which is equal to a distance of xg = 5.71H = 171.4 mm from the
back of the building. This was sufficient for the plume to have dispersed a moderate amount
in the boundary layer prior to impacting the building and has the additional effect of moving
the interaction between the plume and the building outside the near-source region (Lim and
Vanderwel 2023). Dye was used as it is a passive scalar in water, and therefore it was used
as a proxy for air pollution. The dye release was at a rate of 10 cm?/min from a point source
and at a 45° angle to the flow. This dye injection was found to not have a measurable effect
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on the local flow velocity. An isokinetic ground level point source was used to reduce any
influence that source characteristics might have on the experiment, as previous literature has
shown that experiments on scalar plumes are highly sensitive to source conditions (Fuka et al.
2018).

Measurements were taken using coupled 2D particle image velocimetry (PIV)—planar
laser induced fluorescence (PLIF) along the centre plane of the flow in the streamwise direc-
tion. The field of view extended four building heights upstream of the building and 14 building
heights downstream. This required recording using a pair of side by side Lavision MX-4 cam-
eras for PIV, along with a Lavision S-CMOS camera for PLIF. The Lavision S-CMOS was
chosen for PLIF due to its 16 bit pixel depth. A calibration plate was used to align each of
the cameras and we estimate any errors due to misalignment of the coordinate systems would
be less than 0.1 mm. This three-camera setup was used in three different locations to create
three datasets captured at different times. A diagram of the three-camera experimental setup
is shown in Fig. 2.

The dye used in this study was Rhodamine 6 G, which has a Schmidt number S¢ = v/D =
2500 =£ 300 where v is the kinematic viscosity and D is the mass diffusivity (Vanderwel and
Tavoularis 2014). This means that momentum diffusion is much faster than scalar diffusion.
Rhodamine 6G is fluorescent and absorbs light at a wavelength of 525nm and reemits at
554nm. A Litron ND:YAG Nano pulsed laser was used as the illumination for both PIV
and PLIF, which emitted at a wavelength of 532nm and an average pulse energy of 400 mJ.
Equipping the S-CMOS used for PLIF with a long-pass filter at 540 nm filters out all laser
light and allows through only remitted fluorescent light. The MX-4 cameras were equipped
with band pass filters that allowed the 532nm laser-light through, which allowed them to
measure particle displacement within the fluorescing dye plume.

Coupled Stereo PIV-PLIF measurements were also taken in cross-stream slices down-
stream of the building in six planes, each separated by two building heights. The first of these
was 2 H downstream of the back of the tall building and 7.71 H downstream of the dye source.
The experimental setup for this is shown in Fig. 3. For all measurements, data was collected
at 10 Hz for 200s, giving 2000 total PIV image pairs and PLIF images. Convention in this
paper is to take the origin as the dye release unless stated otherwise, and to take downstream
direction as X, cross-stream as y, and vertical as z.

A bootstrap method was used on the first and second order statistics of both the PIV and
PLIF datasets using five points within the plume. For PIV it was found that the standard
error in the mean streamwise velocity was 1%, and the standard error in the u’u’ variance
of the fluctuating velocity was 2%. For PLIF, it was found that the standard error in mean
concentration was 1%, and the standard error in the variance (c’c’) was 5%. This provides
confidence that 2000 samples was sufficient for converged statistics.
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Fig.4 A photo taken inside the
University of Southampton’s
recirculating water tunnel while
fully drained. This photo is taken
from the test section looking
upstream, it shows the upstream
roughness and spires used to
generate an incoming
atmospheric boundary layer

In turbulent flows it becomes necessary to take measurements with a range of dye concen-
trations in order to maintain a good signal to noise ratio. The measured local concentrations
are normalised by the source concentration. This is valid if the locally measured concentra-
tion is within the linear response regime (ie. < 0.6 mg/L). The source concentration was
chosen to obtain the maximum concentration in the field of view, which did not overexpose
the camera. In some cases where the species concentration varies by more than an order of
magnitude within one field of view, such as near the source, multiple measurements with
varying source concentrations were stitched together. The dye source concentrations used in
this study varied from 1 to 60mg/L.

Urban environments currently always exist within an atmospheric boundary layer.
Therefore in order to experimentally model an urban environment with any accuracy, an
atmospheric boundary layer must also be modelled. This can be done through the use of uni-
form roughness elements and larger spire structures (Tomas et al. 2017). In this experiment,
the atmospheric boundary layer was modelled using the flow conditioning shown in Fig. 4.
This roughness is comprised of spires followed by descending sizes of roughness elements,
from 2 to 1 cm? then to 0.5 cm?.

The boundary layer formed for this experiment had a depth at the test section of 103 mm
and varied less than 2% within the field of view. Details of the freestream flow characteristics
are shown in Fig. 5. With the building height of 30 mm this boundary layer depth is sufficient
to keep the building height within the log-law region of the boundary layer. The log law
region is visible in Fig. 5b which presents the velocity profile scaled by wall units. This is
significant as this is true for a realistic city case. Using the peak of the Reynolds shear stress to
calculate the friction velocity gives a value of (0.019 4 0.001)ms ™!, and a friction Reynolds
number Re; = 1500.
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Fig.5 a The incoming streamwise flow velocity U /Uxc. b The incoming streamwise flow velocity normalised
by the friction velocity (U™1), plot on a semilog scale so that the log law region of the boundary layer can
be observed. ¢ The profile of the variance of the streamwise velocity u’u’/ UOZQ of the incoming flow. d The
profile of the Reynolds stress —u’w’/ Ugo of the incoming flow. On all plots the building height H is defined
with a red dotted line. On plots (a), (¢), and (d) error bars of one standard deviation are displayed in grey
representing the uncertainty in the region of the incoming flow that was averaged in the streamwise direction

4 Results
4.1 Centre-Plane Measurements
4.1.1 Mean Velocity Fields

Figure 6 shows PIV mean field characteristics from the planar PIV dataset along the
center-line of the building. Figure 6a shows the mean streamwise ve10c1ty Us , close to the
tall building. A decrease in velocity in the vicinity of the building is apparent, w1th this effect
continuing much further downstream than upstream. In this figure, the recirculation region
is defined by a contour of UU = 0. This can be seen in the immediate wake attached to the
back of the building. The wake recirculation is mostly contained to within 1 H of the trailing
edge of the building and has entirely disappeared by 1.4H.

The velocity deficit created by the building is defined as the difference in the local mean
flow velocity compared with that measured in the absence of the building, ie. U — Upp,
where Upy (boundary-layer) is the U value at that point in the boundary layer without the
building present. The extent of the region with significant velocity deficit is defined as the
contour of U = 0.95Up.. Figure 6b shows the extent of the velocity deficit left by the tall

@ Springer



Pollutant Dispersion Around a Single Tall Building Page9of18 34

——-Contour of U/U
OO0
<
0 C
8
-1
1
<
C
52 . IIRLRS
L IR, LI R , c
1 g e 8
0 - — e ===t = -1
© ; ; . ; ; 0.2
3_ 4
=
T2y 1l jo &
2
Ri i' e 1

' ; : -0.2
2 4 6 8 10 12

Downstream distance x/H

Fig. 6 a The extent of the recirculation region in the wake of the tall building, defined as a contour of
zero streamwise velocity. Contour is on a plot of normalised streamwise velocity (U/Uxo). b The velocity
deficit (U — Up)/Ux in the wake of the tall building. The extent of this region is defined as a contour of
U =0.95 % Upy . ¢ The normalised vertical velocity (W /Uxo) in the vicinity of the tall building

building. It extends 7.3H downstream of the building, or 221 mm. This is consistent with the
findings of Castro and Robins (1977) studies of flow around a wall mounted cube.

Figure 6¢ is a plot of the mean vertical velocity W/Us. The general pattern shows
mostly positive values ahead of the building and mostly negative values in its wake. The
flow impinging on the front of the building has a vertical stagnation point on this leading
face. Below this point, the mean flow is travelling in the y direction around either side of the
building. The large down-wash region in the wake is at a low magnitude but only diminishes
in strength slowly and continues into the far-field.

In the case of the CAARC building the recirculation region at ground level extends less
than 0.4H downstream of the building (Zhao et al. 2022), this length is far lower than the
value observed in Fig. 6. This bluff body flow around the isolated building can be likened
more easily to the studies of isolated cubes, as done by Castro and Robins (1977), than to
studies on the CAARC building (Braun and Awruch 2009; Zhao et al. 2022).

4.1.2 Turbulence Statistics

Figure 7 shows the u’w’ Reynolds stress component, which is important in the generation of
turbulent kinetic energy. This component gives a clear picture of a strong rooftop shear layer,
very similar to the one observed by Lim et al. (2022). This u#’w’ shear layer is almost entirely
negative, apart from at the leading edge, implying the anti-correlation of the two fluctuating
components as expected in a turbulent shear flow. This layer does not significantly spread
much further upwards from its starting height above the building, and instead it spreads

@ Springer



34 Page100f18 T. Rich, C. Vanderwel

- T T T T 0.01
3
:\
2 &
N 03

-
0
4

o' ‘ ' ‘ ‘ o -0.01
2 4 6 8 10 12

Downstream distance x/H

Fig.7 The u’w’ Reynolds Stress component around the tall building
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Fig.8 a Three instantaneous slices of species concentration near the tall building on alog1( scale, normalised
by the source concentration; the three slices were taken at different times and were later stitched together. b The
mean species concentration around the tall building on a/og( scale, normalised by the source concentration. ¢
The species variance, also normalised by source concentration and shown on a /og( scale. In all three figures
dotted lines represent the lines along which different datasets have been stitched together

downwards into the wake behind the building. The recirculation region in the close wake has
relatively low Reynolds stress relative to the velocity deficit region.

4.1.3 Species Mean and Variance

An example of the instantaneous concentration field is given in Fig. 8a, which exhibits
the high intermittency shown by this plume. This contributes to the low mean concentration
values measured far downstream of the building, these are shown in Fig. 8b. The intensity of
the dye visible in the instantaneous field is also much higher than the mean values measured.
In Fig. 8b, it is also visible that the edge of the plume is driven upwards by the presence of
the tall building and continues to expand vertically in the wake of the building.

Figure 8c shows the variance of the concentration in the wake of the tall building. This
graph follows the shape of the mean concentration in Fig. 8b. This was also observed in
measurements of an unbounded plume in shear flow by Vanderwel and Tavoularis (2014).
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Fig.9 a The vertical turbulent flux field (¢’w’/CsUxo). b The vertical advective flux field (CW /CsUxso)

The reducing noise in the background of Fig. 8b, c can be attributed to the increasing dye
source concentration. Source concentration was increased from 5 mg/1 for the measurements
around the building to 60mg/l for downstream. Noise in PLIF measurements often takes
the form of laser streaks that are artifacts of the concentration calibration process (Baj et al.
2016).

4.1.4 Scalar Flux Measurements

Figure 9 shows the vertical turbulent and advective fluxes across the centerplane of the
flow in the vicinity of the tall building. These fluxes are defined as ¢’w’, and C W respectively,
in which c is the scalar concentration and w is the vertical velocity component. As scalar
concentration values are necessarily positive, the sign of the advective flux field purely
corresponds to whether the mean vertical velocity at that point is upwards or downwards.
Both turbulent and advective fluxes are extremely low or absent over the top of the tall
building, relative to the plume in front of the building. Both scalar fluxes then increase again
further in the wake. This is visually exaggerated in Fig. 9a, b, due to the second field of view
starting and the signal to noise ratio dramatically improving. The turbulent flux is almost
entirely positive, aside from a few points before the tall building, indicating the average
effect of turbulence is almost always causing an upwards dispersion of the species, even
when the overall flow direction is downwards.

The Fig. 9a, b are displayed on the same colormap and show values of a similar order
of magnitude. In almost all locations, the magnitude of the advective flux is slightly greater
than the turbulent flux. These results are similar in magnitude and sign to those measured by
Lim et al. (2022), the main difference being that the turbulent flux was found to be slightly
higher in this isolated building case.

Due to Reynolds analogy, we might expect that locations of high Reynolds stress (ie.
turbulent transport of momentum) will also be areas of high vertical turbulent scalar flux (ie.
turbulent transport of scalar) (Vanderwel and Tavoularis 2016). However, Fig. 7 shows a high
Reynolds stress region above the top of the tall building which does not correlate to a high
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Fig. 10 a The mean vertical velocity W (m/s) at the closest PIV measurement to the front of the tall building
(x/H = 4.98), showing the stagnation point (marked with an X) across this leading face is at z/H = 0.62. b
The concentration profile at the same x location as this PIV measurement, normalised by source concentration.
¢ The cumulative total of the concentration profile shown in (b), normalised by the sum of this profile

turbulent scalar flux in the same place in Fig. 9a. This lack of correlation must be due to very
little scalar reaching this region. In Fig. 8b it can be seen that the mean concentration above
the tall building has dropped multiple orders of magnitude relative to the scalar concentration
near the ground, both ahead of and behind the building.

The lack of a region of high turbulent scalar flux above the building in Fig. 9a does not
agree with the findings of Lim et al. (2022), which is interesting as both studies use the same
building model. Instead Lim et al. (2022) found that while the mean scalar concentration
was lower near the ground, it spread significantly above building height. The two differences
between these studies are the absence of surrounding buildings in the case presented in this
paper, and the distance from the scalar source to the tall building, which is 4 H in the case
presented by Lim et al. (2022) and 5 H in this case. Lim et al. (2022) shows the scalar plume
impinging higher on the tall building than it does in Fig. 8b. This implies that the scalar plume
grows faster in the case with surrounding buildings to create low level turbulence despite the
lower distance between the building and the plume source. The case presented in this paper
only shows the plume reaching the height of the rooftop shear layer when the plume has
already passed the building, whereas in the case studied by Lim et al. (2022) the upper edge
of it reaches this level before the building.

Figure 10a is a profile of vertical velocity taken immediately ahead of the tall building
with the stagnation point and height of the building highlighted. This figure shows that
ahead of the tall building vertical velocity is negative up until 62% of the height of the
tall building. Integrating the concentration profile shown in Fig. 10b up to this stagnation
point and dividing by the total concentration in this profile shows just 6% of the total dye
when summed vertically, passes above the stagnation point, with 94% passing below. This
process has been illustrated using Fig. 10c. As the advective flux direction always follows
that of the mean velocity, and the turbulent flux is generally smaller than the advective flux,
the mechanisms transporting dye upwards from this point are minimal. Figure 9 particularly
shows that the leading face of the tall building has a very low level of turbulent flux. This
means that all scalar impacting below the stagnation point has very little possibility of passing
above the building. It needs to already be above this level by the time it reaches the building.
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Fig. 11 a Cross-stream slices of mean streamwise velocity normalised by the local freestream velocity, this
being 0.77 % Uso, as calculated using data shown in Fig. 5a. b A comparison of the stereo and planar PIV
results at each downstream distance in which stereo data was aquired. Data from planar PIV is shown in light
blue, data from stereo PIV is shown in dark red

This lack of transport to the shear layer can possibly explain the lack of presence of any
influence from the shear layer in Fig. 9a.

4.2 Cross-Stream Measurements
4.2.1 Mean Velocity

Figure 11a shows the variation in streamwise (U) velocity across the span as measured
with the cross-stream stereo PIV. The velocity profiles were extracted at z/H = 0.5. These
profiles show the velocity deficit in the wake of the tall building diminishing with both
downstream and cross-stream distance, and agree with Fig. 6. There is a small asymmetry
visible in Fig. 11a and this could be caused by either a small laser sheet misalignment or a
small building misalignment with the flow. We can define the distance behind the building
as x — xp. This figure shows that beyond x —xp = 8 H (x = 13.71 H from source) the flow
cross section does not continue to change in a noticeable way.

Figure 11b compares vertical profiles of the streamwise velocity at the same points from
both the streamwise 2D PIV and the Stereo-PIV measurements. The measurements agree well
with the exception of those obtained at 2H downstream of the tall building (x —xp = 2H or
x =7.71H). At this distance, the stereo data shows the most significant change in boundary
layer shape from an undisturbed boundary layer. The location is not surprising as this is in
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7.71H Downstream (2H behind Building)

17.71H D

(12H behind
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Fig. 12 Species concentration downstream of the tall building on a /ogg scale, normalised by source con-
centration. The values of contour lines are displayed on the colour bars of each figure. Downstream distances
shown in (a) and (b) are equal tox —xp = 2 H and x —xp = 12 H. Only these two slices were shown for the
sake of clarity, the other four are positioned in-between these two and do not reveal anything different to the
relationship visible in these two. The two figures are not shown on the same colour map due to the intensity
in scalar measured varying significantly between the two planes

a region which is extremely strongly impacted by the velocity deficit. This discrepancy is
mostly below z/H = 0.5, at the x — xp = 2H measurement, and it is therefore possible that
at this height the laser sheet is introducing uncertainty through reflections off the nearby tall
building. This uncertainty being greater is due to the Stereo-PIV experimental setup having
the cameras aligned with the out of plane tall building, as shown in Fig. 3. Aside from this
measurement the two data sets agree well about the diminishing of the velocity deficit.

4.2.2 Cross-Stream Concentration Measurements

The cross-stream PLIF measurements shown in Fig. 12 show cross-sections of the mean
dye concentration at x — xp = 2H and x — xp = 12 H as the dye plume propagates
downstream from the tall building. This figure reveals that the shape of the dye plume has
a double peak shape in the wake of the building. The strongest concentration of dye is
detected near the ground, but offset to either side of the building. This effect is then less
pronounced downstream at x — xp = 12 H, however it is still visible. This implies very
limited spanwise motion of the species in the far wake. This limited spanwise motion agrees
with the measurements of Fuka et al. (2018) when the scalar release is aligned with the front
of a tall building.

Figure 12 shows that the highest areas of species concentration are outside the center
plane of the flow, once the plume has propagated downstream of the tall building. Most of
the species remains trapped close to the floor on either side of the building and then begins
to disperse more evenly much further downstream. Comparing this with the understood
mechanisms of bluff body aerodynamics (Castro and Robins 1977), it seems that the species
is trapped in the horseshoe vortex formed from the base of the bluff body. This horseshoe
vortex and bluff body flow structures have been depicted in Fig. 1. The dual-peak plume
shape visible in Fig. 12 has not decayed fully as far as x —xp = 12 H downstream of the tall
building, implying that an assumption of Gaussian scalar distribution is not accurate until at
least beyond this point. Despite the dual plume shape still being visible, it is less distinct at
x —xp = 12 H. It is presumed that far enough away from the tall building the plume would
fully recombine for Gaussian plume theory to be valid.

4.2.3 Turbulent and Advective Structures
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Fig. 13 a The Vertical Advective flux field (CW /CsUxo). b The Horizontal Advective flux field (CV /CsUno).
¢ The Vertical Turbulent flux field (¢’w’/CsUxo). d The Horizontal Turbulent flux field (¢/v//CsUno). All
plots are taken from x — xp = 2 H downstream of the tall building, or x = 7.71 downstream of the dye
source. All have contours of mean concentration superimposed for clarity, the values of these contours are
visible in Fig. 12a

The vertical advective flux field shown in Fig. 13a shows an upwards motion of the dye
throughout most of this slice of the wake of the tall building. This is only present in this slice
atx — xp = 2 H and further downstream of the tall building, this flux becomes consistently
negative on the center-line. This slice does not agree with the data displayed in Fig. 9b but
all other advective fields do agree. The positive vertical advective regions offset from the
center in Fig. 13d show a high magnitude and appear to be significant to the development of
the plume shape. Figure 13b reveals an overall converging motion of the plume towards the
center-line. The region with strong advective flux stays relatively close to the tunnel floor
and with the greatest height at which advective flux is measured being on the center-line.
However this region barely rises above the building height.

The vertical turbulent flux shown in Fig. 13c agrees with Fig. 9a. However it also reveals
that this positive turbulent flux in the wake of the building is localised to the center-line of
the flow and not a generally applicable rule to the whole wake. In fact, it is shown that for
this wake, the opposite is true and turbulent flux is negative in most places. The center-line
vertical transport does not just agree in sign with the planar results, it also agrees accurately
in magnitude, which is gratifying given the difficulties in calculating turbulent fluxes from
stereo PIV data. Fuka et al. (2018) observed a consistently positive vertical turbulent flux,
which is in contrast to the changing signs revealed in Fig. 13b.

The horizontal turbulent fluxes given in Fig. 13d reveal structures alternating in sign that
align closely with the overlaid isocontours of mean concentration. These structures show
turbulent horizontal fluxes with signs pointing away from the two points of highest mean
concentration. These structures do not extend above 0.5H.
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Fig. 14 A diagram of the regions of highest dye concentration, based on the data from both experimental
setups. This is intended as a qualitative figure to show the observed effect that the plume is impinging below
the building stagnation, and then being trapped in the horseshoe vortex

4.3 Discussion

The hypothesised 3D shape of the highest concentration area of the dye plume is shown in
Fig. 14. The downward velocity measured in Fig. 6 represents the extent to which the high
concentration area of the species plume extends vertically on the front face of the tall building.
It is visible in Fig. 9a, b that both the advective and turbulent vertical scalar fluxes are very
low above the tall building, despite the high Reynolds stress being measured in Fig. 7. The
low species concentration in the immediate wake is supported by the measurements of Fuka
et al. (2018) who observed little cross-stream scalar transport between the horseshoe vortex
and the recirculation region of a tall building.

It is presumed that the centerline region is that which is affected by the rooftop shear layer
and detached flow at the top of the back of the building. This is based on an extrapolation of the
established bluff body flow structures depicted in Fig. 1. However in this experimental case,
this region has had a less significant influence on dispersive behavior than in some previous
studies (Lim et al. 2022). The diagram given in Fig. 14 essentially reflects a transition from a
ground-source plume to the leading edge horseshoe vortex shape trailing behind a bluff body.
This diagram differs heavily to the diagram showing all flow structures (Fig. 1) as only the
horseshoe vortex was proven to be relevant to dispersion in this particular case. The scalar
species becoming trapped in the horseshoe vortex was also measured by Fuka et al. (2018);
however, in that case the scalar was released directly into the front of the horseshoe vortex.
With how low lying the scalar plume was shown to be in Fig. 8b, it is not surprising that this
paper measured a similar pattern of low vertical transport to Fuka et al. (2018).

We can speculate how concentration transport would vary for buildings of different aspect
ratios by considering the roles of the horseshoe vortex and the stagnation point. Figure 14 is
based on the measurements around a square-cylinder with aspect ratio 1.4 that were done in
this study. In the case of a higher aspect ratio building such as the CAARC building, we would
expect that less of the scalar will be trapped in the horseshoe vortex due to it being a relatively
smaller flow structure. Instead the lateral separation zone (see Fig. 1) would become larger
and transport more of the scalar. In the case of a lower aspect ratio structure like a cube, the
horseshoe vortex would become stronger again and would be expected to trap an even higher
proportion of the dye.

For both speculated examples above the assumption is made that the scalar plume impinges
at a similar height relative to the stagnation point. This is because if the plume impinges above
the stagnation point then much more of the scalar will enter the recirculation region or wake
vortex instead of the horseshoe vortex. The impingement height of the scalar would depend
on the position and elevation of the source and how much it has spread before reaching the
building. We have also learned that the surrounding geometry also influences the distribution
of the concentration reaching the building.
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5 Conclusions

The flow structures around a single tall building have been examined using the PIV and
PLIF techniques in both streamwise and cross-stream slices. Data has been analysed and
compared with existing literature as validation. Vertical scalar fluxes were calculated on the
centre plane to compare the components of vertical scalar dispersion. It was found that along
the centerplane of the wake, the advective flux stayed negative into the far field, whereas the
turbulent flux was smaller but positive, shown in Figs. 9 and 13.

3D analysis of the scalar plume around this building showed a distinct dual peak shape,
with a trough along the centerplane of the flow, visible in Fig. 12. This shape was still
measurable at the furthest cross stream measurements, 12 H downstream of the tall building.

Comparison with scalar flux measurements by Lim et al. (2022) show that while rooftop
shear layer turbulent flux dominated dispersion in that case, it contributed close to nothing
in the case studied in this paper. This is hypothesised to be because, without the surrounding
buildings creating near wall turbulence, the scalar was not transported into the rooftop shear
layer. We showed that overwhelmingly the turbulent flux has an upwards direction. Therefore
it can be implied that the lower level of turbulent flux before the building contributes towards
the lower plume height when it reaches building. This low plume height then causes the
majority of the scalar to become trapped in the horseshoe vortex forming around the base of
the tall building.

In summary, the centre plane alone was not sufficient to explain the plume’s interactions
with flow structures in the wake of the tall building. It is important when studying these struc-
tures experimentally to also measure at an offset from the center-plane. Similarly advective
fluxes are insufficient to fully explain the plume dispersion. We showed (Fig. 9) that tur-
bulent fluxes are of the same order of magnitude as advective fluxes, and that (Fig. 13) the
turbulent fluxes switch direction in more localised patterns than the advective fluxes do. If
turbulent fluxes are being modelled in computational simulation then it is important that these
inhomogenities are captured accurately.
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