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This  article  presents  experimental  results  that  illustrate  the  unsteady  characteristics  of  gas  dispersion
around  a complex-shaped  high-rise  building  for  different  incident  wind  directions.  A series  of  wind  tunnel
experiments  were  conducted  using  a 1:30  scale  model  that  represented  the  real  structures  under  study.
The objective  of  this  paper  is  to study  the  behaviour  of  concentration  fluctuations  through  transient
analysis.  Tracer  gas  was  continuously  released  from  a  point  source  located  at  different  positions,  and
a time  series  of  fluctuating  concentrations  were  recorded  at a large  number  of  points  using  fast  flame
ionization  detectors.  The  experimental  data  were  analysed  to provide  a  comprehensive  data  set  including
variances  and associated  statistical  quantities.  Both  the  unsteady  characteristics  of  the  system  and  their
potential  practical  impact  are  presented  and  discussed.  Under  crowd  living  conditions,  the  air  pollutant
exhausted  from  one  household  could  probably  re-enter  into  the neighbouring  households,  traveling  with

ambient  airflow.  Such  pollutant  dispersion  process  is defined  as  air  cross-contamination  in this  study.  The
results  indicate  that  the  wind-induced  cross-contamination  around  the studied  type  of  high-rise  building
should  not  be overlooked,  and  the  fluctuating  concentrations  should  be  paid  attention  to particularly
during  the  evaluation  of a potential  contamination  risk.  This  study  can  help  deepen  our  understanding  of
the  mechanisms  of  air  cross-contamination,  and  will  be  useful  for implementing  optimization  strategies
to  improve  the  built  environments  in metropolitan  cities  such  as  Hong  Kong.
. Introduction

The study of atmospheric dispersion around buildings has been
he subject of extended research over the past several decades
ecause of the increased concern for human health [1].  Pollutants
f interest include the products of fires or accidental releases from
earby facilities, which can be harmful to the public if they pen-
trate into buildings. Contaminant distribution and transmission
outes near buildings can be extremely complicated because of
he interactions between released plumes and building structure.
umerous studies by employing both experimental [2] and sim-
lation [3–5] methods have been conducted on the behaviour of
lumes released near street level in built-up downtown areas. Reli-
ble prediction of the pollutant concentration field near buildings
s very important for building engineers to use in designing proper

ntake and exhaust locations to avoid unwanted consequences.

There exists a significant amount of work investigating the
pread of a dispersing plume using a wide range of methods.

∗ Corresponding author. Tel.: +852 2766 7781; fax: +852 2774 6146.
E-mail address: bejlniu@polyu.edu.hk (J.L. Niu).
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Generally, there are two categories of methods used to study
pollutant dispersion around buildings: experimental methods
including full-scale measurements and scale modelling, and predic-
tion methods including empirical models and computational fluid
dynamics simulations. A comprehensive review [6] has been made
of the methods that exist for predicting pollutant dispersion. Such
studies often describe the concentration field in a time-averaged
sense. However, the mean concentration field alone is not suffi-
cient for estimating the potential hazard risk in cases such as an
accidental release of a highly toxic pollutant near a building [7], or
a flammable gas leakage [8].  It is therefore necessary to estimate
not only the mean concentration of a pollutant but also concen-
tration fluctuations. The detailed characteristics of the both mean
concentration and concentration fluctuations of a plume dispersing
through a large array of building-like obstacles have been illus-
trated by Yee and Biltoft [9] through a comprehensive series of
field experiments. A cross-comparison was made by Gailis and
Hill [10] using a wind tunnel study of a 1:50 scale model, and

both these results were also compared with an open-terrain plume
under similar conditions. The mean concentration and fluctuations
of a dispersing plume in a street canyon have also been inves-
tigated by employing a wind tunnel method [11]. The unsteady

dx.doi.org/10.1016/j.jhazmat.2011.06.090
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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haracteristics of a dispersing plume around an isolated building
ave also been studied by different approaches. Both experimental
12] and numerical methods [13] have been employed to study the
oncentration fluctuation of a plume around a cubic building model.
omparisons were also made between results obtained by differ-
nt methods [14]. Aubrun and Leitl [15] used both field and wind
unnel methods to investigate the unsteady properties of a disper-
ion process in the vicinity of a building, and the good agreement
etween field and wind tunnel data confirmed that the instanta-
eous behaviour of the dispersion process could be modelled in a
ind tunnel. Furthermore, aimed at a slightly more complex build-

ng shape, both wind tunnel [16] and field [17] experiments have
een carried out to better understand the physical mechanisms of
eleased plume dispersion around isolated buildings. These stud-
es have been mostly limited to dispersion over a regular array of
uildings or an isolated building with relatively simple shape.

The development of modern society calls for more under-
tanding of pollutant transportation within complex building
nvironments. New problems such as cross-contamination have
een reported in our previous work [18], mainly focused on a
ollutant originating from the building itself and its dispersion
haracteristics around a building under the buoyancy effect. Under
rowd living conditions, the air pollutant exhausted from one
ousehold could probably re-enter into the neighbouring house-
olds, traveling with ambient airflow. Such pollutant dispersion
rocess is defined as air cross-contamination in our study. It is
ecessary to further investigate such processes under more com-
licated situations. A wind tunnel investigation was therefore

nitiated to reveal the properties of the pollutant field around a
ypical high-rise building. In the present paper, emphasis is placed
n concentration fluctuations. Time series of fluctuating concen-
rations were recorded at a large number of points which were
ocated at the hypothetical positions of windows. The unsteady
haracteristics of the system were analysed on the basis of the fluc-
uation intensity and the cumulative distribution function (CDF).
he 90th percentile values are also presented to illustrate the
xposure risks from a practical point of view. Understanding the
ransient transport and dispersion of gaseous contaminants around
omplicated-shaped buildings is of both scientific and practical
nterest.

. Methodology

.1. Experimental arrangement

The equipment and methods used during the experiment have
een thoroughly introduced in our previous paper [19]. In this
aper, the arrangement is only briefly outlined, and particular
ttention was paid to the quality assurance of the statistical results.

The boundary layer flow was generated in the wind tunnel with
 power law wind velocity profile having an exponent of 0.2. The
urbulence intensity profile of the approaching wind flow was sim-
lated in accordance with Terrain Category 2 stipulated in the
ustralian/New Zealand Standard [20]. The approach velocity mea-
ured in the wind tunnel at building height (1 m at model scale) was
.27 m/s, so that the building Reynolds number exceeded 15,000
21], ensuring that the measurement results were independent of
he Reynolds number. A 1:30 scale model was constructed to rep-
esent a 10-story high-rise residential (HRR) building 30 m tall in
rototype. The floor plan of the building is in a cross shape (#), and
ach floor contains eight units. Consequently, four semi-closed, so-

alled re-entrant spaces are formed in each high-rise block, into
hich the exhaust air from all the floors is discharged. This process

an lead to a high possibility of cross-contamination. The tracer
as used was air with a 99,000 ppm propane concentration. The
Fig. 1. Plan view of the building model (dimensions in mm)  with the tracer gas
source and measurement locations (source position: �; measurement points: �).

tracer gas was released from a flow-meter at a constant flow rate
(58.5 ml/s), and the nozzle exit was flush with the building sur-
face. The tracer gas sources were located in faç ade A1–A2 at the
3rd floor, the 6th floor and the 9th floor, respectively, as shown in
Fig. 1, at a point representing the normal position of toilet exhaust
air. The four measurement locations at the height of each floor rep-
resent where windows are usually located. The wind direction was
represented by �, defined as the angle between the wind direction
and the axis Y of symmetry of the building plan. The detection of
tracer gas concentrations was  achieved with a fast flame ionization
detector (FID) model HFR400, on the basis of a careful calibration
process using synthetic air and certified calibration gases of dif-
ferent concentrations. At each measurement position, sample air
was collected via sampling tubes over a period of 120 s at a data-
acquisition rate of 150 Hz.

As summarized in Table 1, all the testing cases were first con-
ducted with four wind directions under closed-window conditions.
All the cases were then repeated under open-window conditions.
In the building model, four of the eight units (Flats A, B, H and
G) in each floor have been designed to have openable windows
with effective open areas equal to 50% of the real window size.
According to the relevant building regulations in Hong Kong [22],
a window’s area should be at least equal to 1/16th of the floor area
of the room for the purpose of natural ventilation. Therefore, the
window-to-floor area ratio for the present model is controlled at
approximately 7.4%. The window’s locations and sizes are shown
in Fig. 2, while the height of each of the windows is 900 mm (in
prototype).

2.2. Quality assurance of statistical results

For statistical analysis of the concentration data, Aubrun
and Leitl [15] have evaluated the influence of the averaging
time on the statistical results through comparisons between
wind tunnel experimental data and field measurement results.
A dimensionless averaging time T∗

a = Ta/(Lref /Uref ) was used,

where Ta is the absolute averaging time, and Lref and Uref are
the reference length and wind velocity, respectively. Compared
with fully converged statistical results (T∗

a = 36,  000), it was
found that when the averaging time satisfied 200 < T∗

a < 400,
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Table 1
The configuration of each case (closed window).

Case no. E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12

Source location 3rd Floor 6th Floor 9th Floor 3rd Floor 6th Floor 9th F
Orientation �  = 0◦ � = 0◦ � = 0◦ � = 180◦ � = 180◦ � = 1

t
a
c
3

a
f
v
a

located on the 6th floor, the influence region extended to three

F
m

Fig. 2. Detailed window size and positions.

he experimental relative error for the statistical results was
cceptable. With regard to the present experiment, the T∗

a cal-
ulated on the basis of a 120 s averaging time is approximately
90.

To further check the reliability of the results, a beforehand
nalysis was performed to estimate the minimum sampling time

rom specific tests. The minimum averaging time to reach a con-
erged (i.e. representative) standard deviation is roughly 60 s
nd 90 s at selected key measurement points under closed- and

ig. 3. Standard deviation versus averaging time. (The abbreviations “D”, “S”, “F” and
easurement point, respectively.)
loor 3rd Floor 6th Floor 9th Floor 3rd Floor 6th Floor 9th Floor
80◦ � = 45◦ � = 45◦ � = 45◦ � = 90◦ � = 90◦ � = 90◦

open-window conditions, respectively, as shown in Fig. 3. It can be
seen that the required time under open-window conditions is gen-
erally longer than that under closed-window conditions because
the detected concentration could be more fluctuating when the
window is open. Even at several special measurement points such
as D0–S3–F4–P2 ( ), which is located on the deep side of the
re-entrant space, and D0–S6–F7–P1 ( ), which is located on the
vertical adjacent floor near to the source location, a 90 s sam-
pling time is sufficient to reach a converged standard deviation.
Therefore, a 120 s sampling/averaging time additionally ensured
an acceptable repeatability in the fluctuation results.

3. Results and analysis

The fluctuation intensity, cumulative distribution functions and
90th percentile values are presented and analysed here. It should
be pointed out that a significantly large amount of data has been
obtained during the experiment. The corresponding results, how-
ever, are not entirely discussed in this paper.

3.1. Concentration fluctuation intensity

The concentration fluctuation intensity is defined as i = �c/Cmean,
where �c is the standard deviation and Cmean the mean concen-
tration. Concentration fluctuation intensity is a useful statistic to
quantify the level of fluctuation of the instantaneous plume concen-
tration around the mean concentration. After examining the mean
concentration data, in general it was  found that when the contami-
nant source was located on the 3rd floor, the two  vertically adjacent
units were the most significantly influenced. When the source was
vertically adjacent floors. Therefore, the concentration fluctuation
intensities of the adjacent two floors are presented (Fig. 4) when
the source was  located on the 3rd floor, while that of the adjacent

 “P” represent the wind incident angle, source location, measurement floor and
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Fig. 4. Concentration fluctuation intens

hree floors are presented when the source was located on the 6th
oor (Fig. 5).

First it should be noted that, for most of the points, the val-
es of the concentration fluctuation intensity were greater than 1,
uggesting the fluctuations in instantaneous concentration were
t least of the same values as the actual mean concentrations. It
hould be noted that the fluctuation intensity in the vertical direc-
ion varied with both the source location and the wind direction,
ecause of the complicated interaction between the building and
he boundary layer flow. Fluctuation intensity is clearly different
rom that of an open-terrain plume, as illustrated by Mylne [23]
n his field experiments. Under open-terrain conditions, with a
ange of source heights, the downwind concentration fluctuations
n the vertical direction generally increased with height. Yassin et al.
24] examined the vertical profiles of the concentration fluctuation
t different downwind distances of an isolated high-rise building
odel, when the tracer gas was released from a ground level source

ocated behind the model. It was found that the fluctuation inten-
ity decreased along with the height, which is similar to the results
hown in Figs. 4b and 5b, which show that the fluctuation inten-
ity generally decreased from the lower floors to the higher floors
hen � = 180◦. Combining these results with the mean concentra-

ion distributions [19], it can be found that fluctuation intensities
radually increase towards the edges of the plume, where the mean
alues were relatively low, indicating less complete mixing farther
way from the source as clear parcels of air were entrained within

he plume structure. As shown from the results, the fluctuation
ntensity varied in a small range in cases E7 (Fig. 4c), E10 (Fig. 4d),
2 (Fig. 5a) and E8 (Fig. 5c), and varied widely in the other cases.
nder the same wind direction, for example, comparing cases E1
en source was located on the 3rd floor.

(Fig. 4a) and E2 (Fig. 5a), the fluctuation intensities near the source
floor were nearly constant when the source was located on the
6th floor. This is because the wind flow comes to the windward
wall and rests halfway up the building to form a front stagnation
region, which resulted in fluctuation intensities remaining constant
in height. However, when the source was located on the 3rd floor,
the tracer gas could be transported downward because of the gen-
erated upwind vortex, which results in the fluctuation intensities
generally increasing with height (Fig. 4a).

The fluctuation intensity was larger at each measurement point
under open-window conditions. In closed-window conditions, the
fluctuation intensities were generally less than two  at most points,
while they were up to twice as large when the windows were
open. Furthermore, the concentration fluctuation intensity was
nearly uniform on each of the building faç ades on the same floor
when the windows were closed, but differed under open-window
conditions. These results indicate that the flow is more complex
and more turbulent under open-window conditions because of the
stronger mixing effect introduced by cross-ventilation. The figures
also reveal that the distributions of concentration fluctuation under
different window opening conditions are relatively similar. This
result is consistent with the turbulence scales generated by the
interaction of the building with the flow, which are mainly domi-
nated by the building structure.

3.2. Cumulative distribution function
Another important parameter presented here is the CDF of each
concentration time series [16]. The CDF represents the proportion
of concentration readings within a time series that lie below a given
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Fig. 5. Concentration fluctuation intens

oncentration (expressed as the ratio between the instantaneous
nd mean concentration values). The CDF provides the following
nformation [17]: (a) the concentration fluctuation intensity, which
s indicated by the slope of the central part of the curve (the lower
he intensity the steeper the gradient); (b) intermittency, which
s indicated by the intercept on the vertical axis; and (c) the ratio
etween peak and mean obtained, which is obtained from the x-
alue at which the CDF reaches 1. The definition of intermittency is
he proportion of the concentration time series for which the con-
entration is at or below a threshold value, which in this case is the
ero concentration. When the source was located in the middle of
he building, the measured mean concentrations were relatively
igher compared with the results from other source locations,
hich deserve further analysis. Therefore, the results presented
ere were first derived from data in which the source was  located
n the 6th floor, under � = 0◦ and � = 180◦, followed by a direct
omparison between the other two wind directions.

Fig. 6b presents the progression of the CDF shape on vertically
djacent floors when the source was located on the 6th floor under
losed-window conditions. The time series for one of the selected
oints are also presented in Fig. 6a for comparison purposes. First, it
an be seen that the basic fluctuation features at each measurement
oint are clearly revealed through the CDF shape. For example, as
hown in Fig. 6b3, the intermittency factors for points located on
he 5th floor when � = 180◦ are greater than 0.7, while they are
pproximately 0.2 in other positions (as shown in Fig. 6b1, b2 and

4). This occurrence is also reflected by the concentration time
eries data; for points on the 5th floor when � = 180◦ the concen-
ration value is nearly zero for about 70% of the sampling period, as
hown in Fig. 6a3. It is additionally shown that both the fluctuation
en source was  located on the 6th floor.

intensity and the peak-to-mean ratio at these points are relatively
large, because of the comparatively low value of the mean concen-
tration obtained at that floor.

Second, the CDF shapes are very similar at different measure-
ment points on the same floor, indicating similar concentration
fluctuation characteristics at the same floors. With regard to the
different floors (Fig. 6b1 and b2), the CDF shapes are very much
alike between the upper and lower floors. This suggests that
the cumulative distribution frequencies of concentration fluctu-
ation in the vertical direction are basically symmetric from the
source floor when � = 0◦. With regard to different building ori-
entations, the shapes of the CDF on the 5th floor are obviously
different under � = 0◦ and � = 180◦ (as shown in Fig. 6b1 and
b3), while they are similar on the 7th floor when compared
between b2 and b4. This result is probably attributed to the vertical
vortices generated at the leeward wall with flow direction from
bottom to top. This situation results in the concentration data
obtained on the 5th floor becoming more intermittent when
� = 180◦.

Fig. 7 shows the CDF shapes of selected floors when � = 0◦

and � = 180◦, under open-window conditions. It can be seen that
the overall CDF shapes are slightly different compared with the
results obtained under closed-window conditions. When the win-
dows are open, the concentration data are highly intermittent,
and the intermittency factors obtained under � = 0◦ range up to
0.6. When � = 180◦, as shown in Fig. 7c and d, both the inter-

mittency factor and peak-to-mean ratio are also larger than that
shown in Fig. 6b3 and b4. These results further reveal that the
concentration fluctuation is more severe under open-window con-
ditions.
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ig. 6. Time series for point P1 and CDF shapes of P1 to P4 on vertical adjacent floor
he  7th floor, respectively.)

It should be noted that comparable differences also exist under
pen-window conditions. Comparing Fig. 7a and b, the CDF shapes

re also very much alike between the vertical upper and lower
oors, and the results for different measurement points on the
ame floors are close. With regard to different building orientations,
n the 5th floor when � = 180◦, the CDF shape also shows a long
 closed-window condition. (The abbreviations F5 and F7 represent the 5th floor or

gentle slope characteristic of a highly fluctuating region of flow
with a comparatively high peak-to-mean ratio, while the intermit-

tency is about 0.8. This result suggests that the differences between
basic fluctuation features compared between measurement points
are not significantly different when the windows are opened, at
least for the present cases.
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Fig. 7. CDF shapes on vertical adjacent floors with open-window condition. (

Fig. 8 shows comparisons of CDF at the same measurement
oints under two wind directions (� = 45◦, � = 90◦) with closed win-
ows. It can be seen that when the incident angle is � = 45◦, the
uctuation intensity of the point P1 on the adjacent upper floor is
igher than that of � = 90◦ (as shown in Fig. 8b), but on the adjacent

ower floor it was lower than that of � = 90◦ (as shown in Fig. 8a).
omparing different CDF shapes, the intermittency factor at point
1 on the 7th floor under � = 90◦ is the largest, which indicates that
uring 40% of the sampling time the concentration level detected
t that point is near zero.

Both the concentration fluctuation intensity and the CDF pre-
ented above illustrate the fundamental characteristics of the
oncentration fluctuations. With respect to hazard assessment, the
ollowing analysis is based on “instantaneous” concentration val-
es, to further investigate the practical impact induced by the
uctuations.

.3. 90th percentile values

Usually, for the target building, kitchen and bathroom win-

ows are opened towards the re-entrant space into which exhaust
ir from all the floors is discharged, such as cooking odours gen-
rated from cooking processes. Taking into account concerns of
dour annoyance, the 90th percentile values (the concentration

Fig. 8. CDF shapes under the other two
bbreviations F5 and F7 represent the 5th floor or the 7th floor, respectively.)

levels exceeded 10% of the time) are presented here. These values
give a clearer indication of where the high peak values occur than
the intensity does. To study such dispersion processes, important
parameters that can lead to an experience of annoyance depend
upon the “instantaneous” concentration level over a time scale
related to human breath. The temporal behaviour of the disper-
sion process should be captured and analysed over a time scale
as small as one inhalation period (between 1 and 2 s). Thus, the
original data-acquisition rate of 150 Hz is not required. There-
fore, the 90th percentile values were calculated using 2 s-averaged
(prototype) data. The 90th percentile values can be used to examine
high concentration levels and to evaluate whether these can lead
to an experience of odour annoyance. The definition of an odour
unit per volume (1 OU m−3) is associated with odorant concentra-
tion. A threshold value is the concentration of a substance that
can be detected by half of the people present. However, this con-
centration level varies from person to person depending on their
sensitivity to odours, and it is also different for various kinds of
odorous substances. Thus, the key parameter used to evaluate the
odour concentration level is actually the dilution factor. In this sec-

tion, the 90th percentile values are presented in the following two
ways: first, they are normalized by the mean concentration at each
point to evaluate the high-concentration effect and the degree of its
deviation from the local mean at each individual point; and second,

 wind directions (� = 45◦ , � = 90◦).
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Table 2
The 90th percentile normalized by mean concentration of each point (source located on the 6th floor, with closed windows).

Floor � = 0◦ � = 180◦ � = 45◦ � = 90◦

P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4

3 2.7 2.6 2.9 2.6 1.9 2.2 2.1 2.1 2.6 2.5 2.4 2.2 2.3 2.2 2.4 2.2
4  2.8 3.0 3.0 3.3 3.9 4.2 3.3 4.3 2.5 2.6 2.5 2.4 2.0 1.9 2.2 2.2
5  2.6 2.8 2.9 3.2 3.7 4.1 3.8 4.6 2.5 2.6 2.7 2.4 2.0 2.0 2.4 2.3
6 2.8  2.9 3.1 3.5 2.5 3.6 4.3 3.6 2.2 2.3 2.6 2.5 2.6 2.5 3.0 2.4
7  2.8 2.7 2.9 3.2 2.5 2.6 2.7 2.7 2.3 2.3 2.3 2.1 3.1 3.3 3.5 4.4
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8 2.7  2.6 2.8 3.1 2.3 2.2 2.2 

9  2.5 2.6 2.7 2.8 2.1 1.9 2.0 

hey are normalized by the source concentration to give direct
nformation about the dilution level and the frequency of exposure.

The 90th percentile values non-dimensionalized by the mean
oncentration are presented in Table 2 under different wind direc-
ions when the source is located on the 6th floor and windows are
losed. As shown from the results, this ratio does not show a large
ariation in the studied region, and generally ranges from two to
ve in the presented cases. In the wind tunnel experiment con-
ucted by Aubrun and Leitl [15], it was found that factors between
hese 90th percentile values and the mean concentration were less
han four at most positions located in the vicinity of a pig barn. It
an be observed that the ratio fluctuates around 2.8 when � = 0◦,
hile it fluctuates around 2.3 when � = 45◦. This result suggests

hat the levels of turbulence in the latter case are slightly lower
han those of the former. This result is expected in view of the fluc-
uation intensity values presented earlier, as shown in Fig. 5a and

 (cases E2 and E8, respectively). Furthermore, it should be noted
hat the ratio is nearly constant in both cases mentioned above,
hile it varies over a wider range in the other two  cases studied,

n which the re-entrant spaces did not face into the wind and can
e treated as a “transposed canyon”, to some extent. Pavageau and
chatzmann [11] showed a variable value ranging from 1.5 to 6 for
he ratio of the 99-percentile value over the mean concentration,
escribed in their wind tunnel studies aimed at studying disper-
ion in a street canyon, while corresponding simulation studies also
howed similar results (from 1.5 to 5) [25].

When assessing the impact of odours, it is important to study
oth the concentration of odours and their frequency of occurrence.
xamination of the spatial distribution of this 90th percentile is
lso useful to estimate the concentration level at each location
ffected by the source. Table 3 gives the 90th percentile values
ormalized by source concentration. When the odour concentra-
ion at the source location was known, the values and positions
f short duration peaks could therefore be estimated to check for
ritical thresholds being exceeded. It can be observed from the
esults that even several floors away from a source the calcu-

ated 90th percentile ratio factor can remain larger than 1% in both
ertical directions. In some positions such as points opposing the
ndex unit, the 90th percentile concentration can reach one order
f magnitude lower than the source concentration. These results

able 3
he 90th percentile normalized by source concentration (source located on the 6th floor,

Floor � = 0◦ � = 180◦

P1 P2 P3 P4 P1 P2 P3 P4 

3 1.0 0.9 1.0 1.0 0.0 0.0 0.0 0.0 

4  1.2 1.2 1.3 1.4 0.9 1.2 1.3 1.6 

5  1.6 2.0 2.5 2.9 0.7 0.8 2.0 3.8 

6 3.6  4.2 5.6 5.2 6.1 1.6 7.1 10.3 

7 1.7  2.4 2.7 2.7 1.6 2.7 4.6 6.8 

8  1.1 1.3 1.2 1.3 1.7 2.0 2.2 3.8 

9 0.6  1.0 0.8 0.8 1.6 1.6 1.8 2.4 
2.3 2.2 2.2 1.9 3.6 3.1 2.9 2.2
1.9 2.2 2.1 1.8 1.9 1.7 2.1 2.3

directly illustrate the impact of the source location. For example,
when exhaust air is released from one household during cooking
processes, at a concentration equal to 1000 OU m−3, the 90th
percentile concentration obtained in several adjacent households
could be several odour units per cubic meter under the given values.
Thus, the possibility of causing odour annoyance can be estimated
based on the concentration level, frequency and duration of expo-
sure.

3.4. Airborne infection risk assessment

Respiratory infectious diseases can be transmitted through the
inhalation of droplet nuclei [26], which can be suspended in air
and remain airborne for prolonged periods. It has been proved that
both emerging (such as SARS, severe acute respiratory syndrome)
and re-emerging (such as TB, tuberculosis) respiratory infections
can be spread by the airborne route. The outbreak of SARS and the
pending flu pandemic called for more understanding of the air-
borne transmission mechanism. During the dispersion process, the
transient concentrations can be significantly higher than the mean
concentrations. For the prevention and control of airborne infec-
tion transmission, it is therefore necessary to estimate the practical
impact induced by the instantaneous peak concentrations within a
time scale as small as one inhalation period. A widely used infection
risk assessment model, i.e. the Wells–Riley model, was employed
to estimate the probability of airborne transmission of an infectious
disease due to this kind of cross-contamination [27]:

P = C

S
= 1 − exp

(
− Iqpt

Q

)
(1)

where P is the probability of infection, C the number of infection
cases, S the number of susceptibles, I the number of infectors, p
the pulmonary ventilation rate of a person, q the quanta genera-
tion rate, t the exposure time interval, and Q the room ventilation
rate. Exposure to one quantum of infection gives an average prob-
ability of 63% (1 − e−1) of becoming infected. This equation can

incorporate spatially distributed infection risk by conducting tracer
gas measurements. Assuming that the tracer gas is released from
the location of the infector (source position), the concentration at
the location of each susceptible person can be measured, allowing

 with closed windows).

� = 45◦ � = 90◦

P1 P2 P3 P4 P1 P2 P3 P4

1.0 0.8 0.6 0.6 1.5 1.3 1.5 1.5
1.4 1.1 1.0 0.9 1.6 1.6 2.3 2.4
1.8 1.8 1.7 1.3 2.4 2.7 5.2 6.1
4.5 4.3 3.8 3.7 2.9 2.9 7.0 11.9
2.1 1.9 1.5 1.2 1.6 1.8 2.9 4.2
1.1 0.8 0.6 0.6 0.8 0.6 0.6 0.5
0.9 0.6 0.4 0.4 0.2 0.1 0.2 0.2
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Table 4
Infection risk probabilities calculated by instantaneous peak concentration values (source located on the 6th floor with open windows).

Floor � = 0◦ (in %) � = 180◦ (in %) � = 45◦ (in %) � = 90◦ (in %)

P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4

3 0.01 0.01 0.01 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02
4  0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02
5  0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.03 0.02 0.02 0.01 0.02 0.01 0.01 0.02 0.03
6 0.10  0.05 0.03 0.02 0.07 0.03 0.04 0.04 0.08 0.05 0.02 0.02 0.05 0.02 0.03 0.04
7 0.02  0.03 0.02 0.02 0.02 0.04 0.03 0.03 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.03

0.02 

0.02 

t
t
l
t
c
t
d

d
t
u
t
i
v
m
a
a
T
n
f
b
t
v
e
r
i
t
t
p

4

s
e
p
o
d
t
v
w
p
fl

p
o
g
o
f
t
fl
a
l

8  0.01 0.01 0.01 0.01 0.01 0.02 0.02 

9  0.01 0.01 0.01 0.01 0.01 0.02 0.02 

he derivation of spatial distribution of infection risk. Here using
he experimental results, the infection risk at each measurement
ocation can be estimated based on instantaneous peak concen-
ration values derived from 2 s-averaged (prototype) data, and the
orresponding exposure time is 2 s. This is to estimate the poten-
ial risk induced by instantaneous peak concentration presented
uring one inhalation period of humans (2 s).

In view of the high peak-to-mean ratio under open-window con-
itions, as shown in Fig. 7, the following results are calculated by
he data obtained when the source was located on the 6th floor
nder open-window condition. ASHRAE [28] recommends that
he outdoor air requirements are 0.03 L/s m2 in residential build-
ngs over three stories, which is assumed as the constant room
entilation rate for the present study. Supposing a hypothetical
easles outbreak with a high value for quantum generation rate

t the source location, q = 570/h [29], pulmonary ventilation rate
t 0.6 m3/h [30], the calculated infection probabilities are listed in
able 4. It can be seen that the probabilities calculated by instanta-
eous peak concentration values are under 0.1% in all the positions

or the presented cases. This suggests that the infection risk caused
y instantaneous peak concentration can be neglected. Although
he peak concentration value can be clearly higher than the mean
alue, the risk is still significantly low due to the extremely short
xposure time. Furthermore, using gas phase surrogate in the
isk assessment considers all the aerosols to be suspended and
nhalable, and also ignores the deposition of particles. The infec-
ion risk values calculated here can be expected to overestimate
he risk level, compared with that of using respiratory infectious
articles.

. Conclusions

The development of modern society calls for a greater under-
tanding of pollutant transportation within complex building
nvironments. To have a better understanding of air pollutant dis-
ersion processes around high-rise residential buildings, a series
f wind tunnel experiments were designed and performed under
ifferent configurations. In this paper, features of concentra-
ion fluctuations were thoroughly examined from two points of
iew: first to check the turbulent fluctuation characteristics of
ind-induced cross-contamination and second from a practical
oint of view to illustrate the practical impact of concentration
uctuations.

With regard to the fluctuation characteristics of the dispersion
rocess, we found that for most of the points studied, the values
f the concentration fluctuation intensity were greater than 1, sug-
esting that fluctuations in instantaneous concentration are at least
f the same values as the actual mean concentrations. It is there-
ore necessary to estimate not only the mean concentration but also

he concentration fluctuations. It was also found that variations in
uctuation intensity are quite sensitive to both the source location
nd the wind direction. Moreover, as the CDF curves show, even in
ocations where the mean concentration values are relatively low,
0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.02
0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01

the investigation of concentration fluctuations is still important as
gas entrainment could be very intermittent and sudden peaks in
concentrations may  occur, probably followed by long periods of
near-zero concentration.

To examine the features of concentration fluctuations from a
practical point of view, an averaging time of 2 s was  applied on the
time series of concentration in order to analyse the “instantaneous”
concentration level over a time scale related to human breath. The
temporal behaviour of the dispersion process was  captured over a
time scale as small as one inhalation period. With regard to odour
assessment, the 90th percentile values give a clearer indication
of where the high peak values occur than the intensity does, and
it was  found that the instantaneous peak concentration level can
be strong enough to lead to an experience of odour annoyance.
With regard to infection risk assessment, although the peak con-
centration values are much higher than mean values, the infection
risks calculated by peak concentration values can still be neglected.
Under the scenario of highly infectious agents such as measles,
the infection probabilities are still under 0.1%, indicating the peak
concentration values are not significant for airborne infection risk
assessment.

Fluctuation behaviours during the hazardous gas dispersion
process around a high-rise building due to wind effects were com-
prehensively discussed herein. The study is focused on the vertical
dispersion characteristics within high-rise buildings. The disper-
sion characteristics could be different if the building was  low.
From the fluctuation characteristics illustrated in this study, it is
not adequate to examine the mean concentration field alone, and
fluctuating concentrations should be examined when evaluating
potential risks. The results can be used to identify the regions of
the flow where ignition could have taken place under an acciden-
tal release of flammable gas. Emergency ventilation strategies such
as positive pressure ventilation (PPV) should be developed to con-
trol this kind of accidental release. Based on the odour assessment,
more targeted and more effective intervention should be designed
to improve the building environment. Possible optimal strategies
such as using central stack or individual mechanical ventilation can
be useful to minimize such cross-contamination. The experimental
data presented in this study can also be used to validate the CFD
models in the future work, so that the airflow and dispersion can
be examined in more detail via computational methods. It is hoped
that the valuable data set provided in this study will prove a use-
ful basis for future HRR building environment research, shedding
light on more effective and practical methods for pollution control
and leading to improvements in urban air quality modelling and
assessment.
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