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In this present work, the characteristics of hazardous gas dispersion and possible cross-unit contamina-
tion around a complex-shaped high-rise residential building due to wind effect are thoroughly studied
using physical modeling method. Experiments were performed in a boundary layer wind tunnel for a
1:30 scale model that represented a 10-story residential building in prototype. Tracer gas, simulating
exhausted room air, was continuously released from different floor levels, and its concentrations on the
adjacent envelope surfaces were measured using fast flame ionization detectors. The mean concentra-
tion fields were reported and analyzed under different configurations during the experiment to consider
the effects on pollutant dispersion behavior due to changes in source position and approaching wind
condition, with the main emphasis on the differences between open-window and closed-window con-
ditions. In particular, the measured concentration fields were further examined from a practical point
of view, with respect to hazard assessment. Understanding these hazardous plume dispersion features
is useful for employing effective intervention strategies in modern residential building environment in
case of hazardous substance release. The study on this physical process is not only helpful to reduce the
hazardous effect of routine release of harmful pollutant near the building, but also useful for the purpose
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of prevention and control of accidental infectious diseases outbreak.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Air pollution can have a wide range of negative consequences
for public health. Understanding the characteristics of hazardous
plume dispersion in typical building environment is the pre-
requisite for risk assessment. Many previous studies have been
conducted on the behavior of plumes released near different urban
environments, ranging from city scale [1], building arrays [2], street
canyons [3] to an isolated single building [4]. A large body of work
on pollutant dispersion in urban areas over different scales has been
summarized by Britter and Hanna [5].

In recent years, the possible airborne transmission route
of highly infectious diseases within building environment has
attracted great attention. The infectious particles were often con-
sidered to be droplet nuclei, which can remain airborne for
prolonged periods because of their low settling velocity. Infection
via inhalation of pathogen-carrying droplet nuclei is termed “air-
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borne transmission” [6]. It has been proved that many infections
including tuberculosis (TB) [7], measles [8] and influenza [9] can be
spread by the airborne route. In particular, Yu et al. [10] published
the key findings in the New England Journal of Medicine, for the SARS
outbreak in one real estate (Amoy Garden) in Hong Kong. Their epi-
demiologic analysis and experimental studies, supplemented with
airflow simulations supported the probability of an airborne spread
of the SARS virus in this large community outbreak. These increased
concerns over the effects of pollution on human health and the
requirements in preventing infectious disease transmission have
also increased the need for thorough studies of pollutant disper-
sion around buildings, especially in high densely populated areas
with crowd living conditions.

In many metropolitan areas, a large number of people live in
high-rise residences. The changes in building design were devised
to improve land use efficiency, but led to more complex disper-
sion routes of pollutant that have not been observed before [11].
Under crowd living conditions, the air pollutant exhausted from
one household could probably re-enter into the neighboring house-
holds. Our previous works, applying both on-site measurement and
numerical simulation methods [12-14], identified the possible ver-
tical transmission pathin high-rise residential (HRR) buildings with
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Fig. 1. Plan view of the building model (dimensions in mm) with the tracer gas
source and measurement locations (source position: ®; measurement points: a).

single-side open-window due to buoyancy effect. It was revealed
that the room upstairs could contain up to 7% of the exhaust air from
the immediately adjacent flat downstairs when the wind speed is
relatively low, which led to a cross-contamination.

The objective of this study is to further investigate the wind-
induced pollutant dispersion process around a typical HRR building
in Hong Kong, with a complex building shape. The floor plan of the
studied building is in cross shape #, and each floor contains eight
units. The plan view of this kind of building is shown in Fig. 1. It
comprises a central core and residential units extending outward
from the core in eight directions, consequently four semi-closed,
so-called re-entrant spaces are formed in each high-rise block. This
design is to fulfill the relevant Building Regulations [15] and code
of practice in force in Hong Kong. Then, each room in a unit may
have more external wall and window areas, accessible to daylight
and outside air. However, such building design can lead to the
accumulation of pollutants and subsequent cross-contamination in
the re-entrant space. A number of investigations of the re-entrant
effects on the pollutant dispersion have been conducted [16,17].
In order to investigate the detailed mechanisms of such process, a
series of experiments were designed and undertaken in a boundary
layer wind tunnel. The cross-contamination has been preliminar-
ily reported in our earlier paper, without considering the window’s
effect and the practical impact due to this phenomenon [18]. In this
paper, the mean concentrations at different positions under both
normal and oblique wind directions were measured and analyzed
to reveal the detailed hazardous plume dispersion mechanisms
under the effect of wind, with both closed-window and open-
window conditions. For modern residential buildings, the indoor
temperature is usually higher than outdoors due to insolation and
the numbers of electronic devices even though they are not in use
[19]. Under such circumstance, residents would be most likely to
open the windows to provide cooling and ventilation, which can
be reasonably expected to result in different dispersion features
between different window configurations.

Moreover, the measured concentrations were further examined
from the practical point of risk analysis. With regard to the airborne
transmission risk of highly infectious diseases, one quantitative
infectionrisk assessment model, i.e., the Wells-Riley model [8], was
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Fig. 2. Normalized wind profile of the approaching wind.

employed to evaluate the risk of these diseases to the neighbors
based on the measured concentrations. This model has been
widely used to estimate the infection risk in enclosed spaces
[20], including hospital wards [21] and public transportation
facilities [22]. In this study, the assessment was conducted based
on both mean and the instantaneous peak concentration values.
The results are compared to estimate the potential cross-unit
contamination risks induced by either mean or instantaneous
peak concentration presented during one inhalation period of
humans.

2. Methodology
2.1. Experimental design

The experiments were undertaken in the low speed section of
Wind/Wave Tunnel [23]. Roughness elements, spires and fences
were used to generate the boundary layer flow in the wind tunnel
with a power law profile having an exponent of 0.2. The turbulence
intensity profile of the approaching wind flow was simulated in
accordance with Terrain Category 2 stipulated in Australian/New
Zealand Standard [24]. The mean velocity profile was presented by
wind velocity ratio Uyg defined as U(Z)/Ug, to satisfy the boundary
conditions similarity criteria. It was normalized by the appropriate
characteristic velocity Uges which was selected as the wind velocity
at building height in this experiment. The approach flow profiles
[25] was measured 1.5 M upstream of the building model location.
The designed and measured mean velocity and turbulence intensity
profile were shown in Fig. 2.

For wind tunnel modeling of flow and plumes dispersion, one
set of requirements for similarity between scale model and proto-
type should be carefully examined, which have been reported in
several literature [26,27]. Within these similarity conditions, sev-
eral of the dimensionless parameters can be neglected due to their
low relative importance when simulating transport and dispersion
around buildings, while Reynolds number (Re) independence is
required in terms of the normalized Navier-Stokes equation. When
the Reynolds number is sufficiently large, both flow and scalar
dispersion are effectively independent of Re, without considering
thermal effects. This has become a standard concept in wind tun-
nel modeling of dispersion [28]. It is now known that the criteria
are affected by source location, building orientation, and measure-
ment location [29]. Simulations for measurement locations in the
middle to far wake region (x>1H downwind) may only require
Re=UyH/[v>3000 if a truly turbulent exhaust plume exists. How-
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Table 1

Configuration of each case (closed-window).
Case no. E1l E2 E3 E4 E5 E7 E8 E9 E10 E11 E12
Source location ~ 3rd Floor ~ 6th Floor  9th Floor  3rd Floor  6th Floor = 9th Floor  3rd Floor  6th Floor = 9th Floor  3rd Floor  6th Floor  9th Floor
Orientation 6=0° 6=0° 6=0° 6=180° 6=180 6=180 6=45° 6=45° 6=45° 6=90° 6=90° 6=90°

ever, concentration distributions on the building surface itself may
vary with wind speed until Re values exceed 15,000 [30], since the
produced smaller plumes will be dominated more by plume size
eddies rather than building size eddies, which is likely to make their
dilution more Reynolds number dependent. With respect to our
investigations, the approach velocity measured in the wind tunnel
at building height (1 m at model scale) was 3.27 m/s, the Reynolds
number of wind tunnel modeling is about 2 x 10> which is much
larger than the criteria. Thus the Reynolds independence can be
satisfied.

The sketch map of the experimental configuration was shown in
Fig. 1. One 1:30 scale model was constructed to represent a 10 sto-
ries HRR building with 30 m height in prototype. Such a large-scale
model can allow greater spatial resolution of concentration data
[31], while the blockage ratio in the wind tunnel is controlled at
approximately 5% to minimize the requirements for blockage cor-
rection [32]. In addition, the model does not exceed half the wind
tunnel height during the experiments. In this study, we confined
ourselves to a single, stand-alone building in order to simplify the
problem, and the influence introduced by neighboring HRR building
was ignored although majority of the Hong Kong buildings in reality
are clustered. The wind direction was represented by 6, defined as
the angle between the wind direction and the axis Y of symmetry of
the building plan, as shown in Fig. 1. The tracer gas used is propane
of 99,000 ppm concentration. The density difference between this
tracer gas and air is within 5%, thus the buoyancy effect is negligi-
ble during this experiment. The tracer gas sources were located at
three different floors in one of the re-entrant spaces, respectively at
the 3rd floor, the 6th floor and the 9th floor on facade A1-A2. The
tracer gas was released through a flow-meter at a constant flow
rate (58.5 ml/s) at a nozzle exit, which was flush with the building
surface. The exit opening was enlarged to make sure the velocity of
the source gas was low to 0.38 m/s, which was about one order of
magnitude lower than the wind speed. Thus it can be assumed that
source momentum effects were not significant. The concentration
measurements were taken on the building surfaces at four points
each floor, as shown in Fig. 1.

As summarized in Table 1, a series of testing cases were first
conducted with four wind directions under closed-window condi-
tion. After that, all the cases were repeated under open-window
condition to evaluate the effect induced by the residents’ behavior
of window opening. In the building model, 4 of the 8 units (Flats
A, B, H and G) in each floor have been designed to have openable
windows with effective open area equal to 50% of the real win-
dow size. According to the relevant building regulations in Hong
Kong [33], the window’s area should be at least equal to 1/16th
of the floor area of the room for the purpose of natural ventila-
tion. Also, China Standard [34] specified that for each dwelling,
the window’s area should be no less than 1/20th of the floor area.
Therefore, the window-to-floor area ratio for the present model
is controlled at approximately 7.4%. The window’s location and
size were shown in Fig. 3, while the height of all the windows is
900 mm (in prototype). With the door of each unit closed, the exter-
nal wind flow can only flow across the building model through
the designed open-window located in the 4 units. The pollutant
dispersion routes could be more complicated when all the units
have open windows and doors, due to the internal cross ventila-
tion through the corridors, and it is out of the scope of the present
work.

2.2. Measurement method

Cobra probe was used to determine the wind profile due to its
advantages and reliability [35], with an accuracy of 0.3 m/s and
+1° pitch and yaw up to about 30% turbulence intensity. The detec-
tion of propane concentrations was achieved with a fast-response
flame ionization detector (FID) model HFR400 [36]. Four FID sets
were used to simultaneously sample the building surface concen-
trations. At each measurement position, sample air was collected
via sampling tubes over a period of 120s at a data-acquisition rate
of 150Hz to obtain stable estimates of mean concentration. The
measurements correspond to full-scale concentrations obtained
in a 1-h period. The signal was then passed through a low pass
filter which effectively eliminates the alias errors, and was post-
processed digitally to obtain the desired mean values, variances and
related statistical quantities. For each stage of experiment, concen-
tration measurements were taken at each floor at different facades
within the re-entrant space to enable dispersion patterns to be
mapped out in detail. The background concentration in the wind
tunnel was measured upstream of the model and subtracted from
the measured concentrations.

The calibration of the fast FID was carried out using synthetic
air and certified calibration gases of different concentrations (from
51.2 ppm to 99,000 ppm). The calibration was repeated to ensure
that the calibration error is generally within 10% when it was used
to measure the standard gas with the lowest concentration, which
is 51.2 ppm. It was also found that that there was considerable vari-
ation in the FID calibration from day to day, as reported by Baker
and Hargreaves [37]. Thus the calibration was performed before
and after each series of experiment to check the stability of the
equipment.
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Fig. 3. Detailed window size and positions.



X.P. Liu et al. / Journal of Hazardous Materials 192 (2011) 160-167 163

3. Results and discussions
3.1. Normalized mean concentration profiles

The normalized mean concentration profiles were pre-
sented using the usual form of non-dimensional concentration
Kc = CimeanUyH?%/Q where Cean is the measured mean concentra-
tion value, Uy is the mean wind speed at height H, H is the building
height and Q is the volumetric flow rate of the gas source. The
dimensionless concentration expresses the absolute differences of
concentrations for different configurations under room tempera-
ture. The mean concentration distributions combined with surface
pressure distributions under closed-window condition have been
discussed before [18], thus the discussion presented here is mainly
focused on the differences between open and closed-window con-
ditions.

Figs. 4-6 show the normalized mean concentration coefficients
at each floor under different wind directions, when the source was
located in the 3rd, 6th and 9th floor, respectively. By examining the
mean concentration values at different locations, the influenced
regions under various kinds of configurations can be clearly seen
from the results. Considering window’s effect, it can be observed
that the plume dispersion characteristics were similar under both
window configurations, while the concentration level in each mea-
surement point would be lowered when the windows were open.
The variation trends of measured mean concentration were about
the same under both window opening conditions. Both the vertical
and horizontal dispersion reported by Liu et al. [18] under closed-
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window conditions can still be found from the results obtained
under open-window conditions. The air pollutant exhausted from
the index unit (Flat A) can be transported through the re-entrant
space to the window’s location of either Flat H in the horizontal
direction, or to the other flats (Flats A and H) located in the vertical
adjacent floors. The highest concentration presented in the source
floor, and the concentrations at other floors generally decreased
with distance from the source floor, both upward and downward in
the vertical direction, while the concentration level reduced more
rapidly under open-window conditions. It should also be noticed
that the concentration detected at different facade in the same floor
were considerably different under open-window condition, espe-
cially in the source floor, while it was close to each other under
closed-window condition. Part of the tracer gas that penetrated
indoors via the open windows contributed to the reduced concen-
tration levels obtained at the window’s locations. With regard to
different source positions, it can be found that the open-window
effect was more obvious when the source was located in the middle
height of the building. For example, as shown in Fig. 5(a) and (c), the
concentration values measured in two floors away from the source
floor were clearly reduced with open-window condition, while the
concentration level can be of the same magnitude as that of the
source floor when the windows were closed.

With regard to different wind directions, when the wind
incident angle were 0° and 180°, the largest discrepancy in con-
centration magnitude was found in case E2, as shown in Fig. 5(a),
when the source was located in the 6th floor, the concentration val-
ues obtained in 8 = 0° under closed-window condition were about 4
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Fig. 4. (a-d) Normalized concentration distributions under different wind directions, when tracer released at the 3rd floor.
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Fig. 5. (a-d) Normalized concentration distributions under different wind directions, when tracer released at the 6th floor.

times (measured by an average of all the measurements) larger than
those obtained under open-window condition. When the wind inci-
dent angles were 45° and 90°, the overall concentration levels were
obviously lower when there are openings along building facades.
The dilution effect induced by cross-ventilation under these two
wind directions is relatively stronger than that under the other
two wind directions. With open windows, the airflow across the
building wings can effectively increase the air change rate in the re-
entrant space, in contrast to the “air curtain” effect across the open-
ing of the re-entrant space under closed-window condition. Taking
no account of the extremely low concentration values, for each pair
of cases with the same wind direction and the source location, the
averaged Kc(close)/K.(open) ratio were from 4 to 7. For each indi-
vidual measurement point, the ratio is ranged from about 1 to 12.

It can be concluded that under the current configurations,
when the window-to-floor area ratio is approximately 7.4%, the
key features of wind-induced near-building dispersion are sim-
ilar between open-window and closed-window situations. The
obvious differences of mean concentration profiles only exist in
the concentration magnitudes, the concentrations measured under
open-window condition are generally within one order of magni-
tude less than those under closed-window conditions.

3.2. Infection risk assessment

Based on the concept of “quantum of infection” (a quantum is
defined as the number of infectious airborne particles required to

infect the person and may consist of one or more airborne particles),
the Wells—Riley equation is presented for the purpose of estimating
the probability of airborne transmission of an infectious disease [8]

o (1)

where p is the probability of infection, C is the number of infec-
tion cases, S is the number of susceptibles, I is the number of
infectors, P is the pulmonary ventilation rate of a person, q is
the quanta generation rate, t is the exposure time interval, and Q
is the room ventilation rate. The Wells-Riley equation is set up
on the assumptions of a well-mixed and steady-state condition.
However, the equation can also incorporate spatially distributed
infection risk by conducting tracer gas measurements, which does
not require the assumptions [38]. Some risk assessment studies
have also used these approaches to estimate the infection risk, by
employing numerical simulation method [13,21]. Here using the
experimental results, the infection risk of highly infectious diseases
such as measles can be evaluated.

ASHRAE [39] recommends that residential buildings taller than
three stories would require an amount of fresh air intake of
0.031/s m2, which is assumed as the constant room ventilation rate
during the following studies. Supposing a hypothetical measles out-
break with a high values for quantum generation rate at the source
location, g=570h~1 [40], pulmonary ventilation rate at 0.6 m3/h
[13], the calculated infection probabilities are listed in Table 2. The
corresponding exposure time is 1 h. The following results were cal-
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Fig. 6. (a-d) Normalized concentration distributions under different wind directions, when tracer released at the 9th floor.

culated by the data obtained under closed-window condition when
the source was located in the 6th floor, considering its relatively
high mean concentrations obtained under this configuration. These
results give an estimation of the infection risk level at different posi-
tions. In general, the infection risk can remain in a non-negligible
level even at several floors away from the source location under
different conditions. In particular, the probabilities can be greater
than 10% in vertical adjacent flats and the opposite flat when 6 = 45°
and 0=90°. The highest infection risk can be up to 23%, in the
opposite flat when 6=90°, indicating that the hazardous plume
can be accumulated in the deep side of the re-entrant space and
lead to a high infection risk. These mean infection risk probabili-
ties show that in case of an outbreak of highly infectious disease,
both the vertical and horizontal transports of infectious diseases in

high-rise residential buildings are worthy of due consideration in
infection control. And the spatial distribution of infection risk can
be characterized by the mean concentration distributions.
Moreover, it was noticed during the experiment that the tran-
sient concentrations can be significantly higher than the mean
concentrations. For the prevention of highly infectious disease, it
is necessary to check the practical impacted induced by the instan-
taneous peak concentrations. The instantaneous concentrations
should be analyzed with a time scale as small as one inhalation
period of humans (between 1 and 2 s). As for this aspect, the original
data-acquisition frequency of 150 Hz is not required. Thus, all the
instantaneous concentration values were calculated using the 2 s-
averaged (in prototype) data, and the corresponding infection risks
calculated by peak concentration values were shown in Table 3.

Table 2
Infection risks calculated by mean concentration values (source located in the 6th floor with closed windows).
0=0° 0=180° 0=45° 0=90°

Floor P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4
3 2.06 1.86 1.87 2.13 0.37 0.23 0.40 0.30 1.98 1.65 1.44 1.49 3.46 3.17 3.40 3.59
4 2.21 2.18 2.35 2.35 1.21 1.51 2.12 2.05 2.83 2.31 2.10 2.01 427 4.51 5.32 5.68
5 3.11 3.86 4.52 4.80 1.04 1.11 2.84 4.35 3.71 3.58 3.28 2.75 6.24 7.06 10.70 13.07
6 6.59 7.39 9.14 7.60 12.09 2.39 8.42 14.24 10.47 9.35 7.55 7.54 5.90 5.99 11.65 23.06
7 3.25 4.63 4.76 448 3.37 5.47 8.54 12.77 4.87 433 3.44 2.94 2.79 2.86 431 5.05
8 2.16 2.67 2.29 2.26 3.77 4.79 5.35 7.87 2.63 2.01 1.56 1.54 1.15 0.94 1.01 117
9 141 1.95 1.58 1.48 3.98 4.36 4.77 6.09 241 1.44 112 1.19 0.46 0.28 0.38 0.40
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Table 3
Infection risks calculated by instantaneous peak concentration values (source located in the 6th floor with closed windows).
0=0° 0=180° 0=45° 0=90°

Floor 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 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
4 0.01 0.01 0.02 0.01 0.01 0.01 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 0.03 0.03 0.01 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03
6 0.03 0.03 0.03 0.04 0.05 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.06
7 0.02 0.02 0.02 0.03 0.01 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03
8 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02
9 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

It can be seen that the probability calculated by instantaneous
peak concentration values is under 0.06% in all the positions for
the presented cases. This suggests that the infection risk caused
by a transient peak concentration level that is detected in a short
time duration can be neglected, comparing with mean infection
risk probabilities. Although the peak concentration value can be
clearly higher than the mean value, the risk is still significantly low
due to the extremely short exposure time. The spatial distribution
of infection risk is still characterized by the mean concentration
distribution.

4. Conclusions

In the present paper, the time-averaged characteristics of haz-
ardous gas dispersion around a complex-shaped high rise building
due to wind effect were thoroughly investigated in a wind tunnel
study. Such dispersion process is found to be much more com-
plicated than that of under buoyancy effect. The experimental
results illustrate that the flow pattern around the HRR building has
the potential to transport gaseous pollutant within the re-entrant
space under both open-window and closed-window conditions.
The influenced region, the dispersion route, the strength of con-
taminant concentration and its exposure risks due to this kind of
dispersion are investigated in this study.

The mean concentrations at different locations was measured to
illustrate the dispersion route and get valuable information about
hazardous gas dispersion around one typical HRR building, with
the main emphasis on the comparisons between different window
opening conditions. The mean concentration distributions under
both configurations were found to be similar. Both the vertical
and horizontal dispersion revealed by Liu et al. [18] under closed-
window condition can still be found when the windows are open.
The obvious differences of mean concentration profiles only exist
in the concentration magnitudes, the overall concentration level is
clearly reduced under open-window condition, especially when the
approaching wind incident angle are 45° and 90°. This implies that,
when the windows are open, the tracer gas is not only restricted
in the re-entrant space, but can penetrate indoors through the
open-windows, which results in the decreased concentration level
detected at the windows’ location. Furthermore, a widely used
infection risk assessment model was employed to examine the
potential risk in case of an outbreak of highly infectious disease,
in terms of both mean and the instantaneous peak concentrations.
The spatial distribution of infection probabilities shows that the risk
of airborne transmission in neighboring households are not negli-
gible, and can be up to 20% in particular position, which should be
paid attention to in terms of infection control. Moreover, a transient
peak concentration level that is detected in a short time duration
can be neglected, comparing with mean infection risk probabilities.
The spatial distribution of infection risk is still characterized by the
mean concentration distribution. However, it should be noted that
under some certain circumstances such as household flammable
gas leakage, the unsteady characteristics of this dispersion process

should not be overlooked, and the peak concentrations should be
taken into considerations.

Understanding these pollutant transmission paths is useful in
employing effective intervention strategies for pollution control in
modern residential building environment. The study on this phys-
ical process is not only helpful to reduce the hazardous effect of
routine release of harmful pollutant near the building, but also
useful for the purpose of prevention and control of accidental infec-
tious diseases outbreak. Based on the obtained results and the risk
estimations, it is hoped that the corresponding strategies and opti-
mization plan can be established. Also, the present studies were
focused on wind-induced cross-unit contamination, without con-
sidering indoor-outdoor temperature differences. The dispersion
characteristics under combined effect of wind and buoyancy could
be more complicated and deserve further investigations.
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