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ABSTRACT  
In the world-wide scale outbreak of SARS in 2003, 
cluster of cases occurred in large building blocks, 
especially in Hong Kong. In this paper, we will 
examine one of the most likely virus-spread 
mechanisms, which is related to the inter-flat or 
inter-zonal air flow through open windows caused by 
buoyancy effects. Both tracer gas technique and 
CFD(computational fluid dynamics) techniques are 
employed to quantify the amount of the exhaust air 
coming out of the upper part of the window of a floor 
that re-enters the lower part of the open window at 
the immediate upper floor. The results can well 
explain the finding that DNA strings of SARS 
Corono-Virus(CoV) were detected within the 
sampled deposits on the window sills of the upper 
floors of the two index patients’ flats. The 
preliminary and yet alarming conclusion may be that 
high-rise buildings with flush windows on the same 
vertical façade can be a major route for the vertical 
spread of pathogen-containing aerosols.    
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INTRODUCTION 
Natural ventilation plays two essential roles 
traditionally in our buildings. On one hand, 
ventilation modulates the indoor temperature since 
outdoor air is usually lower than indoors; on the 
other hand, it also helps to dilute indoor air pollutants 
and improve indoor air quality. The required quantity 
and quality are actually different for these two 
purposes. The roles of natural ventilation in modern 
high rise residential buildings are more complicated. 
Especially, the rapid developing Asian economy 
regions are also characterized with high population 
densities, and a majority of the population live in 
high-rise multiple-households apartment buildings. 
The climatic conditions also render air-conditioning 
widely applied, with the window-type and split-unit 
type air-conditioners dominating in the residential 
buildings. Ventilation is provided via open windows, 
with exhaust fans provided in the toilets and 
kitchens. The exhaust air is typically not centrally 
stacked, but left to drift around the building blocks. 

This can potentially have many unwanted 
consequences for multi-households, multi-story high-
rise buildings (Niu, 2004). On the ordinary days, it’s 
not uncommon for the residents to detect what the 
neighbour is cooking – a sign of cross-contamination 
of the ventilation air. With respect to infectious 
disease control, this inter-flat or inter-zonal flow 
becomes a serious issue.  
 
This investigation is focused on the vertical 
transmission pattern in high-rise residential buildings 
observed during the SARS outbreak in the spring of 
2003 in Hong Kong. In apartment building A, which 
is about 30 story high, and where five households 
were affected with eleven SARS infection cases, 
DNA strings of SARS CoV were detected within the 
sampled deposits on the window sills of the upper 
floors of the two index patients’ flats; and in one of 
these two upper floor households there were no 
infected SARS cases. In another high-rise building 
B: all the 6 infection cases in 3 households occurred 
along one vertical block. In the widely-publicized 
Amoy Garden, which includes five blocks of 30 
story apartment buildings, and where a total number 
of 321 infections occurred, only one case occurred 
below the 8th floor. The transmission paths remain a 
myth up to the present moment (Yu et al 2004).   
 
In general, the person to person spread mechanisms 
of SARS have been an issue of debate ever since the 
outbreak of the disease (WHO 2003; DH 2003; Roy 
and Milton 2004). The disease spread to many 
countries in a rapid speed, but was quickly wiped out 
to zero infection after the concerted actions taken by 
all the countries involved. Probably because of this 
rapid spread and unprecedented rapid and effective 
control, the transmission mechanisms of this disease 
have not been well understood. Also because the 
disease has a high mortality rate, the experimental 
studies of the transmission route using human 
subjects for common cold (Silverstein, A., et al. 
1985) can not be done. Although SARS may have 
been well controlled, the mechanisms that were 
responsible for some cluster cases in residential 
environments deserve further in-depth investigations, 
since they may lead to the new insight into the more 
effective control of the spread path of other similar 
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infectious diseases, such as flu, common cold and 
tuberculosis, which are still occurring at high 
infection rate around us. This is the primary 
motivation of this study, funded by the Research 
Grant Committee of the Hong Kong SAR 
government. 

In the on site experimental studies, SF6 was released 
at a constant release rate in the center of the single 
room flat in the lower floor, while the SF6 
concentration levels at six points were monitored 
simultaneously using a B&K1302 multi–gas monitor. 
This real site measurement helps to reveal the inter-
flat flow. At the same time, a smoke generating 
machine released smokes into the lower flat, and air 
movement of the exhaust air from the lower floor, 
and possible direct re-entry into the upper floor can 
be visualized by the smoke movement. Since we 
cannot control the weather, the flow phenomena we 
observed would be the combined results of both the 
wind pressure and buoyancy effects. 

 
Our hypothesis is that, on windless days, the outflow 
from a window on the lower floor will re-enter the 
immediate upper floor, and therefore bring the 
droplet aerosols upstairs. For high-rise buildings, 
there may exist an upward “cascade” air flow.  The 
objective of this project is to reveal the mechanisms 
of this airflow by actually quantifying the fraction of 
the lower-floor exhaust air within the intake air of 
the adjacent upper floor. This paper reports the 
preliminary finding of this study. 

 

 

 
RESEARCH METHODS 
The driving forces of natural ventilation can be 
classified into two categories: one is the wind 
pressure, and the other is the buoyancy/stack effect 
caused by temperature differences. In buildings with 
multiple story and multiple flats on each floor, the 
overall air flow path through the multiple openings 
can be highly variable depending on the wind 
direction and wind speed. From the point of view air 
pollutant dispersion, the worst-case scenarios occur 
on windless days. In the Hong Kong climate, the 
windless days can occur in March and April, which 
happened to be the period during which SARS case 
clusters occurred in Hong Kong. Therefore, in this 
CFD simulation work, our focus is on the indoor air 
pollutant dispersion in this worst-case scenario. 
According to our previous survey, residents in Hong 
Kong may only switch on the exhaust fans in their 
kitchen or toilets when these two rooms are actually 
used. In this case, buoyancy due to indoor-outdoor 
temperature difference will be the only driving force. 

 
Figure 1. Two rooms located in immediate upper and 
lower floors were selected for tracer gas 
measurements 

  
Onsite tracer gas measurements  
This investigation is performed using the latest 
engineering research techniques: combining the 
CFD(computational fluid dynamics) simulation 
technique(Launder and Spalding 1974; Niu and Kooi 
1992a, 1992b) and experimental tracer-gas and flow 
visualization technique. The building investigated 
has single-side natural ventilation via open windows. 
Two rooms located at immediate upper and lower 
floors, which have windows flush with the façade 
(Figure 1), were selected. The floor to ceiling height 
is about 2.7 meters, and the room depth is about 5 
meters, and the width is about 3.5 meters. This 
façade feature is similar with buildings A and B as 
described in the introduction, where clusters of 
SARS case occurred and vertical transmission 
patterns were observed. 
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   Figure 2. Locations of the tracer gas dosing point 
(D), and sampling point (1 to 6) 
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Scenario 2 - SF6 Concentration Vs. Time
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Figure 3. Monitored tracer gas concentrations in the two flats when tracer gas was released in the low floor 

 
 
CFD simulation 
At this stage, a steady-state simulation results have 
also been obtained using the standard k-ε turbulence 
model. Presented in Figure 4, is the simulated air 
flow path-lines and the velocity magnitude. In 
general, the velocity caused by buoyancy alone is 
rather low, with the maximum around 0.5 m/s, as 
indicated by the colored zones in Figure 4, 5, and 6. 
On a windless day of outdoor air temperature of 20 
ºC and indoor room surface temperature of 28ºC, it 
can be seen in Figure 6 that the outdoor air enters the 
lower room through the lower part of the window, 
and leaves the room at the upper part of the window. 
At the same time, it can be clearly seen in Figure 5 
that a portion of the outflow from the low floor re-

enters the upper room through the lower part of the 
upper window. It looks as if the warm exhaust plume 
from the lower floor functions as an air curtain, with 
which ambient air has to mix first to enter the room.  
Based upon the calculated velocity across the two 
window openings, air change rates through the two 
window openings can also be calculated. Further, 
tracer gas can be added into the lower room.  

Also, it can be noticed that there is a re-circulated 
flow in the pre-defined outlet, which needs to be 
rectified for a better prediction of the local air flow, 
but this error will not affect the predicted air flow 
through the window openings. 
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Figure 4.  Air flow patterns indicated by flow path lines 
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Figure 5. Airflow path lines across the window at the upper floor 
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Figure 6. Air flow path lines across the window at the lower floor 
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DISCUSSION 
At this moment, both the tracer gas measurement and 
the preliminary CFD simulation well support the 
hypothesis that a vertical upward movement of fine 
droplets is possible in the windless days when the 
major driving force of air flow is temperature-
difference induced buoyancy. Since the window 
opening is usually done intermittently, the actual air 
flow processes are most likely transient, and 
consequent pollutant spread from floor to floor can 
also be chaotic, depending on the time pattern of 
window-opening.  
 
Our next stage of work is to apply the thermal 
condition and wind conditions obtained from the 
onsite measurements, and perform a transient state 
simulation, so that field measurement and numerical 
results can be directly compared. Also, the accuracy 
of the CFD simulation will be validated against 
experimental data reported by Heiselburg(2003). In 
Heiselburg’s laboratory experiments, the transient air 
exchange via a single-side ventilation window was 
measured using fast-response anemometry system, 
and the indoor surface and outdoor air temperature 
differences were closed monitored.  
 
CONCLUSION AND IMPLICATIONS 
The upward movement of the tracer gas agrees with 
the occurrence sequence of SARS cases in both 
Building A, and B, and can also explain the presence 
of CoV RNA strings found in the window deposits. 
It should be noted that, depending on the window 
opening habits of the residents, this could be a 
continuous transmission route. More epidemiological 
data on other aerosol transmitted diseases would also 
be helpful to further confirm this significant 
transmission route. The confirmation of the 
transmission route can have a number of implications 
to both building design and infectious disease 
control. With respect to the former, windows flush 
with façade should be avoided; and with respect to 
the latter, more targeted and sooner intervention can 
be implemented in case of any highly-infectious 
disease outbreaks.  
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