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Department of Civil Engineering, The University of Hong Kong
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ABSTRACT

The severe acute respiratory syndrome (SARS) epidemics in Hong Kong and elsewhere
between November 2002 and June 2003 have left us an unanswered question — were the
SARS virus transmission airborne in some of the super spreading events? Before the
epidemiological answer to this question becomes available, it is important that we consider
the possibility of airborne transmission when dealing with environmental control measures
such as air conditioning and ventilation design in SARS wards. Epidemiologicat studies on
the Amoy Gardens outbreak and the 8A ward outbreak in the Prince of Wales Hospital have
shown that the possibility of airborne transmission cannot be ruled out at the time of writing
this paper (i.e. August 2003).

SARS virus-laden aerosols and/or droplets can be originated from coughing, sneezing and
breathing of a patient, or even produced by an aerosolizing process with input of faeces or
urine of a patient. Not taking into account of the infectivity of the virus-laden aerosols, the
dispersion and evaporation of aerosols in and around buildings can be analyzed and
experimentally studied. With sizes of between 0.5 and 10 um in diameter, the aerosol
particles can easily drift in an airflow current and stay in air for a long time. This has
significant implication to transmission routes of the virus as well as air conditioning and
ventilation system design in buildings, in particular in hospitals.

Working in a team of experts with a background in fluid dynamics, air pollution, and
epidemiologists, we bave participated in the HKU Faculty of Engineering’s research team in
investigating the transmission routes in the Amoy Gardens outbreak, where more than 300
people were infected around 19 March 2003. Based on theoretical, computational and
experimental studies, a plausible hypothesis has been proposed on the transmission routes for
Flats 7 and 8 in Block E, other flats in Block E and other blocks in the Amoy Gardens.

HKU was also commissioned by the Hong Kong Institution of Engineers (HKIE) in late May
2003 to construct a full-scale mock-up test chamber for SARS wards and to investigate the
performance of a pew air-conditioning system designed by the HKIE SARS-Busters.
Adopting a modular design, the new full-scale test room can also be used for testing other
types of hospital rooms such as intensive care units (ICUs), fever wards and single -occupancy
SARS wards etc. The full-scale test room was completed in less than 4 weeks time between
late May and mid-June 2003. The air-conditioning system tests were completed in another
four weeks time between mid-June and mid-July 2003. The new air conditioning system is
found to perform well for a nearly realistic full-scale SARS ward.
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1. INTRODUCTION

As the first severe and easily transmissible new disease emerged in the 21% century, the
epidemics of the severe acute respiratory syndrome (SARS) disease between November 2002
and June 2003 resulted in unprecedented international efforts in controlling the disease
coordinated by the World Health Organization (WHO). A total of 8422 reported probable
cases and 916 deaths are reported in 34 countries and/or regions (WHO, 2003a). On 5 July,
WHO announced that the chain of transmission appeared to be broken.

The disease spread to the rest of the world by a visiting Guangdong infected medical doctor to
Hong Kong, where the doctor stayed in a hotel and infected at least 14 guests and visitors in
the hotel from Hong Kong, Canada, Viet Nam and Singapore etc.. Possibly due to the
unawareness of the disease, most of these infected individuals have sparked large outbreaks in
hospital systems. An unprecedented travel advisory was issued by WHO on 15 March. The
epidemic has caused a significant impact on the regional economy and health-care systems,
e.g. in Hong Kong.

Peiris et al (2003) first identified a coronavirus as the cause of the severe acute respiratory
syndrome. SARS virus has been a mysterious and rather contagious virus. It is believed to be
mostly spread by close person contact, in particular exposure to droplets of respiratory
secretions from an infected person. Contamination of inanimate materials or objects by
infectious respiratory secretions or other body fluids (e.g. saliva, tears, urine and feces) may
play a role in disease transmission; see Tsang (2003). Tsang (2003) also suggested that SARS
transmission via fecal droplets is uncommon but can result in large outbreak if given the right
combination of circumstances.

One of the most intriguing characteristics of the 2003 SARS epidemic is the occurrence of
super spreading events (SSEs). A super-spreading event refers to a large cluster of infection in
which one or more individuals disproportionably infect many more other individuals than an
average SARS patient. WHO (2003b) has explained that the super-spreading phenomenon
may be due to the lack of stringent infection control measures in hospitals during the early
days of the epidemic, which could not explain some of the identified SSEs so far, e.g. the
Amoy Gardens outbreak in Hong Kong.

In some of the super spreading events, building environmental systems have been considered
and shown to play significant roles in virus transmission. There has been a wide range of
media coverage of inadequacy of air-conditioning systems in hospital wards, failure of the
drainage system in a large apartment building estate in Hong Kong, various suggestions for
improving ventilation systems and virus source control systems in hospitals etc. This wide
range of media coverage demonstrated the concerns shared by the hospital care workers, the
public as well as the Government,

This paper discusses the transport of SARS virus-laden aerosols in indoor environments and
associated control methods. We provide examples of research in these areas that have been
carried out in the Department of Mechanical Engineering at the University of Hong Kong
since the outbreak in Hong Kong. Most of our work are related to the transmission routes of
the virus in large outbreaks, how to improve building design, transmission dynamics of super
spreaders, SARS ward air-conditioning, and local ventilation for virus source control etc.
Most of the work are still on-going. Only preliminary results are presented here.



2. CHRACTERISTICS OF SARS VIRUS AEROSOLS DISPERSION

Past studies on transmission routes for communicable respiratory infections have been
reviewed by Barker et al (2001) for community facilities and domestic homes, by Mendell et
al (2002) for working places such as offices and by Cole and Cook (1998) for health care
facilities. Some other respiratory viruses, such as those causing common cold and flu, can
spread from an infected person to a new host by airborne aerosol inhalation, contacts by hands,
such as hand shaking and by touching contaminated surfaces. Most studies on airborne
transmission of various respiratory viruses are not as conclusive as for person-person, or
person-surface-person transmissions.

As the SARS coronavirus is novel, a complete picture as to how SARS was transmitted is still
not clear. Evidences so far suggest transmission by respiratory droplets and direct contact
with a patient's secretion. Scientists in the WHO network of collaborating laboratories
confirm that the SARS virus can survive after drying on plastic surfaces for up to 48 hours, in
faeces for at least 2 days, and in urine for at least 24 hours. The SARS virus in faeces taken
from patients suffering from diarrhoea, which has a lower acidity than normal stools, has been
shown to be able to survive for 4 days.

The virus-laden aerosol flows in indoor environments can be analyzed and predicted(Young
and Leeming, 1997), although it is difficult. The sizes of droplet nuclei due to sneezing,
coughing and talking are likely to be a function of the types of virus, the generation process
and the environmental conditions. Sneezing can generate approximately a million dropiets of
up to 100 um in diameter, plus several thousand larger particles formed predominantly with
saliva from the front of the mouth. As these droplets are emitted, they start to evaporate and
thus change their masses and sizes, and sufficiently small droplets (0.5 to 12 pm) could be
airborne. Thus, if large droplets are settled originally due to their gravity, they can be re-
suspended as they evaporate and become smaller. The actual size distribution of droplets is
also dependent on parameters such as the exhaled air velocity, the viscosity of the fluid and
the flow path (i.e. through the nose, the mouth or both). Compared to the ambient air
velocities in an air-conditioned room, which is about 0.25 m/s for thermal comfort
requirements, the settling velocities for these droplets are extremely low, between 0.2 and 1.2
m/h (L.e. 0.05 to 0.3 mm/s). The average air speed in an air-conditioned room is designed to
be less than 0.25 m/s. Typical supply air speeds at the supply grilles can be as high as 2-4 m/s.
As a result of the small sizes, drift of the droplets is more dependent on the turbulent air flow
than on gravity.

Brundrett (1992) found that the rate of evaporation was dependent upon the ambient humidity.
Evaporation of droplets is a fundamental process in aerosol dynamics. They are important in
atmospheric aerosol studies, cloud microphysics, nuclear reactor safety, combustion and spray
(Beck and Watkins, 2003) etc, involving simultaneous heat, mass and momentum transfer
between droplets and surrounding gas. Momentum transfer determine the particle motion,
mass transfer results in droplet size changes and heat transfer causes the changes in the
droplet temperature. As the indoor relative humidity is generally controlled to be between 50-
60% in an air-conditioned room, the droplet sizes reduce rapidly once released into the air,
see Figure 1.

It is known that the evaporation of liquid droplets containing small solid particles (in this
case, the virus particles) has two processes, i.¢. the rapid evaporation process as the amount of



liquid mass decreases and the droplet diameter continuously shrinks, and the critical
evaporation process after the critical solid-liquid mass ratio is reached, i.e. the discrete
insoluble solid particles form an agglomerate (ot cannot contract anymore), while the voids
between particles are still filled with liquid. During the second process, the drying rate is not
large. It is possible that after the second stage, the particles may be fragmented, i.e. breaking
apart from each other (Elperin and Krasovitov, 1995). However, there have not been any
systematic studies of evaporation of droplets due to coughing, sneezing and breathing.

Droplet diameter (um}

20
Time {s)

Figure 1. Changes in water droplet size with different ambient relatively humidity (Adapted
from Brundrett (1992)).

3. EXAMPLE 1 - TRANSMISSION ROUTES IN THE AMOY GARDENS
OUTBREAK

Between 21 March and 1 April 2003 more than 200 residents in the Amoy Gardens housing
estate in Hong Kong were infected with SARS. The infection cases were not randomly
distributed. Most occurred in certain blocks and at certain levels, and evidently conformed to
a pattern, see Figure 2. Both the HKSAR Government and the WHO investigated the possible
virus sources and transmission routes shortly after the Amoy Gardens outbreak. Although
their investigations suggested several possible trapsmission routes, none of them fully
accounted for the infection patterns. Preliminary research findings by the Faculty of
Engineering team have identified the major virus source from the drainage stacks and
revealed a strong correlation between the infection pattern and air flows in the re-entrant, air
flows between flats in Block E, and wind flows between blocks.



Figure 2. Distribution of the infected flats in the Amoy Gardens between 21 March and 3
April. Flats 7 and 8 in Block E were mostly infected. Flats 1-4 in Block E were moderately
infected, while Flats 5 and 6 had fewer infections. Blocks B, C and D were infected in some
concentrated areas. Most other wings were not inflected.

The Hong Kong Government (2003) first presented on 17 April 2003 its main findings of the
investigation and suggested that the environmental factors played a major role in this
outbreak. Most of the Amoy Gardens patients had diarrhea, contributing to a “significant
virus load being discharged in the sewerage in Block E, the worst infected building biock.
The index patient was suggested to first infect a small group of residents within Block E, and
subsequently to the rest of the residents in that block through the sewage system, person-to-
person contact and the use of shared communal facilities such as lifts and staircases. These
residents subsequently trapsmitted the disease to others both within and outside Block E
through person-to-person contact and environmental contamination. After three weeks
investigation, the WHO investigation team (2003) suggested that the backflow of virus-laden
droplets into the bathroom, which then entered the re-entrant (light well) and upper storey
apartments through open windows. Peiris et al (2003) presented a prospective study of 75
patients from this outbreak and suggested the possibility of oral-faecal transmission based on
the findings of the presence of virus in the stool. Some discussion on the Amoy Gardens
outbreak was also included in Donnelly et al (2003).

The suspected index patient is considered to be a super spreader. He visited a flat in Block E
twice on 14 March and 19 March 2003 respectively. Our simulation shows that his second
visit coincides well with the predicted exposure dates. More than 200 residents of Amoy
Gardens Block E are put in isolation at two holiday camps on 1 April.

Our environmental investigations are carried out by an inter-disciplinary approach, with
expert input from aerosol science, thermo-fluid dynamics, and mechanical engineering
systems in buildings. We have adopted an integrated theoretical analysis, laboratory testing
and computer simulations. We include a detailed study of drainage systems using a laboratory
full-scale test model, a study of aerosol generation process in both the laboratory and field
measurements m a similar flat to Amoy Gardens (Figure 2), and computational fluid
dynamics simulations. Accurate modelling of the air flows and virus-laden aerosol dispersion
is difficult, in particular when dealing with wind flows over a complex building estate. The
virus-laden aerosol dispersion in the Amoy Gardens outbreak has been studied using three



different modelling approaches, namely the basic buoyant plume analysis, the computational
fluid dynamics analysis and the macroscopic multi-zone modelling approach.

Once exhausted from a seriously contaminated bathroom, the virus-laden moist air flows
upwards and is dispersed in the poorly ventilated 1.5 m wide by 6 m deep re-entrant space.
The virus-laden buoyant moist air can find its way into bathrooms or living rooms of upper
floors due to negative pressure created by exhaust fans or the action of wind flows around the
building. A kitchen in the path of the invading polluted moist air may also be contaminated.
Buoyant moist and warm air plumes in the re-entrant space is suggested and shown to be
responsible for the rapid virus spread in the Amoy Gardens Flats 7 and 8, Block E, where
more than 80 SARS cases were confirmed between 21st March and 3rd April 2003.

Two computational fluid dynamics software packages, Fluent and Airpak, are used. Fluent is
a three-dimensional general-purpose CFD package for modelling fluid flows. In this
application, we have used the basic RNG turbulence model and the Reynolds Stress Model
for modelling turbulence. The virus-laden aerosols are believed to evaporate rapidly (within a
few seconds in air) and we have only considered the modelling passive scalars. Airpak is also
a three-dimensional CFD package for modelling building ventilation flows, but has a limited
available turbulence models. A muiti-zone air flow model (Li, 1993), MIX, is also used to
investigate the virus spread between flats in Block E. Figure 3B shows the virus-laden particle
flows simulated by Airpak.

Both the HKSAR Government and the WHO team have suggested a transmission route by the
soil drainage system. Most of the infected residents in Amoy Gardens showed diarrhoea
symptoms. Our studies have shown that large amounts of aerosols can be generated in the
vertical stacks, suggesting that the drainage system served as an amplifier of the virus source.
Our studies so far have disproved the hypothesis of transmission through the drainage system.

Our preliminary studies have supported the following four processes of virus spread mn the
Amoy Gardens outbreak.

1. Amplification of the virus source from 16/F, Flat 7 in Block E: The drainage system
generates virus-laden aerosols, which return to the bathroom and then enter the re-
entrant by an exhaust fan or other routes;

2. Spread in Flats 7 and 8 in Block E: Buoyant plume in the re-entrant space spreads the
virus;

3. Spread to Flats 1-6 by air flows between flats, driven by wind pressures and other
natural and mechanical forces;

4. Spread from the Flat 7/8 plume to other blocks due to the northeasterly winds.



Figure 3. (A) Left: Distribution of the infected flats between 21 March and 3 April in different
wings of Blocks A-G. (B) Right: Preliminary CFD simulation of wind flows. A northeasterly
wind carries the plume into middle floors of the Block C and D, where were mostly infedted
in the two blocks.

Our studies on the Amoy Gardens outbreak show the need for improving drainage system
design, installation, as well as the need of stricter regulations in terms of maintenance. The
typical re-entrance design in Hong Kong high-rise apartment buildings also needs to be
further studied.

4. EXAMPLE 2 — AIR CONDITIONING SYSTEMS FOR SARS WARDS

The hospital care workers have been the most severely affected professions during the SARS
epidemics in Hong Kong elsewhere. More than 20% of the confirmed cases in Hong Kong
were health care workers; which occurred in 21 different hospitals, including the teaching
hospitals of the two medical faculties in Hong Kong. The effectiveness of the air conditioning
system in existing hospital SARS wards has been a great concern since the outbreak. In
response to this concern, the Hong Kong Institution of Engineers formed an expert group in
early May - the SARS-Busters to investigate and develop an air-conditioning system that is
suitable for SARS wards. A new SARS ward air conditioning design was completed in late
May (SARS Busters, 2003). The new design is well supported by extensive computational
fluid dynamics simulations (SARS Busters, 2003). The main idea of the new design is to
minimize air mixing and improve virus removal effectiveness in the SARS wards.

HKU was commissioned by HKIE in late May 2003 to construct a full-scale mock-up test
chamber for SARS wards and to investigate the performance of a new air-conditioning system
designed by the SARS-Busters. The full-scale test room was completed in less than 4 weeks
time between late May and mid June. The air-conditioning system tests were completed in
another four weeks time between mid June and mid July 2003,

The full-scale test room constructed in the Building Services Laboratory at the University of
Hong Kong is 6.7 m long, 6.7 m wide and 3 m high, which is a typical ward size in Hong
Kong. A 0.3 m suspended ceiling is used to accommodate the supply air ducts as well as
lighting. A modular approach is adopted for the test room envelope design; see Figure 4A. 1
m by 1 m wall panels and double-glazed windows are used so that the room can be



(relatively) easily modified to a different size. Both insulation and double-gazed windows are
provided; see Figure 4A. The air conditioning system is designed to be as closely as possible
to the new design by the SARS-Busters, equipped with a 9-ton chiller. Both lighting loads and
equipment loads are modeled as closely as possible to the real situations as suggested in the
SARS-Busters report.

(A) The completed test room, where the (B) Part of the test room showing both sleepin
modular structure of the envelope can be seen.  (titled beds) and sitting patients.

Figure 4. The full-scale test room

A rather unique feature of the full-scale test room is the use of seven identical breathing
thermal manikins for modeling both patients and HCWs; see Figure 4B. These clothed
manikins are designed to be much simpler than the thermal manikins commonly found in
thermal comfort studies. Made of flexible ventilation ducts and a copper hollow sphere, both
head and body temperatures are individually controlled. These simple thermal manikins are
made to model the effect of thermal aitflows due to the heat generation from the patients. The
heat dissipation in both head and body parts are designed to follow average adult figures.
Some of the manikins are connected to a simple artificial “lung” that provides exhalation
through the mouth. Due to time limits, these manikins do not have a nose at this point. Thus,
we could only model the mouth expiration flows. Existing studies have shown that mouth
exhaled flows are more critical than that through a nose (Bjorn and Nielsen, 2002). Most
people use nasal breathing when quiet, but use oral breathing while talking and singing.

In order fo test the performance of the proposed new air conditioning systems, we have
considered a large number of cases to test the effect of bed-head and below-bed exhaust
ratios, door opening, people movement, more middle duct supply etc. Both smoke
visualization and aerosol measurement are carried out to provide both qualitative and
quantitative indicators.

Figure 5 shows some typical exhaust and supply flow patterns. If the patient’s head is more
than 100 mm away from the exhaust, the capture efficiency is reduced to zero when the bed-
head and below-bed exhaust ratio is 10:90. Using a higher extraction ratio at bed-head level
exhaust or using a retractable hood can improve this constraint in the effective capturing
distance. At an extraction ratio of 30:70, the critical capturing distance increases to 200 mm.
We suggest that a 30:70 exhaust ratio is a suitable option for this test room. It should be noted
that this optimum extraction ratio should not be used universally in all situations as the



airflows are affected by many other parameters. Either computational fluid dynamics
simulations or full-scale tests will be necessary to verify the optimum design parameters for a
new design.

(A) Exhaust flow patter with a (B) Smoke visualization of supply air

horizontal distance between the grille streams with a background of both
and the patient’s head of 100 mm sitting and lying patients.

Figure 5. Smoke visualization of both the exhaust air streams and supply air streams.
Extraction ratto is 10:90.

The supply air streams are clearly shown in Figure 5B. Due to the relatively low velocity that
is used for supply (less than 0.2 m/s), the supply “jets” may be best described as “negative
thermal plumes”, which means that the primary supply air flow is dominated by the negative
buoyancy force as the supply air is relatively heavier than the surrounding. Thus, it is
expected that the cooling load in the room will mostly affect the airflow pattern. If the cooling
load is low, then the supply air temperature is high, and there may not be sufficient negative
buoyancy force to drive the airflow downwards.

We also measure the aerosol concentrations in all beds to access the possibility of cross-
infection in the test room. This is done by placing the aerosol generator in Bed 6 in Figure 6.
Measurement of aerosol concentrations is carried out for all other beds and the middle
corridor.

Figure 6 summarizes the measured concentrations at various locations in the room when the
aerosols are generated near the source patient’s mouth in Bed 6. There is a mixing in the
source patient side of the test room. All beds in this half of the room have recorded relatively
high virus-laden aerosol concentrations. It indicated a difficulty in controlling the
unidirectional flows in the test room. On the other hand, the concentrations in the other half of
the room are relatively very low, suggesting that the middle ducts play an important role in
“separating” the airflow between the two sides of the room as an “air curtain”. It should be
noted that Beds 1 and 2 recorded a relatively higher dust concentration than Bed 3. This may
be due to the use of a cooling fan for the thermal manikin controller, which is located between
Bed 1 and Bed 2. The fan is sufficiently strong to cause some local mixing in the region,
which might have caused some particles on the beds or the floor to be re-suspended.
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Figure 6. Nlustration of the location of source patient, other patients and health care workers
(HCWs). Measured mean values of aerosols orginated from the source patient are also shown.

We also considered various source control methods. One example is a local exhaust hood
designed by Mr Victor Cheung, a SARS-Buster, when he visited the full-scale test SARS
ward. A prototype installation is constructed in our building service laboratory; see Figure 4.

(A) Design drawing by Victor Cheung (B) A prototype of the retractable hood

Figure 8. Retractable hood design and prototype for bed-head applications in SARS Wards.
The hood was first designed by Mr Victor Cheung of JRP, Hong Kong.

The local hood is found to be very effective in removing the virus-laden aerosols. With the
hood, the virus-laden aerosols originated from the patient’s mouth can be captured fully even
when the patient is more than 300 mm away from the exhaust. Obviously, the patient’s head
should be covered under the hood to obtain the 100% capture efficiency. It is found that the
exhaled airflow direction is also an important parameter. If the patient faces outside and the
exhaled airflow is directed to the surrounding, the virus-laden aerosols can escape into the test
room.
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A number of critical comments have also been received from the visiting medical
professionals on other aspects related to infection control. For example, the plastic materials
used for the prototype hood may not be adequate due to the possible difficulties in surface
cleaning. It is recommended that the retractable hood may be built to be light structure,
disposable or washable, and can be easily hooked on or off to the wall. The local hood design
still needs to be improved with inputs from the medical professions.

5. EXAMPLE 3 - PREDICTING SUPER SPREADING EVENTS

One of the most intriguing characteristics of the 2003 SARS epidemic is the occurrence of
super spreading events (SSEs). A super-spreading event refers to a large cluster of infection in
which one or more individuals disproportionably infect many more other individuals than an
average SARS patient. WHO has explained that the super-spreading phenomenon may be due
to the lack of stringent infection control measures in hospitals during the early days of the
epidemic, which could not explain some of the identified SSEs so far, e.g. the Amoy Gardens
outbreak in Hong Kong. The transmission dynamics of and effective control and preventive
measures for SSEs remain unknown.

With a background in modelling non-linear dynamics of airflows in buildings, we have
carried out mathematical and statistical analysis to identify the occurrence of SSEs in the
Hong Kong and Singapore epidemics using ???. Research in this area is not necessarily
related to aerosol transport and control. However, it is important to know when the infection
occurs in various SSEs, so that the exact cause can be investigated, and environmental control
systems may be one of the reasons.

Our predicted occurrence of SSEs agrees well with the reported occurrence of all seven super
spreaders in the two epidemics; see Figure 9 for the Singapore epidemic. Additional
unidentified SSEs were also found to exist; see Table 1. SSEs are largely responsible for the
outbreaks in Hong Kong and Singapore and there also seems to be “synchronized” occurrence
of infection peaks in both the community and hospitals in Hong Kong. We suggest that the
daily infection does not correlate with the daily total number of the symptomatic cases, but
with the daily number of the symptomatic cases with a long waiting period to hospital
admission after the onset of symptoms (Not shown in figures here).
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Figure 9. The daily cases of onset of symptoms and the infected in the Singaporean epidemic.

Table 1. Comparisons of predicted and reported numbers of infected due to SSEs in the
Singaporean and Hong Kong outbreaks.

Peaks Predicted No. of | Predicted No. of infected | Reported infected
infected due to SSEs linked to SSEs™
1-4 Mar 29 24 21+3 M
5 10-11 Mar 68 66 23 + 51
£ 21 Mar 21 19 23 + 181
Ef 26-31 Mar 60 52 40 + 2211
« 5-8 Apr 21 10 1500
16-18 Apr 8 7 Unidentified
8-11 Mar 276 Not predicted 156
& 19-22 Mar 567 521 329
5 8 31 Mar—7 Apr 498 267 Unidentified
= 11-16 Apr 211 78 Unidentified
23 Apr — 7 May 116 21 Unidentified

*) A+ B, where A is the reported number of the infected linked to a super spreader and B is the
number of the suspected linked to a super spreader. (1) Leo et al, 2003), (2) Tomlinson and Cockram
(2003} and (3) HK Government (2003).

6. CONCLUDING REMARKS

Our hypothesis for the virus transmission in the Amoy Gardens outbreak still needs input
from field evidences of virus-laden aerosols transmission. Due to the changing weather
conditions, collection of relevant data will not be an easy task. Input from epidemiological
studies such as case-control studies are also urgently needed. Our environmental investigation
has shown a good correlation between the plume and wind flow pattern and the infection
pattern. Our work on the SARS ward ventilation is also applicable to other respiratory
infectious disease control in hospitals. The full-scale test room study shows the difficulty in
controlling airflow pattern in a hospital ward. However, the use of low-velocity cool air
supply at the ceiling level offers a possibility of minimizing flow mixing in the room. The
SARS ward air conditioning system proposed by HKIE SARS Busters seems to be perform
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well in the full-scale test ward. The ideas of bed-head level exhaust and the retractable bed-
head hood are effective in providing local capture of the virus-laden aerosols. However, input
from medical professionals is needed to further improve the system.

Our studies have shown that various building services systems and components have shown
to play a big role in the recent SARS epidemics in apartment buildings and hospitals in Hong
Kong. The most important building systems include the drainage systems, the building
ventilation system as well as related various aspects building design such as use and design of
the re-entrance in high-rise apartment buildings. Both building services research and
education are important as we consider an integrated building design approach, balancing the
construction and operation cost, thermal comfort, indoor air quality, energy efficiency as well
as healthy environment.

The unfortunate SARS epidemics have given us all a painful lesson in terms of basic building
services design. More than 90% of our time is spent indoors. It is time for both the
community and engineering professionals to review the roles of building services engineering
in building design. What can we do in order to safeguard our buildings and indoor
environment against other new infectious diseases, and also against the potential bio-terror
attacks and ultimately to provide a healthy, comfortable and enjoyable indoor environment for
us afl?
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Dispersion and control of SARS virus aerosels in indoor

environment — transmission routes and ward ventilation

YuguoLi Andy Chan Dennis Leung JH.W. Lee
The University of Hong Kong, Hong Kong SAR

Abstract: The severe acute respiratery syndrome (SARS) epidemics in Hong Kong and elsewhere between November 2002 and
June 2003 have left us ap unanswered question — were the SARS virus transmission airborne in some of the super spreading
events? Before the epidemiological answer to this question becomes available, it is important that we consider the possibility of
airborne transmission when dealing with environmental control measures such as air conditioning and ventilation design in SARS
wards. Epidemiological studies on the Amoy Gardens outbreak and the 8A ward outbreak in the Prince of Wales Hospital have
shown that the airborne transmission cannot be ruled out at the time of writing this paper (i.e. August 2003).

SARS virus-taden acerosols and/or droplets can be originated from coughing, sneezing and breathing of a patient, or even produced
by an aerosolizing process with input of faeces or urine of a patient. Not taking into account of the infectivity of the virus-laden

aerosols, the dispersion and evaporation of aerosols in and around buildings can be analyzed and experimentally studied. With



sizes of between 0.5 and 10 pm in diameter, the aerosol particles can easily drift in an airflow current and stay in air for a long
time. This has significant implication to transmission routes of the virus as well as air conditioning and ventilation system design
in buildings, in particular in hospitals.

Working in a team of experts with a background in fluid dynamies, air pollution, and epidemiologists, we have participated in the
Faculty of Engineering’s research team in investigating the transmission routes in the Amoy Gardens outbreak, where more than
300 people were infected around 19 March 2003. Based on theoretical, computational and experimental studies, a plausible
hypothesis has been proposed on the transmission routes for Flats 7 and § in Block E, other flats in Block E and other blocks in
the Amoy Gardens. HKU was also commissioned by the Hong Kong Institution of Engineers (HKIE) in late May 2003 to
construct a full-scale mock-up test chamber for SARS wards and to investigate the performance of a new air-conditioning system
designed by SARS-Busters. Adopting a modular design, the new full-scale test room can zlso be used for testing other types of
hospital rooms such as intensive care units (ICUs), fever wards and single-occupancy SARS wards etc. The full-scale test room
was completed in less than 4 weeks time between late May and mid-Tune. The air-conditioning system tests were completed in

another four weeks time between mid-June and mid-July 2003. The new air conditioning system is found to perform well for 2

nearly realistic full-scale SARS ward.

Keywords: Transmission routes  aerosol dispersion
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ABSTRACT

The University of Hong Kong was commissioned by HKIE in late May 2003 to construct a
full-scale mock-up test chamber for severe acute respiratory syndrome (SARS) wards and to
investigate the performance of a new air-conditioning system designed by SARS-Busters. The
new system designed is found to perform well for a nearly realistic full-scale SARS ward. The
new bed-head exhaust design allows some degree of local capture of the virus-laden aerosols
originated from a patient’s mouth. A 30 to 70 ratio between the bed-head level and below-bed
extraction is found to be suitable. The simple and innovative retractable hood design further
improves ventilation performance. People movement and opening the test room door are
found to introduce significant mixing in the test ward.

Airflow patterns are also found to be very sensitive to minor changes in supply grille design
details such as the internal deflector and air distributor, and various supply air parameters
such as the velocity, temperature and direction. Air distribution is shown to be a complicated
turbulent process and proper design is very necessary for minimizing cross-infection between
patients; and between patients and health care workers (HCWs); and for efficient and
effective dilution and removal of virus-lade aerosols. The new full-scale test room is designed
with some degree of flexibility, which can also be used for testing other hospital rooms such
as intensive care units (ICUs), fever wards and single occupancy SARS wards etc.

Key words: SARS wards, hospital ventilation, breathing flows, local exhaust, concentration,
test room,

1. INTRODUCTION

As of 7 August 2003, severe acute respiratory syndrome (SARS) has been reported in 34
countries and regions with 8422 reported probable cases and 916 deaths (WHO, 2003). The
hospital care workers (HCWs) have been the most severely affected professions during the
SARS epidemics in Hong Kong and elsewhere between November 2002 and June 2003. 20%
of the infected were HCWs worldwide. 22% of the confirmed cases in Hong Kong were
HCWs; which occurred in 21 different hospitals, including the teaching hospitals of the two

" The SARS-Busters is a team of professional engineers from the Hong Kong Institution of Engineers,
the University of Hong Kong, Chinese University of Hong Kong, the Chartered Institution of Building
Services Engineers, UK (HK Branch), the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (HX Chapter), Building Services Operation and Maintenance Executives
Society and the Hong Kong Air Conditioning and Refrigeration Association.
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medical faculties in Hong Kong. For example, the first wave of the outbreak in Hong Kong
occurred at the Prince Wales Hospital in Hong Kong with a reported super spreader and from
March 11 to March 25, a total of 156 patients were hospitalized with SARS (Tomlinson and
Cockram, 2003). Overcrowding in the ward and the poor ventilation systems were suspected
to be contributing factors, although no detailed epidemiological studies were cited.

The effectiveness of the air conditioning system in existing hospital SARS wards has been a
great concern since the outbreak. In response to this concern, the Hong Kong Institution of
Engineers formed an expert group in early May - the SARS-Busters to investigate and
develop an air-conditioning system that is suitable for SARS wards. A new SARS ward air
conditioning design was completed in late May (SARS Busters, 2003). The new design takes
into the major recommendations by the WHO, CDC (US), the Chartered Institution of
Building Services Engineers (CIBSE, UK), the American Society of Heating, Refrigerating
and Air-conditioning Engineers (ASHRAE) and local practices for handling of airborne
infectious diseases. The new design is well supported by extensive computational fluid
dynamics simulations (SARS Busters, 2003). The main idea of the new design is to minimize
air mixing and improve virus removal effectiveness in the SARS wards.

The aim of this research is two folds:

1. To construct a new full-scale test room for studying SARS ward air distribution;
2. To test and demonstrate the new air conditioning system for SARS wards.

The full-scale test room was completed in less than 4 weeks time between late May and
middle June 2003. The air-conditioning system tests were completed in another four weeks
time between middle June and middle July 2003. In this paper, we will first review the
ventilation principle for controlling personal exposure of pollutants originated from breathing.
Basic principles and considerations of air distribution design in hospital wards are discussed,
followed by an introduction of the main features of the full-scale test room. The smoke
visualization and aerosol measurement results will then be summarized, followed by a
conclusion of the preliminary study and recommendations for further investigations.

2. BASICS OF AIR DISTRIBUTION DESIGN OF HOSPITAL WARDS

Indoor air flows are generally turbulent and it is a complicated process, affected by the details
of air distribution design, heat sources, interaction with outdoor environment, movement of
occupants etc.

With a view to minimizing cross infection among patients and health care workers inside a
hospital that admits suspected and probable  SARS cases, the design objectives of the
proposed air conditioning system for SARS ward as suggested by SARS Busters are as
follows:

1. to create a negative pressure inside the SARS ward to avoid possible diffusion of
contaminated air from getting into the general ventilation of the hospital;

2. to minimize re-circulation and mixing of air inside the SARS ward;

3. to direct airflow from clean zone to breathing zone of health care workers, to patients
and then to exhaust;

4. to minimize the expiration of one patient from getting into the breathing zone of the
other;



5. to dilute and remove droplet nuclei through controlled purging with outside air;

6. to create a downward airflow pattern from high level to low level to speed up the
deposition and removal of droplet nuclei; and

7. to provide task ventilation for individual patients

One difficulty when attempting to design and predict indoor airflow is that there are many
factors; which influence or govern the airflow. Quite often some of these factors are difficult
to analyse. These factors may be summarised as follows (Li, 1993)

The geometry of the room, i.e. a deep or a short room, a narrow or a broad room;
The type and location of supply air terminals and the location of extract air terminals;
Supply air parameters such as velocity, momentum flux and buoyancy flux;

The location, shape and buoyancy flux of heat sources;

The location of obstacles and furniture;

Radiation and heat loss through the walls;

Infiltration and exfiltration through door gaps and other leak areas;

Movement of equipment and people;

Other factors.
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The airflow in the air stream (boundary layer) around the body is generally large, typically
about 150 m’ /hour at head level, while the air speed above an adult’s head is typically about
0.2 m/s in a still environment. The inhaled air is generally taken from the boundary layer flow
around the body (Etheridge and Sandberg, 1996 and Settles, 2001). However, when someone
is lying in his/her bed, the situation can be very different. Studies have also shown that the
exhalation flow from both nose and mouth is able to penetrate the breathing zone of another
person standing nearby; see Figure 1 (Bjorn and Nielsen, 2002). In thermally-stratified rooms
such as those ventilated by displacement, air exhaled through the mouth can even be locked in
a thermal stratified layer (Bjorn and Nielsen, 2002).

(A) ®)

Figure 1 — (A) Smoke visualization of exhalation flow from nose of the right manikin
penetrating into the breathing zone of the left manikin which are 0.4 m apart and (B) Smoke
visualization of exhalation flow from mouth of the right manikin penetrating into the
breathing zone of the second manikin of a distance of 1.2 m (Bjorn and Nielsen, 2002).

Considering various possible air flow patterns, one can divide them into four main categories,
see Table 1.



Table 1. Ideal and typical airflow patterns in a ventilated room.

Air flow pattern Air Quality Air Exchange
Efficiency
Unidirectional flow Supply air conditions 100 %

Displacement ventilation ~ Supply air conditions in the =~ >50 %
occupied zone

Mixing Ventilation Extract air conditions >50 %
Short Circuiting Worse than exiract air <50 %
conditions in the occupied
zone

What type of airflow pattern one obtains depends on the relative location of supply and
extract terminals, buoyancy sources in the room, momentum of the supply jets and relation
between momentum and buoyancy forces. Practically, there are at least three commonly used
air distribution systems in non-industrial buildings such as offices, lecture rooms and general
hospital wards. These are the momentum-controlled mixing ventilation, buoyancy-controlled
mixing ventilation and buoyancy-controlled displacement ventilation systems. In clean rooms
and operating theatres, unidirectional flows are generally employed.

Momentum-controlled mixing ventilation - In mixing ventilation, the supply air is used to
dilute the contaminant. This is achieved as to supply air with high initial momentum in order
to create recirculation of the air. The idea is to create a concentration in the room that is the
same as in the exiracted air. Generally, the air is supplied along the ceiling or directed
upwards along the window wall surface etc. The supply of air is arranged so that the
velocities in the jet are reduced to an acceptable level when it arrives in the occupied zone. In
practice, the air flow is assumed to be predommantly turbulent in which case the Reynolds
number of the supply air jet is greater than 10*,

Buoyancy-controlled mixing ventilation - The dilution of the contaminant is aiso achieved
by supplying a high initial momentum. In order to remove excess heat load or cooling load in
the room, the supply air temperature is different from the room air temperature. The flow in
the buoyant jet is not only turbulent, but larges-scale turbulent eddies also form in the
occupied zone due to the interaction of the jet with convective currents produced by the heat
sources. Under such conditions, the effect of the Reynolds number of the airflow pattern is
small by comparison with the influence of the Archimedes number. That is why we call it the
buoyancy-controlled mixing ventilation. In this system, the smallest possible Archimedes
number (<0.01) is generally used.

Buoyancy-controlied displacement ventilation - An alternative ventilation method is to
introduce “fresh” air in one part of the room and allow it to sweep in one direction across the
space, carrying the pollutants with it, and exhaust the polluted air from the opposite side of
the room. Piston flow or plug flow often refers to such unidirectional ventilation. The so-
called displacement ventilation largely depends on heat sources in the room to provide the
upward motion of the air, and uses the supply buoyancy flux to spread the “fresh” air at the
floor level. This is why we call it the buoyancy-controlled displacement ventilation. Due to
the thermal comfort requirement, the supply air should spread more widely at the floor level
with a low air velocity. This requires a large Archimedes number (>0.1), so that a low
velocity (<0.3 m/s) terminal with a large opening area is used. The flow from the low velocity



supply terminal with cool air (2-4°C below room air) cannot be regarded as a jet, but rather as
a gravity current.

It will be seen later that the air conditioning system proposed by SARS Busters can be
improved by considering these design principles. If the supply velocity is high as originally
designed at 1 mvs, then the supply air stream is a high-momentum jet, which encourages the
flow mixing in the room. After various tests, it is found that the supply air velocity can be
maintained at less than 0.2 m/s, which will allow a gentle cool air stream falling down to the
occupied region as a negative thermal plume. It should be mentioned that this does not mean
that there is no flow mixing in the room; however, we believe that the flow mixing is
considerably reduced as compared to a room ventilated by a fully mixing system. While the
commonly used floor low-velocity supply system is called passive displacement ventilation,
the systemm proposed by SARS Busters is very similar to what is called the active
displacement ventilation in Scandinavian countries. However, there is also a difference here —
the exhaust is located at both floor and mid height levels, while the commonly used
displacement ventilation uses a ceiling return.

3. CONSTRUCTION OF THE FULL-SCALE TEST ROOM

Measurement in a full-scale test room is perhaps the most reliable method of evaluating
indoor airflow design. Small-scale test rooms have the difficulty to satisfy the similarity
requirements, while the field measurements are influenced by many uncontrolled
environmental and physical parameters. The computational fluid dynamics methods always
contain errors due to mathematical models, numerical methods as well as users, although very
useful as shown in the SARS Busters study (SARS Busters, 2003).

(A) Modular structure (B) The completed test room

Figure 2. The full-scale test room

The full-scale test room constructed in the Building Services Laboratory at the University of
Hong Kong is 6.7 m long, 6.7 m wide and 3 m high, which is a typical ward size in Hong
Kong. A 0.3 m suspended ceiling is used to accommodate the supply air ducts as well as
lighting. A modular approach is adopted for the test room envelope design; see Figure 2. 1 m
by I m wall panels and double-glazed windows are used so that the room can be (relatively)



easily modified to a different size. Both insulation and double-gazed windows are provided;
see Figure 3. The air conditioning system is designed to be as closely as possible to the new
design by SARS-Busters, equipped with a 9 ton chiller. Both lighting loads and equipment
loads are modeled as closely as possible to the real situations as suggested in the SARS-
Busters report.

A rather unique feature of the full-scale test room is the use of seven identical breathing
thermal manikins for modeling both patients and HCWs; see Figure 3. These clothed
manikins are designed to be much simpler than the thermal manikins commonly found in
thermal comfort studies. Made of flexible ventilation ducts and a copper hollow sphere, both
head and body temperatures are individually controlled. These simple thermal manikins are
made to model the effect of thermal air flows due to the heat generation from the patients. The
heat dissipation in both head and body parts are designed to follow average adult figures.
Some of the manikins are connected to a simple artificial “lung” that provides exhalation
through the mouth. Due to time constraints, these manikins do not have a nose at this point.
Thus, we could only model the mouth expiration flows. Existing studies have shown that
mouth exhaled flows are more critical than that through a nose (Bjorn and Nielsen, 2002).
Most people use nasal breathing when quiet, but use oral breathing while talking and singing.

(A) The manikin with steam supply for "(B) Part of the test room showing both
modeling exhaled breathing flows. sleeping (titled beds) and sitting patients.

Figure 3. Simple breathing thermal manikins used in the full-scale test room.

4. TEST RESULTS AND DISCUSSIONS

4.1 Test conditions

In order to test the performance of the proposed new air conditioning systems, we have
considered the following eight test cases. The various test conditions are summarized in Table
1. During the tests, there were some variations in both the supply and exhaust air flows.

4.2 Smoke visualization

During the smoke visualization tests, smokes are generated by a smoke generator and released
into either the supply duct or through the source patient’s mouth. Air temperatures are



monitored by thermal-couples; and air speeds at both the supply and exhaust are monitored by
hot wires.

For each case defined in Table 1, we first switch on the supply and exhaust fans, lights, and
the thermal manikins® power, followed by adjusting both supply and exhaust air flow rates to
as closely as possible to the specified values. Smoke visualization is done after at least one
hour so that a steady state may have achieved. There is unfortunately some periodic variation
in the supply air temperatures due to the use of a very large chiller, which has made it difficult
to control the supply air temperature as the test room has a very low cooling load. Due to the
unsteady supply air temperatures, smoke is released only when the supply air temperature is
less than 17°C for the tests carried out in this study,

Table 1. A list of test conditions.

No. | Purpose Description of Conditions
1 Standard case Supply flow rate is 362 /s & exhaust flow rate 456
I/s.
Bed-head and below-bed exhaust ratio is 10:90.
The door is closed and no local hood is used.
2 Effect of retractable local | Same as Case 1; except a local retractable hood is
hood used for the source patient.
3 Effect of door opening Same as Case 1; except the door is open.
4 Effect of bed-head and Same as Case 1; except the bed-head and below-
below-bed exhaust ratio bed exhaust ratio = 30:70.
5 Effect of bed-head and Same as Case 1; except the bed-head and below
below bed exhaust ratio bed exhaust ratio = 50:50,
6 Effect of middle duct Same as Case 1; except that the middle air ducts
supply air flow rate illes supply 50% more than other grilles
7 Effect of people movement | Same as Case 1; except that one person walks in
the room
8 Effect of no head-level Same as Case 1; except the bed-head and below
exhaust bed exhaust ratio = 0:100.

For the exhaust air flow pattern, there are two important parameters, both related to the
distance between the nose and exhaust. We located the manikin so that the manikin was just
100 mm below the exhaust grille. We then gradually moved the manikin away from the
exhaust grille to observe the changing capture effectiveness. The horizontal distance between
the manikin and the exhaust is measured by the distance between the manikin head and the

grille.

Figure 4 shows some typical exhaust flow patterns. If the patient’s head is more than 100 mm
away from the exhaust, the capture efficiency is reduced to zero for Case 1. Using a higher
extraction ratio at bed-head level exhaust or using the retractable hood can improve this
constraint in the effective capturing distance. At an extraction ratio of 30:70, the critical
capturing distance increases to 200 mm. We suggest that a 30:70 exhaust ratio is a suitable
option for this test room. It should be noted that this optimum extraction ratio should not be
used universally in all situations as the airflows are affected by many other parameters. Either
computational fluid dynamics simulations or full-scale tests will be necessary to verify the
optimum design parameters for a new design.




Horizontal distance between the grille Horizontal distance between the grille
and the head top is 100 mm and the head top is 300 mm

Figure 4. Smoke visualization of the exhaust air streams for two different distance between
the patient and the exhaust grille. Extraction ratio is 10:90.

The supply air streams are clearly shown in Figure 5. Due to the relatively low velocity that is
used for supply (less than 0.2 m/s), the supply “jets” may be best described as “negative
thermal plumes”, which means that the primary supply air flow is dominated by the negative
buoyancy force as the supply air is relatively heavier than the surrounding. Thus, it is
expected that the airflow pattern will be mostly affected by the cooling load in the room. If
the cooling load is low, then the supply air temperature is bigh, and there may not be
sufficient negative buoyancy force to drive the air flow downwards. The use of low velocity
supply also enables us to use 9 large supply grilles to provide task ventilation to both HCWs
and patients. :

Figure 5. Smoke visualization of the supply air streams in the test room for the standard
conditions, Case 1. (A) Supply air stream from one supply grille. (B) Supply air streams from
several supply grilles.

4.3 Aerosol concentration measurement



Smoke visualization are qualitative. Quantitative measurements would assist our evaluation of
the air conditioning systems to identify the optimum design parameters. This was done by
placing an aerosol generator in one bed and aerosol concentration measurement is carried out
for three locations — the source patient bed, the middle corridor (HCWs) and the neighboring
bed. For the source patient, the aerosol generator is released through a flexible plastic tube
connecting to the patient’s mouth. The positioning arrangement is shown in Figure 6. As there
is only one dust meter, we have carried out the measurement one after another and each
measurement takes about 2-3 minutes for sampling. Each set of measurement takes about 10
minutes. Due to the presence of the people during the measurement, some mixing may be
introduced due to body air flows of the person and his movement.

(A) Dust meter location in the corridor ~ (B) Dust meter location in patient’s bed

(€) Simulation of a sitting patient (D) Location of source patient’s mouth
for aerosol measurement

Figure 6. Photos for some experimental arrangements.

Table 2. Summary of measured aerosol concentrations excluding the background dust level.

Case | Source Patient (ug/m*) | HCW (ug/m’*) Neighbor bed (p.g/m’)
No. [Mean |Min [Max |Mean |Min | Max | Mean | Min | Max
| 42 22 75 9 0 18 14 4 25
2 86 30 177 -3 -8 7 5 -1 17
3 62 40 86 -2 -8 3 18 0 111
4 21 4 42 5 1 16 23 2 46
5 -3 -8 2 -2 -5 11 1 -7 19
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Table 2 summarizes the measured concentrations after adjustment by the ambient background
dust levels. Case 1 is the standard case with a bed-head and below bed exhaust ratio of 10:90.
A reasonably high level of aerosol levels is recorded at both the HCW location and the
neighboring bed (Bed 5 in Figure 7). Due to the unsteadiness, some negative adjusted
concentrations were also obtained.

The 50:50 exhaust ratio gives the best results of all three ratios tested. However, due to the
relatively high extraction velocity, the 50:50 extraction ratio is not recommended for use. The
use of the retractable hood also provides a good protection for both HCWs and other patients.
It should be noted that the existing retractable hood design could be improved by locating the
exhaust outlet at the top of the hood to reduce the aerosol concentration for the source patient
(Case 2). Both motorized operation and disposable design are possible.

When opening the door of the test room, there is a strong airflow into the test room through
the entrance, which causes the concentration for HCWs to be reduced. The mixing induced by
the door airflows also caused severe “cross-infection” between beds. Higher middle duct
supply was originally intended for providing higher air velocity and lower air temperature for
doctors and nurses who are likely to have high clo and met values. The present results show
that if the middle air supply is not properly controlled, the high air supply momentum may be
responsible for more air mixing as shown for Case 6. Possible solutions may inciude the use
of larger supply grille areas to reduce the supply air velocity. The people movement in the
room can also affect the airflow pattern adversely. Mixing is introduced when people move in
the room. The degree of mixing depends on the speed and direction of movement.

4.4 The retractable loca) exhaust hood

The local hood is found to be very effective in removing the virus-laden aerosols. With the
hood, the virus-laden aerosols originated from the patient’s mouth can be captured fully even
when the patient is more than 300 mm away from the exhaust. Obviously, the patient’s head
should be covered under the hood to obtain the 100% capture efficiency. It is found that the
exhaled airtlow direction is also an important parameter. If the patient faces outside and the
exhaled airflow is directed to the surrounding, the virus-laden aerosols can escape into the test
room.

A number of critical comments have also been received from the visiting medical
professionals on other aspects related to infection control. For example, the plastic materials
used for the prototype hood may not be adequate due to the possible difficulties in surface
cleaning. It is recommended that the retractable hood may be built to be light structure,
disposable or washable, and can be easily hooked on or off to the wall. The local hood design
still needs to be improved with inputs from the medical professions.

4.5 Opening the entrance door

There is a negative pressure when the door is closed. When the door is open, the negative
pressure drives the airflows from outside to the test room. The airflow can be very strong
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depends on the magnitude of the negative pressure. This incoming airflow from the door can
destroy the negative supply plume from the supply grille near the door, and cause significant
mixing in the test room.

It should be mentioned that door opening may not always cause incoming air flows. The
airflow through a doorway also depends on the temperature difference between the ward and
the outside. If there is a significant temperature difference, the stack force can also introduce
significant airflows.

4.6 Bed-head and below bed exhaust ratio

One innovative feature in the SARS-Busters’ design is the use of bed-head level exhaust to
provide some local-capturing effect. Questions have been asked what extract ratio is the most
effective one. To answer this question is not easy and the CFD results have shown that the
10% exhaust at the bed-head level was the most efficient (SARS Busters, 2003). However,
our full-scale tests have revealed that a high extract ratio at the bed-head level is more
effective in terms of removing the exhaled air from the patient if the patient is not too far
away from the exhaust.

This is obvious as the flow into an exhaust grill is a potential flow. The air velocity decays
) ) ; v . . .
quickly as it moves away from the grille (¥, = "%, where V; is the velocity at a distance r
r

from the grille and the ¥ is the air velocity at the grille when » = 0). A high exhaust flow rate
would result in a high exhaust velocity through the grille when the exhaust area is kept the
same and thus also result in a high capture-efficiency. The effectiveness of local exhaust is
also demonstrated in the aerosol concentration measurement.

A 50% exhaust at the bed-head level will improve the capture efficiency. Even the patient is
300 m away from the exhaust; the removal is still visible in smoke visunalization. The effect of
exhaust ratio on the overall flow pattern, in particular on the supply air streams is negligible.
This may be due to the nature of flow, driven by the negative buoyant plumes of the supply
grilles. However, when the bed-head level exhaust is closed (extraction ratio 0:100), then a
significant increase of acrosol concentration in all locations in the room is detected (Table 2,
Case 8). This is simply due to the fact that the source is spread into the rest of room.

4.7 Middle grilles supply 50% more than the patient head supply grilles

A higher-middle air duct supply is considered due to the need to satisfy the different
requirement in thermal comfort for the patients and the health care workers. Health care
workers seem to have a higher clo value, while the patient can wear much less. Health care
workers also move around in the room and work, which may indicate that health care workers
may also have a high met value. This means that health care workers may prefer a different
room environment, although no systematic studies have been carried out.

A higher middle air duct supply would provide a higher air speed in the corridor area and may
provide a cooler environment for the health care workers. Site measurements are needed to
examine the nature of the thermal comfort requirements of health care workers and the
patients. Some medical visitors to the mock-up ward have suggested that health care workers
actually prefer “draught” during the SARS outbreak, while other medical professions denied
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such a phenomena. These confusing observations suggest the need of carrying out detailed
investigation in the hospital environment. If no knowledge is available about the thermal
comfort requirement of patients and health care workers, it is very difficult to design an
effective air conditioning system for hospital wards. Future tests would include the use of
more one additional supply grilles so that the supply air velocity is not increased, which
would help to minimize the flow mixing, but creates a cooler environment for the walking
HCWs in the corridor.

4.8 Dispersion from the source patient to other beds

We also measure the aerosol concentrations in all beds to access the possibility of cross-
infection in the test room. This is done by placing the aerosol generator in one patient’s bed,
Bed 6 in Figure 23. Measurement of aerosol concentrations is carried out for all other beds
and the middle corridor.

R — PR
Bed 4 Bed 5 Bed 6
15 37 41
pm/m? pm/m? pm/m?
R L
5 Door
HCWs  ,\m/m? T
3 ————————
Bed 1 Bed 2 Bed 3
@® & @
7 o 0
pum/m? pm/m? pm/m?

Figure 7. Illustration of the location of source patient, other patients and health care workers
(HCWs). Measured mean values of aerosols orginated from the source patient are also shown.
Negative adjusted concentrations in Table 3 are indicated by a aero value.

Table 3. A summary of the measured aerosel concentrations for all beds in the test room
excluding the background aerosol levels.

Locations Aerosol concentration 'm’)
Mean Min Max
Bed | 7 3 24
Bed 2 0 -8 26
Bed 3 0 -4 3
Bed 4 15 10 26
Bed 5 37 18 65
Bed 6(source patient) 41 26 71
HCW 5 0 17

Table 3 summarizes the measured concentrations at various locations in the room when the
aerosols are generated near the source patient’s mouth in Bed 6. There is a mixing in the
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source patient side of the test room. All beds in this half of the room have recorded relatively
high virus-laden aerosol concentrations. It indicated the difficulty in controlling the
unidirectional flows in the test room. The body buoyancy flows may be responsible for the
between-bed mixing. A variation of the system would to place the supply grilles between beds,
rather above a bed. On the other hand, the concentrations in the other half of the room are
relatively very low, suggesting that the middle ducts play an important role in “separating”
the airflow between the two sides of the room as an “air curtain”. It should be noted that Bed
1 recorded a relatively higher dust concentration than Beds 2 and 3. This may be due to the
use of a cooling fan for the thermal manikin controller, which is located between Bed 1 and
Bed 2. The fan is sufficiently strong to cause some local mixing in the region, which might
have caused some particles on the beds or the floor to be re-suspended.

5. CONCLUSIONS

The new air conditioning system designed by SARS-Busters air distribution is shown to
perform well for a nearly realistic full-scale SARS ward. The new bed-head exhaust design
allows some degree of local capture of the virus-laden aerosols, originated from patient’s
mouth. A 30 to 70 ratio between the bed-head level and below-bed extraction is found to be a
suitable exhaust ratio. If the simple and innovative retractable hood is used, the cross-
infection between the patients is totally eliminated for the test conditions considered. People
movement and door opening are shown to introduce significant mixing in the test room. Air
distribution in SARS wards is shown to be a complicated process and proper design is
necessary for minimizing cross-infection between patients and between patients and HCWs
and efficient and effective dilution and removal of virus-lade aerosols. Airflow patterns are
also found to be very sensitive to minor changes in the supply grille and supply air
parameters.

Based on the preliminary results obtained from this mock-up study, design guidelines from
CDC, WHO and ASHRAE and local practices, the following design principles are
recommended for the SARS Ward:

e If possible, single occupancy ward design with a separate air conditioning system is
always preferred.

» Negative pressure in the patient room needs to be maintained.

A minimum of 12 air changes per hour outdoor air supply is recommended.
Low-level exhaust is preferred together with a ceiling downward supply. For ceiling
level supply, the supply air velocity should be maintained between 0.1- 0.3 m/s.

¢ Task ventilation is recommended with each supply grille and exhaust grille for each
bed as well as dedicated supply grilles for health care workers in the middle corridor
region.

e The bed-head exhaust is very effective for sleeping patients. This should be promoted
if space allows and if hospital infection control has no objection to its position. Other
designs such as retractable hoods may also be considered.

» If a bed-head level exhaust is used, a 30 to 70 ratio between the bed-head level and
below-bed extraction is found to be suitable. Noise could be a problem if exhaust
grille air velocity is too high.

o The ventilation system designed by SARS Busters appears to provide good
contamination control for HCWs and the opposite patient beds. Adjacent patient bed is
not as well protected. It is recommended to always put patients in opposite beds first.
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e Air distribution in SARS wards is shown to be a complicated turbulent process and
proper design using computational fluid dynamics simulations, laboratory testing or
even field mock-up is considered to be very important.

¢ Testing and commissioning is critical. Apart from the conventional items such as flow
balancing etc, testing and balancing should include a check of supply air streams,
which can be easily done by using smoke visualization.

In summary, the basic design principles in the SARS-Busters design are shown to be uspﬁﬂ
by the preliminary full-scale mock-up study at HKU, and they should be followed if possible.
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