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By revisiting the air distribution and bioaerosol dispersion in Ward 8A where the largest
nosocomial severe acute respiratory syndrome (SARS) outbreak occurred in Hong Kong in
2003, we found an interesting phenomenon. Although all the cubicles were in ‘positive
pressure’ towards the corridor, the virus-containing bioaerosols generated from the index
patient’s cubicle were still transmitted to other cubicles, which cannot be explained in a tra-
ditional manner. A multi-zone model combining the two-way airflow effect was used to
analyse this phenomenon. The multi-zone airflow model was evaluated by our experimental
data. Comparing with the previous computational fluid dynamic simulation results, we found
that the air exchange owing to the small temperature differences between cubicles played a
major role in SARS transmission. Additionally, the validated multi-zone model combining
the two-way airflow effect could simulate the pollutant transport with reasonable accuracy
but much less computational time. A probable improvement in general ward design was

also proposed.
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1. INTRODUCTION

Hospital-acquired infection is an important public
health issue with unacceptable levels of morbidity and
mortality. While contact transmission of disease forms
the majority of hospital-acquired infection cases, trans-
mission through the air is harder to control than
other transmission routes [1,2]. Respiratory infections
can be spread via indirect contact with droplets from
expiratory activities such as breathing, coughing and
sneezing, and many studies have investigated the size
distribution of human-exhaled droplets [3—13]. Since
the engineering sciences can play an important role in
limiting airborne disease transmission [1,2], many
engineering control methods such as ventilation have
been well studied [14—17]. The hospital-acquired infec-
tion of severe acute respiratory syndrome (SARS) was
one of the most significant disease transmission cases
in the first decade of the twenty-first century.
Following the first reported case of infection in
Guangdong, China, in the spring of 2003, a total of

*Author for correspondence (binzhao@tsinghua.edu.cn).

Received 6 September 2010
Accepted 22 October 2010

1755 people in Hong Kong were diagnosed with SARS
[18]. A 26-year-old Hong Kong resident who contracted
the infection was treated in Ward 8A at the Prince of
Wales Hospital, which subsequently led to the largest
nosocomial SARS outbreak in Hong Kong [19]. Several
epidemiological studies have investigated the spread of
SARS in Ward 8A for different groups of patients:
Lee et al. [19] for healthcare workers; Wong et al. [20]
for medical students; and Yu et al. [21] for inpatients.
Although the primary SARS virus was mostly spread
by close personal contact and large-droplet transmission
[22], there is strong evidence suggesting that the virus
can spread through the airborne route [23—25]. In the
Ward 8A case, Lee et al. [19] and Wong et al. [20] also
indicated that close personal contact and large-droplet
transmission were the main routes of SARS transmission.
Yu et al. [21] indicated that airborne transmission was
also an important route of SARS transmission. Further-
more, Li et al. [26] investigated the role of air distribution
in SARS transmission in Ward 8A. They performed com-
putational fluid dynamic (CFD) simulations and field
measurements to analyse the bioaerosol dispersion in
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Figure 1. Floor plan of Ward 8A during the time of the outbreak in March 2003. There were four large cubicles, each with 10 beds.
Measured supply and exhaust flow rates by Li et al. [26] are shown for each diffuser/grille. The bed (no. 11) where the index
patient stayed is also marked. The numbers of inpatients who developed SARS in each cubicle are also marked (revised based

on fig. 1 in [26)).

Ward 8A and demonstrated the significance of air
distribution control in hospital wards in preventing
the transmission of diseases, based on the association
between the predicted bioaerosol dispersion pattern
and spatial infection pattern.

Revisiting the air distribution and bioaerosol dis-
persion in Ward 8A by Li et al. [26], we found an
interesting phenomenon. As shown in figure 1, all the
supply diffusers were installed in the cubicles, while
all the exhaust grilles were installed in the corridor.
Thus, to common knowledge, all the cubicles should
be in ‘positive pressure’ towards the corridor, which
means the airborne bioaerosols generated by the index
patient who stayed in cubicle 1 would have no chance
to enter other cubicles. However, the epidemiological
data showed that the inpatients that stayed in other
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cubicles were also infected. So how did these virus-
containing bioaerosols transmit to other positive-pressure
rooms? Revisiting the CFD results of air distribution in
Ward 8A by Li et al. [26], a two-way airflow pattern
existed at the opening (width x height: 6 x 2.4 m?)
between cubicles and corridor, as shown in figure 2. The
CFD results of temperature distribution (fig. 6 in [26])
showed that the temperature in the corridor was slightly
higher than those in the cubicles. So may the thermal
pressure effect caused by temperature difference be a
suspected mechanism for the two-way airflow pattern at
the opening? CFD simulation is a good approach for
obtaining detailed information of air distribution, and
many researchers have used the CFD approach to study
the hospital-acquired infection [27-34]. CFD allows us
to evaluate each geometrical and ventilation parameter
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Figure 2. Velocity vectors in a vertical plane in the middle of the cubicles at the time of outbreak (made by Li et al. [26]).

on dispersion of virus-laden particles; however, CFD is
also more expensive to run in terms of computer cost
when compared with other simpler analysis methods for
airflow. This paper presents a multi-zone model combin-
ing the two-way airflow effect to re-analyse the case of
SARS transmission in Ward 8A. Experimental data
were obtained by carrying out the experiments in an
environmental chamber with a mechanical ventilation
system to validate the multi-zone model. We demon-
strated the role of air exchange owing to temperature
difference in SARS transmission. Additionally, based on
the multi-zone modelling and analysis, an improvement
in designing general hospital wards was proposed.

2. MODELLING METHODS

2.1. Multi-zone model combing two-way
airflow effect

Similar to the CFD simulations by Li et al. [26], our
computational domain included all four cubicles, the
nurses’ station and the corridor, as well as the entrance.
The isolation cubicle, toilets, store, kitchen and the
manager’s office were excluded in the computational
domain. Each cubicle was set as an individual zone,
while the corridor was divided into two zones with
the same area. The nurses’ station was included in the
top zone of corridor.

Our multi-zone model is based on mass balance of
airflow, energy, bioaerosols and the pressure relation-
ship between each zone and opening. According to the
results of CFD simulations (figs 5 and 6 in [26]), the
air temperature distribution in the cubicle was of
the mixing type [26]. Thus, we neglected the influence
of wvertical temperature stratification and assumed
that the cubicle air was well mixed. Another major
assumption for the multi-zone model is that the effect
of air viscosity and turbulent flow was not explicitly
considered, rather being considered in the flow resist-
ance coefficients. Since the temperature difference
between cubicles and corridor may result in two oppo-
site directions of airflow existing at the opening, the
airflow rate from cubicles to corridor and from corridor
to cubicles through the opening should be calculated.
The mass balance equation of airflow in each zone can
be expressed as:

m

n
D Qin= Y Qiou
=1

i=n+1

(2.1)

where Ql in is the inflow rate while @, o is the outflow
rate (m* h™1).
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The height of Ward 8A, H, is 2.4 m. The elevation
(y) of H/2=12m was assumed as the reference
elevation of the opening between two adjacent, j and
k, zones, y= 0. The pressure at y in j and k zones can
be calculated by

Pi(y) = P;(0) - p9y (2.2)
and

Pk(y) = Pls(o) — Pr9Y; (23)
where g is the gravitational acceleration (ms~?). p; and
pi. are the air density in j and & zones (kg m™?), respect-

ively. The neutral height, Y is at the position where the
air velocity is zero, which is equivalent to the following
equation:

Pi(Y) = Py(Y). (2.4)

When |Y] < H/2, assuming the j zone is in overall
positive pressure towards the k zone, the relationship
between airflow and pressure difference at the opening
can be described as [35]

A 3/2
Qi _70 W1/29L p< |Y|> (2.5)
and
2 A 3/2
ai=jam PR0(Tom) . eo

where Ap is the air density difference between j and k
zones (owing to the temperature difference). W is the
width of the openings, which is 6 m for cubicles’ open-
ing and 3m for opening between corridors 1 and 2.
The shape of the openings was assumed as a rectangle,
which matches the real case. Cy is the discharge coeffi-
cient of the opening, which is set at 0.78, as the
experiments by Weber & Kearney [36] have shown
this value works well for most applications. However,
it is known that the discharge coefficient for large open-
ings such as doorways and windows is difficult to
determine. If |Y|> H/2, there is no two-way airflow
existing at the door opening. In this case, slightly
different formulae are needed [37].

The energy balance equation for each zone can be
expressed as

Z pCpT Qz mt+S= Z PCy TQL out (27)
1=n+1
where c, is the specific heat capacity (J (kg K)™'); Ty is

the temperature of the inflow at the supply diffusers,
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Table 1. Summary of the main boundary conditions of the CFD simulation in Li et al. [26].

airflow rate at supply

airflow rate at exhaust

airflow rate at other

supply air temperature

total heat gain

zones diffusers (1s™1)* grilles (1s™1)* openings (1s~')* (°C) (kW)
cubicle 1 336 n.a. n.a. 14.3 2.310
cubicle 2 290 n.a. n.a. 14.3 2.310
cubicle 3 305 n.a. n.a. 14.3 2.234
cubicle 4 310 n.a. n.a. 14.3 2.310
corridor 49 627 663 14.3 2.478

“The detailed information is shown in figure 1.

exhaust grilles or openings (K); T'is the temperature of
this zone (K); and S is the heat gain in each zone (W).
It was assumed that the heat gain was uniformly
distributed in a zone.

As discussed by Li et al. [26], the virus-containing
bioaerosols can be modelled as a passive tracer since
the water droplets evaporated rapidly after release
and became very fine [11,38,39]. For comparing with
the CFD results by Li et al. [26], this assumption was
also used in this study. Therefore, the bioaerosol mass
balance equation for each zone (except for cubicle 1)
can be expressed as

Z CiQi,,in = Z CQi,011t7 (28)
=1

i=n+1

where C; is the normalized bioaerosol concentration of
the inflow at the supply diffusers, exhaust grilles or
openings, and C' is the normalized bioaerosol concen-
tration of this zone. It was assumed that the
bioaerosol was uniformly distributed in a zone.

2.2. Boundary conditions

All the boundary conditions were set similar to that of
the CFD simulation used by Li et al. [26]. All the air-
flows at supply diffusers and exhaust grilles are
marked in figure 1. The main boundary conditions of
the CFD simulation by Li et al. [26] are summarized
in table 1. The CFD and measurement results of
bioaerosol concentrations were normalized by the
concentration in the source patient’s bed, and the results
show that the normalized bioaerosol concentration in
cubicle 1 was approximately 0.03. Thus, for comparing
with CFD simulation results by Li et al. [26], the normal-
ized bioaerosol concentration in cubicle 1, Ceyp, 1, Was set
at 0.03 as a reference concentration. The air temperature
at the supply diffuser was 14.3°C. The total heat gain
was 11.64 kW; including 2.232 kW because of lighting,
2.964 kW because of 39 patients (76 W each, only sensi-
ble heat from a person is included) and 6.444 kW
uniformly distributed on the floor, were used in this
study. The detailed data are as follows: (i) lighting:
0.399 kW for each cubicle zone, 0.319 kW for each
corridor zone, (ii) patients: 0.76 kW for cubicle 1, 2
and 4 zones, and 0.684 kW for cubicle 3 zone, 0 kW for
corridor zones, and (iii) heat gain uniformly distributed
on the floor: 1.151 kW for each cubicle zone, 0.920 kW
for each corridor zone.
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3. MODEL VALIDATION
3.1. Experimental set-up

To validate the multi-zone model combing the two-way
airflow effect, experiments were carried out in an
environmental chamber. The experimental configuration
is illustrated schematically in figure 3. Chamber 1,
which is 2 x 2 x 2 m® and made of stainless steel, simu-
lated the cubicle, while the surrounding chamber 2
simulated the corridor in Ward 8A. A mechanical venti-
lation system with a variable speed fan was installed to
control the air parameters inside chamber 1. The venti-
lation pattern was set as supply-only pattern, which
means supply airflow can only exit from the door. This
design simulated the ventilation situation of cubicles in
Ward 8A, which was supposed to be positive pressure.
The dimensions of the inlet are 250 x 250 mm? while
the dimensions of the door are 0.6 x 1.6m” (width
(W) x height (H)). The opening degree of the door
was set as 90° (totally open) to simulate the opening
between cubicle and corridor in Ward 8A.

Four frequencies of the fan were tested out in the
experiments—10, 20, 30 and 40 Hz—corresponding air
change rates: 27.0, 52.4, 98.5 and 131.9 ACH. Before
each experiment, the surfaces of the indoor chamber
were cleaned up to avoid the influence of particle resus-
pension. We also checked the effectiveness of the
mixing fan through measuring the particle concentration
distribution in the chamber before the formal exper-
iments and made sure that the chamber air was well
mixed. At the beginning of each experiment, the air in
the indoor chamber was diluted by the ventilation
system for half an hour to avoid the influence of initial
particle concentration. Then, the particle concentrations
at the inlet were measured. Each experiment was carried
out for 30 min to make sure the steady condition was
reached. The particle concentrations at indoors and out-
doors, supply air velocity in the duct, and pressure
difference between indoor and outdoor were continuously
measured during the whole period. The airflow directions
under each supply airflow rate were measured using vis-
ible smoke in repeated independent experiments. If the
visible smoke that was generated in chamber 2 could
transport into chamber 1, the airflow direction at the
door was two-way. There was no specific particle
source. The particles that were naturally suspended in
the air were used as the measurement objects. Chamber
2 was a relatively steady environment without any
activity and particle sources. These ensured the particle
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Figure 3. Experimental schematic.
Table 2. Chamber 1 and chamber 2 temperatures, supply airflow rates and airflow direction in each experiment.
fan frequency chamber 1 temperature  chamber 2 temperature  temperature difference supply airflow airflow
(Hz) (°C) (°C) (°C) rate (m*h~')  direction®
10 29.6 29.0 0.6 216 two-way
20 20.8 16.0 4.8 491 two-way
30 26.9 21.9 5.0 788 two-way
40 25.0 19.0 6.0 1055 two-way

*Two-way means two opposite airflow directions exist, and the flow from chamber 2 to chamber 1 all exist at the lower area

of the door.

concentrations in chamber 2 were relatively steady. This
assumption matches with our measurement results.
Temperatures indoors and outdoors were also continu-
ously measured during the whole period. Since each
experiment was carried out at different periods, the
temperatures in indoor and outdoor chambers were
different in each experiment. These variable temperature
differences contained different cases for the thermal
pressure effect, which help to provide more useful
experimental data for model validation.

Two FLUKE 983 optical particle counters (FLUKE
Inc., Everett, WA, USA) were used to measure the par-
ticle concentrations. FLUKE 983 simultaneously
measures and records six channels of particle sizes
(0.3-0.5, 0.5-1.0, 1.0-2.0, 2.0-5.0, 5.0-10.0 and
>10.0 pm). The counter has a coincidence loss of 5 per
cent when the particle concentration is two million par-
ticles per cubic inch and a 100 per cent counting
efficiency when the measured particle diameter is larger
than 0.45 wm [40]. The counters had been calibrated
by the manufacturer and also calibrated prior to each
measurement using a zero-counter filter. The particle
concentration was measured in the same location using
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the two counters to check whether they were
consistent. The two FLUKE 983 particle counters can
also be used to measure the temperature with a precision
of 0.1°C. A KIMO PM200 differential pressure meter
(KIMO Inc. Bordeaux, France) with a precision of
1 Pa was used to measure the pressure difference between
indoor and outdoor environments. An air velocity sensor
with a precision of 0.01 m s~ was installed near the inlet
for measuring the supply airflow rate.

3.2. Measured data and model validation

The measured temperatures of chambers 1 and 2,
supply airflow rates, pressure differences and airflow
directions are summarized in table 2. When the opening
degree was quite large, the pressure difference was too
small to be measured, which was shown as zero on the
differential pressure meter. The temperature difference
in each experiment varied from 0.6 to 6.0°C, and the
supply airflow rate in each experiment varied from
216 to 1055 m®h™". Based on the airflow direction
test using visible smoke, all airflow directions at the
door were two-way. As shown in figure 4, the airflow



704 SARS outbreak in Hong Kong C. Chen et al.

airflow from chamber 1
to chamber 2

chamber 1

visible smoke from
chamber 2 to chamber 1

chamber 2

Figure 4. Photograph of the airflow direction test. The visible
smoke that was generated in chamber 2 transported into
chamber 1, which means that the airflow direction at the
door was two-way. The arrows at the low area of the door rep-
resent the direction of airflow (visible smoke) from chamber 2
to chamber 1. The arrows at the upper area of the door rep-
resent the direction of airflow from chamber 1 to chamber 2.

(visible smoke) from chamber 2 transported to chamber 1
at the low area of the door. Since the indoor temperature
was higher than the outdoor temperature in each
experiment, which matches with the airflow direction
test (cooler air would transport to the warmer side
through the low area), the experimental results indicated
that the thermal pressure affects the transport of par-
ticles to some extent. Therefore, it seems that the
mechanical ventilation system was too weak to maintain
absolute positive pressure and prevent particles in
chamber 2 entering chamber 1 owing to the impact of
two-way airflow caused by a thermal pressure effect in
these cases.

Chambers 1 and 2 and supply particle concentrations
are summarized in figure 5. Since the concentrations of
particles with a diameter larger than 5 pm were quite
low, only the concentration data of particles with a diam-
eter in the range of 0.3—5 pm were selected for validation.
For further validating the model, the influence of particle
deposition in chamber 1 was also taken into consideration.
The deposition velocity has been well reviewed by Lai
[41]. Since the air exchange rate was quite large in the
experiments, the deposition velocities were chosen in
the summary by Lai [41] for large air exchange rate:
1.5e —04ms ' for 0.3 —0.5um, 2.0e —04ms " for
0.5—1pm, 50e —04ms " for 1 —2um and 6.0e —
04ms ' for 2 — 5 wm. The comparison of experimental
data and calculated data of indoor particle concentrations
is summarized in table 3. The mean (s.d.) relative error
between the analysis model and experimental data
was 9.3 + 5.8%. Therefore, the model was well validated.
Table 4 shows the airflow rates and corresponding air
change rates at the supply inlet and the door opening in
the validation experiments. It can be found that the air
exchange owing to temperature difference at the door
opening was quite significant.
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4. RESULTS AND DISCUSSION

4.1. Comparison of multi-zone and
computational fluid dynamic simulations

Figure 6 shows the comparison of bioaerosol distri-
butions using the multi-zone model and the CFD
approach. It can be found that the results by these two
approaches match quite well. Since the CFD approach
used in the case of Ward 8A had been validated by Li
et al. [26] using their experimental data, the CFD results
could be regarded as reliable, which means the results by
the multi-zone model combining the two-way airflow
effect presented in this study are also reliable. As dis-
cussed by Li et al. [26], the supply ceiling jets had
ensured a rather uniform distribution of bioaerosols in
each cubicle. Therefore, regarding each cubicle as one
zone was reasonable. For the corridor, since its geometry
was long and narrow and it had many airflow inlets and
outlets, it should be divided into several parts. According
to our test, dividing the corridor into two parts was accu-
rate enough for simulation in this Ward 8A case using
the multi-zone model combining the two-way airflow
effect. Furthermore, taken into account for the calcu-
lation cost and difficulty, the multi-zone model is more
convenient and suitable for engineers. Therefore, the
multi-zone model combining the two-way airflow effect
may be a better simulation approach owing to its
convenience and enough accuracy for actual application.

It should be noticed that if the air in the room was not
well mixed, the error of the multi-zone model would signifi-
cantly increase. For instance, if the vertical temperature
stratification was quite significant, which indicated the
room was not well mixed, the calculation error of the air
exchange owing to temperature difference at the door
openings using the multi-zone model would increase.
Additionally, if the geometry of the door openings was
complicated, it was difficult to accurately calculate the air-
flow rate at the door openings using the multi-zone model.
Therefore, there are also some limitations in the general use
of the multi-zone model presented in this study.

4.2. Effect of air exchange owing to
temperature difference

If the air temperature in each zone was the same, the
bioaerosol distribution would be presented as shown
in figure 7. Only cubicle 1 and corridor 1 contained
bioaerosols since other cubicles were absolutely positive
pressure. Therefore, it seems that the effect of air
exchange owing to temperature difference was one of
the dominating influencing factors in SARS trans-
mission in Ward 8A. All the two-way airflow rates at
each opening are summarized in table 5, which shows
that the two-way airflows were significant. These two-
way airflows destroyed the positive pressure in each
cubicle and resulted in stronger air exchange between
zones. As shown in figure 6, the temperature differences
between adjacent zones were in the range of 0.3-0.5°C.
According to equations (2.5) and (2.6), the air density
difference owing to temperature difference between
zones and the area of the opening were two factors
that decided the magnitude of the two-way air exchange.
Therefore, such a small temperature difference could
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Figure 5. Chamber 1 (dark grey bars), chamber 2 (light grey bars) and supply air particle concentrations (white bars)
(N/L, number per litre).

Table 3. Comparison of experimental data and calculated data of indoor particle concentrations.

fan frequency (Hz) particle size (wm)

experimental data (N/L?)

calculated data (N/L *) error” (%)

10 0.3-0.5 9.78E + 04
0.5-1 3.09E + 04

1-2 5.40E + 03

2-5 5.97E + 02

20 0.3-0.5 3.04E + 05
0.5-1 9.00E + 04

1-2 6.46E + 03

2-5 1.30E + 03

30 0.3-0.5 1.98E + 05
0.5-1 4.12E + 04

1-2 2.48E + 03

2-5 4.80E + 02

40 0.3-0.5 1.28E + 05
0.5-1 2.73E + 04

1-2 1.70E + 03

2-5 3.10E + 02

total: mean (s.d.)

9.79E + 04 0.2
2.77E + 04 10.2
4.74E + 03 12.2
5.09E + 01 14.7
2.84E + 05 6.7
8.45F + 04 6.1
7.59E + 03 17.5
1.44E + 03 10.7
1.97E + 05 0.6
4.37E + 04 6.0
2.89E + 03 16.4
5.28E + 02 10.0
1.08E + 05 15.4
2.32E + 04 15.1
1.58E + 03 6.8
3.08E + 02 0.5
9.3+538

“N/L, number per litre.

PError = |Cinexp — Cinall/ Cinexp X 100%, where Ci, exp is the experimental data of indoor particle concentration, and Ci, a1 is

the calculated data of indoor particle concentration.

cause a large air exchange between rooms owing to the
relatively large area of the openings.

There is a general misconception among the public, i.e.
if a room only has supply airflow or supply airflow is larger
than return airflow, then this room should be absolute
positive pressure since the superfluous airflow must
move out from the room. However, the air distribution
in Ward 8A is a strong and representative case to disprove
this judgement. When the area of the opening is relatively
large, even a small temperature difference can result in
two-way airflow at the opening, which destroys the posi-
tive pressure. In the perspective of virus-containing

J. R. Soc. Interface (2011)

bioaerosol transmission, this two-way airflow effect
owing to temperature difference is quite significant in
this case, since it can turn a protective environment
into a highly risky one. Therefore, the role of air exchange
owing to temperature difference in virus-containing
bioaerosol transmission should be given special attention.
However, if more routes of transmission exist and the rela-
tive influence is also more significant, the evaluation for
the importance of each influencing factor on SARS trans-
mission should be balanced accordingly.

There have been some studies focusing on the impact
of door-opening motion on the spread of contaminants
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Figure 6. Comparison of results of bioaerosol distributions using multi-zone and CFD simulations. The concentrations have been
normalized.

Table 4. The airflow rates and corresponding air change rates at the supply inlet and the door opening in the validation

experiments.

fan frequency supply airflow corresponding air

airflow rate from chamber 2 to corresponding air

(Hz) rate (m*h™?) change rate (ACH) 1 at the door opening (m*h™") change rate (ACH)
10 216 27.0 59 7.4
20 491 52.4 276 34.5
30 788 98.5 121 15.1
40 1055 131.9 7 9.6

[1,2,42]. They suggested that the air exchange caused
by doors opening/closing motion has been previously
identified as a risk of infection. Therefore, avoiding
the exchange of doorway airflow is quite important for
controlling airborne infection.

Li et al. [26] also suggested that airflow imbalance is
one of the reasons for bioaerosol spread, but the impact
is relatively small. Figure 8 shows the results of an air-
flow balance case using the multi-zone model combining
the two-way airflow effect. Comparing figure 8 with
figure 6, it can be found that the difference between
the balance and imbalance cases is quite small, which
agrees with the conclusion by Li et al. [26].

Besides, in the real case, the influence of a person’s
movements may be another transmission route. There
may be three mechanisms of the SARS transmission
by the person’s movements: (i) the person’s movements
cause close personal contact and large-droplet
transmission, which are the main routes of SARS
transmission; (ii) the virus-containing bioaerosols
deposit on the person’s surfaces and get transported
to other rooms, becoming airborne owing to resuspen-
sion, and then enter into the breathing zone of the
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patients; (iii) the person’s movements across the door
opening cause the transport of corridor air containing
bioaerosols to the other cubicles and result in the
SARS transmission. Additionally, the residual turbu-
lence generated in the corridor may be sufficient to
cause the transport of corridor air containing bioaero-
sols to the other cubicles and lead to infection.
However, inclusion of human movement will unlikely
change the conclusion of this study as the movement
could only introduce more mixing in the cubicles. The
amount of air exchange owing to a person’s movement
is significantly small when compared with the air
exchange owing to temperature differences.

4.3. Probable improvement of general
ward design

Based on the simulation and analysis, the role of air
exchange owing to temperature difference in SARS
transmission during the nosocomial outbreak in Ward
8A was quite significant. Therefore, avoiding air
exchange owing to temperature difference is one of the
key points for avoiding virus transmission from one
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Figure 7. Bioaerosol distributions using the multi-zone model
when the air temperatures in all the zones are the same. The
concentrations have been normalized.

Table 5. Airflow rates at the openings.

openings direction airflow rate (1s™')
cubicle 1 versus cubicle 1 to 921
corridor 1 corridor 1
corridor 1 to 586
cubicle 1
cubicle 2 versus cubicle 2 to 729
corridor 1 corridor 1
corridor 1 to 440
cubicle 2
cubicle 3 versus cubicle 3 to 825
corridor 2 corridor 2
corridor 2 to 520
cubicle 3
cubicle 4 versus cubicle 4 to 828
corridor 2 corridor 2
corridor 2 to 518
cubicle 4
corridor 1 versus corridor 1 to 378
corridor 2 corridor 2
corridor 2 to 418
corridor 1

zone to another. Since the temperature differences
between adjacent zones were already quite small, the
only way to avoid the air exchange owing to tempera-
ture difference is reducing the area of the openings.
For instance, curtains can be installed at the openings
of all the cubicles, and eventually the area of the open-
ings can be reduced. Figure 9 shows the comparison of
bioaerosol distributions using the multi-zone model
when the widths of the openings (W) were 4, 2, 1 and
0.5 m, respectively. Following the decrease in the area
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Figure 8. Bioaerosol distributions using the multi-zone model
for the airflow balance case. The concentrations have been
normalized.

of the openings, the bioaerosol transmission between
each zone became weaker. When the width of the open-
ings was 0.5 m, the bioaerosol concentrations in cubicles
2, 3 and 4 were almost zero. Therefore, reducing the
area of the openings, e.g. installing curtains, is an effec-
tive approach for reducing the magnitude of SARS
transmission in Ward 8A. Ching et al. [43] also
suggested that the use of hospital curtains could
reduce the risk of hospital-acquired infection between
patients, and a curtain fully extended to the full
length yielded a much better infection control perform-
ance than a partially extended curtain. However,
hospital curtains may cause inconvenience for the
healthcare workers, which is a disadvantage.

Li et al. [26] investigated the effectiveness of a new
hypothetical ventilation system, which included a dedi-
cated downward supply diffuser for each bed, with four
supply diffusers over the aisle between the two rows of
beds in each cubicle. They found that it performs rela-
tively well in Ward 8A: the concentration in cubicle 2
was reduced to between 0.003 and 0.005, while in cubicles
3 and 4 to between 0 and 0.003. This is a very effective
design that can obviously reduce the concentrations of
other cubicles. Nevertheless, this design needs a lot of
supply diffusers and exhaust grilles, which may have a
big impact on the final cost. By contrast, installing cur-
tains at the openings to reduce the area of the openings
could be more convenient and economical.

5. CONCLUSIONS

Revisiting the role of air distribution in SARS trans-
mission during the large nosocomial outbreak in Ward
8A, we found that the two-way airflow effect at the
openings plays an important role in bioaerosols
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Figure 9. Bioaerosol distributions using the multi-zone model. (@) the width of the opening was 4 m; (b) the width of the opening
was 2 m; (¢) the width of the opening was 1 m; (d) the width of the opening was 0.5 m. The concentrations have been normalized.

transmission. The most likely reason for the two-way
airflow effect may be the thermal pressure effect. This
paper aimed to investigate the role of air exchange
owing to temperature difference in SARS transmission
in Ward 8A using a validated multi-zone model combin-
ing the two-way airflow effect. Within the scope of this
research, the following conclusions can be drawn:

— air exchange owing to temperature difference played
a significant role in SARS transmission during the
nosocomial outbreak in Ward 8A;

— the validated multi-zone model combining the two-
way airflow effect may be a better simulation
approach than CFD owing to its convenience and
accuracy for actual application; and

J. R. Soc. Interface (2011)

— reducing the area of the openings between cubicles
and corridor (e.g. installing curtains at the open-
ings) may be a more convenient and economical
improvement on general ward design.

This study was sponsored by the National Natural Science
Foundation of China (grant no. 51078216) and supported by
Tsinghua University Initiative Scientific Research Programme.
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