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HIGHLIGHTS GRAPHICAL ABSTRACT

e SARS-CoV-2 was detected in both air
and surface samples in isolation wards.
e The dispersion and deposition of
exhaled particles were analyzed by CFD

simulation.

On-site RT-PCR test Calculated particle dispersion and deposition
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e Sampling and simulation supported the
possibility of airborne transmission.

e Use of ceiling-mounted air cleaners is an
effective intervention strategy in wards.

e Curtains separate adjacent patients but
increase the risk of opposite patients.

ARTICLE INFO ABSTRACT

Editor: Danmeng Shuai Although airborne transmission has been considered as a possible route for the spread of SARS-CoV-2, the role
that aerosols play in SARS-CoV-2 transmission is still controversial. This study evaluated the airborne trans-

Keywords: mission of SARS-CoV-2 in COVID-19 isolation wards at Prince of Wales Hospital in Hong Kong by both on-site

Aerosol transmission sampling and numerical analysis. A total of 838 air samples and 1176 surface samples were collected, and

Computational fluid dynamics (CFD) SARS-CoV-2 RNA was detected using the RT-PCR method. Testing revealed that 2.3% of the air samples and 9.3%

Indoor environment
RT-PCR test
SARS-CoV-2

of the surface samples were positive, indicating that the isolation wards were contaminated with the virus. The
dispersion and deposition of exhaled particles in the wards were calculated by computational fluid dynamics
(CFD) simulations. The calculated accumulated number of particles collected at the air sampling points was
closely correlated with the SARS-CoV-2 positive rates from the field sampling, which confirmed the possibility of
airborne transmission. Furthermore, three potential intervention strategies, i.e., the use of curtains, ceiling-
mounted air cleaners, and periodic ventilation, were numerically investigated to explore effective control
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measures in isolation wards. According to the results, the use of ceiling-mounted air cleaners is effective in
reducing the airborne transmission of SARS-CoV-2 in such wards.

1. Introduction

Coronavirus disease 2019 (COVID-19), a highly transmissible and
pathogenic viral infection caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has spread globally, causing more than 5.6
million deaths as of February 2022 (World Health Organization). It is
crucial to understand the transmission routes and characteristics of the
virus for effective infection intervention. Close contact and respiratory
droplets have been proven to be the main transmission modes of the
SARS-CoV-2 virus (World Health Organization, 2020). In addition,
airborne transmission via aerosols has been suggested as an important
transmission pathway for SARS-CoV-2 (World Health Organization,
2020; Morawska and Milton, 2020).

Airborne transmission is defined as the spread of infectious aerosols
(usually droplet nuclei) over long distances and times (World Health
Organization, 2014). Aerosols are usually generated during medical
treatment, and can also be produced by coughing, sneezing, and talking
(Kutter et al., 2018; Stadnytskyi et al., 2020; Anfinrud et al., 2020). In
outdoor environments, exhaled aerosols can be quickly diluted, so the
probability of airborne transmission is very low, except for crowded
public sites (Chirizzi et al., 2021; Belosi et al., 2021). However, in indoor
environments, especially those with high occupancy and poor ventila-
tion, the airborne transmission could be an issue (Dai and Zhao, 2020;
Dinoi et al., 2021). Van Doremalen et al. Van Doremalen et al. (2020)
found that SARS-CoV-2 could remain viable in aerosols for 3 h under the
tested experimental conditions. Multiple studies (Liu et al., 2020; Chia
et al., 2020; Lednicky et al., 2020; Guo et al., 2020; Zhou et al., 2021)
have detected SARS-CoV-2 viral RNA in air samples. Liu et al. (2020)
collected air samples in two Wuhan hospitals and found that aerosols
with sizes in the sub-micrometre (0.25-1.0 ym) and super-micrometre
(> 2.5 ym) ranges had the highest viral concentrations. Chia et al.
(2020) detected SARS-CoV-2 PCR-positive airborne particles in isolation
rooms with a high ventilation rate of 12 air changes per hour (ACH).
Lednicky et al. (2020) demonstrated that the SARS-CoV-2 virus can be
viable in aerosols by inoculating cells with the virus from air samples
collected in hospitals. The recent review by Dinoi et al. (2021) found
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Fig. 1. (a) Configuration of the COVID-19 isolation ward and (b) locations of the sampling points.
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that people in hospitals and healthcare facilities are at higher risks of
airborne SARS-CoV-2 transmission than in other indoor environments.
These studies have indicated that airborne transmission of SARS-CoV-2
is possible. However, according to other studies, the airborne trans-
mission mode for SARS-CoV-2 is still controversial (World Health Or-
ganization, 2020; Chagla et al., 2021; Asadi et al., 2020; Faridi et al.,
2020). For instance, the role of droplet and fomite transmission cannot
be ruled out in airborne transmission-related outbreaks and virus de-
tections; the infection dose of inhaled viable virus is unknown; and the
role of aerosols in transmission is also unknown. Therefore, it is still
worthwhile to evaluate the airborne transmission of SARS-CoV-2 in
order to add data and knowledge to this field.

In addition to on-site sampling, numerical simulations using
computational fluid dynamics (CFD) are an effective method for inves-
tigating the aerodynamic characteristics of particle transport (Chen and
Zhao, 2010; Chen et al., 2010; Zhang and Chen, 2007). During the 2003
SARS outbreak, this method was widely used to investigate the airborne
transmission of the virus and optimize airflow distribution design (Li
et al., 2005; Yu et al., 2004; Zhao et al., 2005; Kao and Yang, 2006; Gao
and Niu, 2006; Jiang et al., 2009). Li et al. (2005) numerically studied
the role of air distribution in SARS transmission during the largest
nosocomial outbreak in Hong Kong. Yu et al. (2004) analysed the tem-
poral and spatial distributions of infected cases in a large community
outbreak of SARS in Hong Kong by CFD simulation. Zhao et al. (2005)
numerically analysed the transport of exhaled droplets from normal
respiration and coughing in indoor environments. In recent studies, this
method has also been used to investigate the airborne spread of
COVID-19 in crowded indoor environments (Shao et al., 2021; Abuhe-
gazy et al., 2020; Li et al., 2021; Wang et al., 2021; Zhou and Ji, 2021;
Ren et al., 2021). For instance, Shao et al. (2021) assessed the infection
risk of airborne transmission of COVID-19 in three indoor spaces: an
elevator, a classroom, and a supermarket. Abuhegazy et al. Abuhegazy
et al. (2020) numerically investigated aerosol transport and surface
deposition in a realistic classroom environment. Li et al. (2021) simu-
lated the spread of fine exhaled droplets and assessed the possibility of
airborne transmission in a COVID-19 outbreak inside a restaurant in
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Guangzhou, China. Wang et al. (2021) evaluated the transmission of
SARS-CoV-2 via coughing, breathing, and talking during two real flights
by CFD simulation. These studies have demonstrated that CFD simula-
tions can be used to evaluate airborne transmission of SARS-CoV-2 in
indoor environments.

This study aimed to evaluate the airborne transmission of SARS-CoV-
2 in COVID-19 isolation wards at Prince of Wales Hospital in Hong Kong
by both on-site sampling and numerical analysis. For the on-site sam-
pling, the interference of droplets was ruled out by instructing the
infected patients to cough while wearing a mask during sampling. A
total of 838 air samples and 1176 surface samples were collected in the
wards, and SARS-CoV-2 RNA was detected using the reverse transcrip-
tion polymerase chain reaction (RT-PCR) method. The dispersion and
deposition of exhaled particles in the wards were then calculated by CFD
simulations. The calculated airborne particle concentrations and surface
deposition accumulations were quantitatively compared with the SARS-
CoV-2 positive rates from the field sampling to confirm the possibility of
airborne transmission. Furthermore, three potential intervention stra-
tegies, i.e., the use of curtains, ceiling-mounted air cleaners, and peri-
odic ventilation, were numerically investigated to explore effective
control measures for reducing airborne transmission of SARS-CoV-2 in
isolation wards.

2. On-site sampling of SARS-CoV-2 virus
2.1. Sampling methods

On-site sampling was conducted in the COVID-19 isolation wards at
Prince of Wales Hospital in Hong Kong between August 2020 and March
2021. The sampling started in August 2020, the beginning of the 3rd
wave of local COVID-19 epidemics. We targeted to collect at least 300
sets of air samples to obtain statistically meaningful results. However,
due to the limited workforce in the fieldwork (the off-duty nurses with
permission to enter the isolation wards), limited air sampling equip-
ment, and decreasing trend of the epidemics, the sampling work was
prolonged to March 2021 (the 4th wave of local epidemics). The sam-
pling was conducted during this period whenever there were patients
eligible and agreed to participate in the study and the fieldwork staff and
sampling equipment were available. All samples were collected in 4-bed
negative-pressure isolation wards with the same layout, as depicted in
Fig. 1(a). Over 85% of the samples were taken when there were 3 or 4
COVID-19 confirmed patients in the isolation wards. The ventilation rate
in the isolation wards was about 30 air changes per hour (ACH). The
sampling locations are shown in Fig. 1(b). Three air samples and four
surface samples were collected around a COVID-19 patient in each
tested isolation ward, and were considered to be a set of samples. First,
an air sample above the overbed table in front of the patient (Al before
cough) was collected. The patient was then instructed to cough three
times while wearing a face mask to remove the coarse particles and
exclude the interference of droplets. At the same time, two air samples
were collected above the overbed table (A1) and near the ventilation
exhaust (A2). Four surface samples were collected after the coughs, from
the surfaces of the overbed table (S4), bedrails (S5), personal items
(primarily the patient’s mobile phone) on the bedside cabinet (S6), and
medical equipment (S7). An additional air sample was collected in the
center of the isolation ward (A3) once a week. Control group air samples
were collected in an empty isolation ward. The air samples were
collected using a Sartorius AirPort MD8 air sampler (Sartorius AG,
Germany) with sterile gelatin filters (80 mm in diameter, Sartorius AG).
Collection of each air sample lasted for 20 min with an airflow rate of 50
litre per minute. The surface samples were collected with premoistened
swabs using an approach similar to that in previous studies (Dargahi
et al., 2021; Harvey et al., 2020; Razzini et al., 2020). All the samples
were analyzed by the RT-PCR method for detection of SARS-CoV-2 RNA
(Hung et al., 2021). The sample recovery and RNA extraction followed
the instructions by Santarpia et al. (2020). The limit of detection (LOD)
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Table 1
SARS-CoV-2 test results for the air and surface samples collected in the COVID-
19 isolation wards.

Sampling location Number of Number of Positive
samples positive rate
samples
Air Above overbed table 311 8 2.6%
samples (before cough) (A1)
Above overbed table 310 7 2.3%
(AD)
Near ventilation 203 4 2.0%
outlet (A2)
In the center of the 14 0 0.0%
ward (A3)
Surface Overbed table (S4) 294 17 5.8%
samples Bedrails (S5) 294 32 10.9%
Personal items on 294 30 10.2%
cabinet (S6)
Medical equipment 294 30 10.2%
(87)

of the approach in this study is 10 copies/ml in gelatin suspension.
2.2. Sampling results

A total of 311 sets of samples were collected in the isolation wards,
including 838 air samples and 1176 surface samples, for which the test
results are listed in Table 1. Among the control group air samples
collected in the empty isolation ward, there was zero positive SARS-CoV-
2 detection. There was little difference in the SARS-CoV-2 positive rate
for the air samples collected on the overbed table before and after
coughing. Thus, even without coughing, normal breaths from COVID-19
patients might also emit SARS-CoV-2 virus into the air. The air samples
collected above the overbed tables had the highest SARS-CoV-2 positive
rates (2.6% and 2.3% before and after coughing, respectively), followed
by the air samples collected near the ventilation exhausts, with a posi-
tive rate of 2.0%. No SARS-CoV-2 positive air samples were collected in
the center of the wards. Since all the patients were required to wear
masks when coughing, the coarse particles that might carry more viral
load tended to be filtered by the masks or deposit near the source.
Therefore, the zero positive rate indicated that the concentrations in the
center of the wards were too low to be detected by the sampling method.
Meanwhile, according to test results for the surface samples, the bedrails
were most likely to be polluted with SARS-CoV-2 virus, with the highest
positive rate of 10.9%, followed by the personal items on the bedside
cabinet and the medical equipment (10.2%) and the overbed table
(5.8%). The SARS-CoV-2 positive rates for the surface samples tended to
be higher than those for the air samples, which consisted with the
findings in the review by Dinoi et al. (2021). The difference between the
air and surface samples can be attributed to two reasons. First, the
surface deposition of SARS-CoV-2 virus accumulated over time, which
resulted in a greater amount of virus loading. In contrast, the airborne
SARS-CoV-2 virus was continuously removed by the ventilation system
and did not accumulate over time. Second, the exhaled particles with
large sizes tended to deposit on the surfaces, which could carry a higher
viral load.

3. Numerical simulation of SARS-CoV-2 transmission

To better understand SARS-CoV-2 transmission, this study conducted
numerical simulations of exhaled particle dispersion and deposition in
the COVID-19 isolation wards and compared the calculations with the
sampling results.



W. Huang et al.

V (m/s)
5.50e-01
5.00e-01
4.50e-01
4.00e-01
3.50e-01
3.00e-01
2.50e-01
2.00e-01
1.50e-01
1.00e-01

5.00e-02

0.00e+00

Journal of Hazardous Materials 436 (2022) 129152
T(K)
3.05e+02
3.04e+02
3.03e+02
3.03e+02
3.02e+02
3.01e+02
3.00e+02
2.99e+02
2.98e+02
2.98e+02
2.97e+02

2.96e+02

(b) 2.95e+02

Fig. 2. Distributions of (a) airflow and (b) temperature at the four planes in the COVID-19 isolation ward.

3.1. Numerical models

3.1.1. Airflow and turbulence model

This study used the renormalization group (RNG) k-¢ model to
calculate the airflow and turbulence as recommended by Zhang et al.
(2007), Wang and Chen (2009) and Chen (1995). The governing equa-
tions can be expressed in a general form as:
opd) 0

02
o on {Pu,@ - Fqs.effaij =S @

where @ represents the independent variables: time-averaged velocity
components (i;), turbulent kinetic energy (k), dissipation rate of tur-
bulent kinetic energy (¢), and enthalpy (H). When @ is equal to unity, the
equation represents the conservation of mass. Meanwhile, p is the air
density, u; is the Reynolds-averaged air velocity, I'y . is the effective
diffusion coefficient, x; is the Cartesian direction, S, is the source term,
and t is time.

3.1.2. Particle transport model

The Lagrangian model was used to calculate the particle dispersion
and deposition. The trajectory of each individual particle was calculated
according to the particle momentum equation:

du g, —
‘ZP:FD(H’—WPHL’" N @

Pp

—

where U, is the particle velocity vector, U is the air velocity

— =
u-—u

vector, Fp( ») is the drag force, f(pp —p)/p, represents the

. — . . . .
gravity and the buoyancy, ¢ is the gravitational acceleration vector, p,

is the particle density, p is the air density, and I?G stands for additional
forces per unit mass, including the Brownian force and Saffman lift
force, of which the mathematical expressions can be found in the Fluent
manual (Ansys inc, 2013). The inverse of relaxation time (Fp) can be
calculated by:

18u

Fp= 3
ppd,Ce

where u is the air viscosity, d, is the particle diameter, and C. is the
Cunningham correction to Stokes’ drag law, which can be calculated by:

Y d
Co=14- (2514 + O.SGXp( ~0.55 —”) ) “
d, 2

Here 1 is the mean free path of air molecules. The particle trajectory
was determined by both the time-averaged fluid velocity (5}) and the

instantaneous fluid velocity (7/). The U was calculated by solving the
Reynolds-averaged Navier-Stokes (RANS) equations. The discrete

random walk (DRW) model was used to model E’,:
@ =¢\/2)3 5)

where ( is a normally distributed random number. In this study, particle
resuspension was not considered; thus, the trajectory calculation was
terminated when the particle reached a surface, and the deposited
particles were counted for each computing mesh on all the surfaces. This
study first calculated the transient particle transport from a single in-
jection pulse. The superimposition method (Chen et al., 2015; Chen
et al., 2015; Gupta et al., 2011) was then used to convert the transient
particle concentration from a single injection pulse to the particle con-
centration from continuous breathing or a cough. The commercial pro-
gram ANSYS Fluent 15.0 (Ansys inc, 2013) was used to solve the
governing equations. The airflow and particle transport models have
been validated by experimental data in our previous studies (Chen et al.,
2015, 2013).

3.2. Case setup

A geometric model of the 4-bed ward was built according to the field
layout and dimensional measurements, as shown in Fig. 1(a). Only the
main pieces of furniture were considered, including beds, overbed tables
and bedside cabinets, in addition to medical equipment. The anteroom
and bathroom were excluded from the calculations, since the doors were
closed during sampling. Four air-supply inlets (500 mm x 500 mm)
were located on the ceiling and are marked as green squares in Fig. 1(a);
four exhausts (960 mm x 210 mm) were located on the wall behind
each bed and are marked as pink rectangles. The supply air velocity and
temperature were 0.5 m/s and 22 °C, respectively. The turbulence in-
tensity and turbulent viscosity ratio of the inlets were assumed to be 5%
and 10, respectively. The temperature of the human body was set at
32 °C. The walls were considered to be adiabatic. The enhanced wall
treatment was used to resolve the airflow in the near-wall region. The
solutions were considered to be converged when the residuals became
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Fig. 3. Motion of the exhaled particles from a cough by the index patient (animation can be found in the Supplementary Materials).

less than 10~° for energy and 10~ for all other variables. According to
the results of a grid-independence test, the grid number and time step
size were set at 6.91 million (three grids were compared, i.e., 3.55
million, 6.91 million, and 10.84 million) and 0.1 s, respectively.

Since all the patients were required to wear masks when coughing,
the momentum of the cough was neglected in the calculations (Tang
et al., 2009; Chen et al., 2014). Furthermore, since coarse particles can
be effectively removed by masks (Milton et al., 2013), the simulations
only considered the dispersion of fine particles. Therefore, the particle
diameter was set at 0.4 um according to the mean size of exhaled par-
ticles through breathing (Gupta et al., 2011). Since both measurements
and simulations confirmed that particles with a diameter less than 3 pm
would disperse in a similar manner (Chen and Zhao, 2010; Yin et al.,
2009), setting the particle size at 0.4 um can yield the representative
dispersion patterns. Particles were injected into the breathing zone with
dimensions of 0.3 x 0.3 x 0.3 m® in front of the index patient’s mouth
as a single pulse, and the trajectories of the particles were tracked
throughout the sampling period of 20 min. The superimposition method
(Chenetal., 2015; Chen et al., 2015; Gupta et al., 2011) was then used to
calculate the accumulated number of particles collected at the sampling
points during the sampling period. The number of exhaled particles was
set at 150 #/s for breathing and at 10® in 0.1 s for a cough (Gupta et al.,
2011). Since the patients were instructed to wear surgical masks during
the sampling, the particle removal efficiency of the masks was consid-
ered in the calculations and assumed to be 50% (Lai et al., 2012;
Lindsley et al., 2021; Konda et al., 2020; Huo and Zhang, 2021). Since it
is unclear how many SARS-CoV-2 virus were exhaled by a breath and a
cough, respectively, it may not be meaningful to compare the calculated
exhaled particle concentrations from different exhalation activities.
Therefore, this study only compared the calculated accumulated particle
numbers at the sampling points after the coughing. After the coughing,
air samples were taken at A1, A2, and A3, with a sampling air volume of
1 m>. Surface samples were collected on the upper surfaces of the
overbed table (S4) and the bedside cabinet (S6), both sides of the two
bedrails (S5), and the surfaces (excluding the bottom) of the medical
equipment (S7), with a sampling area of 0.01 m?.
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Fig. 4. Comparison of the calculated accumulated number of particles collected
at the air sampling points during the 20-min sampling period with the SARS-
CoV-2 positive rate from the field sampling.

3.3. Results

The airflow and temperature distributions are shown in Fig. 2. Clean
air was supplied from the ceiling towards the floor, then moved along
the floor to the side walls. Some air was exhausted through the exhausts
behind the beds, while some rose to the ceiling due to the upward
thermal plume generated by the patients, forming a circulation. Fig. 3
depicts the motion of the exhaled particles from a cough by the index
patient, and the animation of this motion can be found in the Supple-
mentary Materials. The exhaled particles first moved upward and
dispersed with the airflow. When the particles approached the supply air
inlets, they were blown down towards the floor by the jets. Some of the
particles were removed through the exhausts with the airflow, while the
remainder of the particles rose back into the recirculation zone. The
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Fig. 5. Distribution of the number of deposited particles per unit area that accumulated during the 20-min sampling period.
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clean air jetting from the ceiling acted as an air curtain in the middle of
the ward, dividing the ward into two zones. Most of the exhaled particles
stayed on the side of the ward occupied by the index patient and patient
2. Fig. 4 depicts the correlation between the calculated accumulated
number of particles collected at the air sampling points during the 20-
min sampling period and the SARS-CoV-2 positive rate from the field
sampling. The results show that Al (the sample above the table) had the
highest accumulated particle number, followed by A2 (the sample near
the exhaust), while A3 (the sample in the center of the room) had the
lowest accumulated particle number; these calculations were consistent
with the SARS-CoV-2 positive rates from the field sampling.

Fig. 5 shows the distribution of the number of deposited particles per
unit area that accumulated during the 20-min sampling period on
different surfaces in the ward. Most of the exhaled particles deposited on
the ceiling above the index patient due to the thermal plume generated
by this patient. In addition, many particles deposited on the walls and
furniture surfaces around the index patient, especially on the bed. Note
that there were few particles deposited on the top surfaces of the bed and
other furniture, but a large number of particles deposited on the side
surfaces of the furniture and the bottom of the index patient’s bed. This
was because the exhaled particles first moved to the ceiling with the
thermal plume, and then were quickly carried to the bottom of the ward
by the supply air jets. Finally, the particles moved toward the exhausts
with the airflow underneath the bed. Fig. 6 qualitatively compares the
calculated number of deposited particles that accumulated during the
20-min sampling period with the SARS-CoV-2 positive rates from the
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Fig. 7. Configurations for three potential intervention strategies: (a) use of curtains, (b) use of ceiling-mounted air cleaners, and (c) use of periodic ventilation.
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Fig. 8. Motion of the exhaled particles from a cough by the index patient: (a) without curtains and (b) with curtains (animation can be found in the Supplemen-

tary Materials).

field sampling. Surface S5 (bedrails) had the highest particle deposition
amount, while the values for S7 (medical equipment) and S4 (table)
were smaller, and that for S6 (the personal items on bedside cabinet)
was the lowest. However, in the field measurements, S5, S6, and S7 all
exhibited a high positive rate, while that of S4 was relatively low. In
general, the correlation between the on-site sampling and numerical
results was weak. This was probably because the patients and medical
staff frequently touched the personal items and medical equipment with
the virus on their hands, and this contact was not considered in the
numerical simulations.

According to the results from on-site sampling and numerical simu-
lation, the isolation wards were contaminated with SARS-CoV-2 aerosols
exhaled by the index patient, even under a high ventilation rate of 30
ACH. The exhaled particles from the patient’s cough dispersed quickly
throughout the whole ward within five minutes, even with mask wear-
ing. To better protect the other patients and heath care workers, it would
be worthwhile to propose potential intervention strategies for control-
ling the dispersion of exhaled particles in isolation wards.

(a) without curtains

4. Evaluation of potential interventions
4.1. Case setup

This study further numerically evaluated three potential intervention
strategies for controlling the dispersion of exhaled particles in the
isolation ward, as shown in Fig. 7. The first strategy was to use curtains
to control the exhaled particle dispersion. The supply air jets already
provided effective air curtains at the plane z = L/2. Therefore, two
curtains, each with dimensions of 2.3 m x 2.1 m (0.2 m above the
floor), were hung at the plane x = W/2 to block particle dispersion be-
tween adjacent patients, as shown in Fig. 7(a). The second intervention
strategy was to use air cleaners to remove the exhaled particles. Ac-
cording to the results in Section 3.2, the exhaled particles were carried to
the ceiling by the upward thermal plume generated by the human body.
Therefore, to remove the exhaled particles efficiently, four air cleaners
(0.6 m x 0.5m x 0.3 m) were installed on the ceiling, one above each
patient’s head, as shown in Fig. 7(b). For each air cleaner, the clean air
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(b) with curtains

Fig. 9. Distributions of the number of deposited particles per unit area that accumulated in 10 min in the ward (a) without and (b) with curtains.
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Fig. 10. Particle concentrations as a function of time (a)-(c) in the breathing zones of the other patients and (d) in the whole ward, with and without curtains.

delivery rate (CADR) was set at 100 m3/h, and the particle removal
efficiency was assumed to be 99.97% with the use of HEPA filters. The
third intervention strategy was to use unsteady periodic ventilation,
instead of steady ventilation, for higher ventilation efficiency as rec-
ommended by Huang et al. (2021), Van Hooff and Blocken (2020) and
Kabanshi et al. (2016). A sinusoidal air supply with a period of 120 s was
used for the periodic ventilation, as depicted in Fig. 7(c). For comparison
of the infection risks, the particle concentrations from a cough by the
index patient in each of the other patients’ breathing zones

t=10s

30s

(a) without air cleaners

(0.3m x 0.3 m x 0.3 m in front of nose) and in the whole ward were
recorded.

4.2. Curtains

Fig. 8 compares the motion of exhaled particles from a cough by the
index patient with and without curtains. With the curtains, most of the
particles stayed in the zone around the index patient, which greatly
reduced the particle dispersion to patient 2. Consequently, as shown in

120s

180s

(b) with air cleaners

Fig. 11. Motion of the exhaled particles from a cough by the index patient: (a) without and (b) with ceiling-mounted air cleaners (animation can be found in the

Supplementary Materials).
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Fig. 12. Distributions of the number of deposited particles per unit area that accumulated in 10 min in the ward (a) without and (b) with ceiling-mounted

air cleaners.
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Fig. 13. Particle concentrations as a function of time (a)-(c) in the breathing zones of the other patients and (d) in the whole ward, with and without ceiling-mounted

air cleaners.

Fig. 9, the number of deposited particles on the left side of the ward also
decreased significantly. Fig. 10 illustrates the particle concentrations as
a function of time in the breathing zones of the other patients and the
whole ward with and without curtains. According to the results, using
the curtains reduced the average particle concentration in the breathing
zones of patients 2 and 4 by 87% and 52%, respectively. Meanwhile, as
more particles were concentrated on the right side of the ward, the
number of particles moving to the breathing zone of patient 3 slightly
increased. Moreover, as shown in Fig. 10(d), after the curtains were
added, the total particle number in the whole ward was similar to that
without curtains because the curtains did not remove particles. In

summary, using curtains in an isolation ward is beneficial for reducing
potential cross-infection among the patients in the ward.

4.3. Air cleaners

Fig. 11 compares the motion of exhaled particles from a cough by the
index patient with and without ceiling-mounted air cleaners. With the
air cleaners, some exhaled particles were removed before they could
spread throughout the ward. Furthermore, as shown in Fig. 12, the
number of deposited particles that accumulated on the furniture surfaces
and walls decreased because a considerable number of particles were
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Fig. 14. Distribution and residence time of the exhaled particles from contin-
uous breathing by the index patient at t = 10 min with (a) steady and (b) pe-
riodic ventilation.

removed by the air cleaners. Fig. 13 shows the particle concentrations in
the breathing zones of the other patients and the whole ward, with and
without air cleaners. Since the air cleaners increased the air velocity
above each patient, the peaks of particle concentration in the patients’
breathing zones occurred sooner, especially for patient 2 The average
particle concentration in the breathing zones of patients 3 and 4 was
reduced by 54% and 67%, respectively, while it did not change signif-
icantly for patient 2. Moreover, as shown in Fig. 13(d), the use of the
ceiling-mounted air cleaners reduced the total particle number by 46%
in the whole ward.

4.4. Periodic ventilation

This section compares the particle concentration and deposition
under steady ventilation and periodic ventilation. Due to the varying
supply air velocity of periodic ventilation, coughing at different points in
time would lead to different results. Thus, continuous particle emission
from breathing was adopted for the comparison of the two ventilation
modes. Fig. 14 shows the distribution of exhaled particles from
breathing by the index patient under steady and periodic ventilation at
t = 10 min. Under steady ventilation, the exhaled particles were more
concentrated in the upper zone in front of the index patient. Meanwhile,
under periodic ventilation, the exhaled particles were distributed more
widely and evenly. Moreover, the residence time of exhaled particles in
the ward under periodic ventilation was shorter than that under steady

(a) Steady ventilation

(b) Periodic ventilation
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ventilation. This was because the periodic ventilation enhanced the
turbulence in the recirculation zone, which reduced the number of
trapped particles. Fig. 15 shows the distributions of the number of
deposited particles per unit area that accumulated in 10 min in the ward
with steady and periodic ventilation. Under periodic ventilation, more
particles deposited on the furniture surfaces, walls, and floor, as a result
of the lower supply air velocity in the second half of the 10-min period.
Fig. 16 shows the particle concentrations as a function of time in the
breathing zones of the other patients and the whole ward under the two
ventilation modes. The particle concentrations were steadier under
steady ventilation, and fluctuated greatly under periodic ventilation.
When the supply air velocity was low, more particles accumulated in the
breathing zone of the index patient. When the supply air velocity
increased, these accumulated particles dispersed, leading to peaks in the
particle concentration in the breathing zones of the other patients, as
depicted in Fig. 16(a)-(c). Moreover, Fig. 16(d) shows that the time-
averaged particle concentration in the ward under periodic ventilation
was lower than that under steady ventilation.

5. Discussion

In previous studies, respiratory droplets (> 5-10 um) and close
contact were considered to be the main transmission routes of the SARS-
CoV-2 virus (World Health Organization, 2020). The role that aerosols
(< 5 um) might play in SARS-CoV-2 transmission is still controversial
(World Health Organization, 2020; Chagla et al., 2021; Asadi et al.,
2020; Faridi et al., 2020). According to the World Health Organization
(WHO), aerosol transmission is possible, but the relationship between
the exhaled aerosols and infection by SARS-CoV-2 is unknown (World
Health Organization, 2020). Although some outbreaks in indoor envi-
ronments have indicated the possibility of aerosol transmission, the
WHO emphasized that the potential roles of droplet and fomite trans-
mission could not be ruled out in these cases (World Health Organiza-
tion, 2020). In the present study, on-site SARS-CoV-2 sampling and
numerical analysis were conducted to investigate the airborne trans-
mission of exhaled particles in COVID-19 isolation wards. During the
on-site sampling, each patient was instructed to wear a mask when
coughing to eliminate the effects of respiratory droplets. SARS-CoV-2
RNA was detected in 19 out of 838 air samples, indicating that the
aerosol particles exhaled by the infected patients carried the virus.
Moreover, the trajectories of exhaled particles (0.4 um) from the index
patient were numerically calculated under the same conditions as the
on-site sampling. The calculated particle concentration was positively
associated with the SARS-CoV-2 positive rate, which supported the
possibility of airborne transmission of SARS-CoV-2. According to the
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Fig. 15. Distributions of the number of deposited particles per unit area that accumulated in 10 min in the ward with (a) steady and (b) periodic ventilation.
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Table 2

Ratio of average particle concentration with each of the three intervention
strategies to the concentration in the original case (C/Coriginal) in the breathing
zones of the other patients and in the whole ward.

Zone Curtain Air cleaner Periodic ventilation
Patient 2 13% 100% 285%

Patient 3 198% 46% 178%

Patient 4 48% 33% 319%

Patients 2 & 3 & 4 51% 83% 270%

Whole ward 107% 54% 87%

calculated results for airborne particle transport, most of the particles
were concentrated in the upper part of the room above the index patient
due to the thermal plume. Thus, airborne transmission in a hospital ward
could be controlled effectively through the use of ceiling-mounted air
cleaners to remove airborne particles from the upper part of the ward.

Meanwhile, SARS-CoV-2 was detected in 109 out of 1176 surface
samples. Bedrails were the surface that was most likely to be polluted in
both the tests (positive rate of 10.9%) and calculations, and this finding
is consistent with test results from other studies (Chia et al., 2020;
Razzini et al., 2020; Cheng et al., 2020). The personal items on the
bedside cabinet (primarily the patient’s mobile phone) and medical
equipment also had a relatively high positive rate of 10.2%, but with
lower accumulation of deposited particles; this positive rate may be
related more closely to other transmission routes, such as contact
transmission. The numerical results indicated that large numbers of
particles deposited on the walls and furniture surfaces around the index
patient, especially on the ceiling and bed. According to the calculated
particle deposition distribution, some surfaces that may typically be
overlooked, such as the side surfaces of furniture and the bottoms of
beds, had even stronger particle deposition than the top surfaces. These
results provide helpful guidance for more effective surface disinfection.

The particle concentrations in the breathing zones of the other pa-
tients and the whole room were numerically analysed to determine the
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effectiveness of the three intervention strategies in airborne infection
control. For each of the three strategies, Table 2 lists the ratio of the
average particle concentration with the control measure to the con-
centration in the original case (C/Coriginal)- The use of curtains greatly
reduced the airborne transmission of particles between adjacent pa-
tients. For patient 2 (next to the index patient), the mean particle con-
centration in the breathing zone was reduced by 87%, from 1270 #/m>
to 166 #/m>. However, the use of curtains also increased the infection
risk of the opposite patient. The mean particle concentration in the
breathing zone of patient 3 almost doubled. Therefore, the use of cur-
tains is more suitable for two-bed wards. The use of air cleaners installed
on the ceiling above each patient’s head effectively reduced the total
particle number in the ward by 46%, since nearly half of the particles
exhaled by the index patient were carried by the upward thermal plume
and directly removed by the air cleaners. The particle concentrations in
the breathing zones of all the patients and in the whole ward decreased
to some extent. In general, properly locating the air cleaners is important
for effectively reducing the infectious risks (Chen et al., 2010; Dai and
Zhao, 2022). It would be more effective to place the air cleaners near the
index patients, because the exhaled particles could be directly removed
without dispersing in the room. However, in some environments, the
ideal location for air cleaners may not be available due to space or layout
limitations. In this case, the relative position between the air cleaner and
the patients should be carefully designed, as an improper air cleaner
location may even result in increased infection risks (Chen et al., 2010).
Moreover, according to Dai and Zhao (2022), it would be optimal to
place the air cleaner in the center of the room if the airflow rate of air
cleaner is large enough. Under periodic ventilation, as the varying
airflow enhanced the particle dispersion, the average particle concen-
tration increased in all the patients’ breathing zones, while the total
particle number in the ward decreased by 13%. In general, the use of
curtains can effectively prevent mutual infection between patients in the
same ward. Ceiling-mounted air cleaners can promptly remove exhaled
particles and reduce the particle concentrations in patients’ breathing
zones and the whole ward, which is beneficial for protecting both the
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patients and medical staff. Although periodic ventilation can reduce the
trapping of particles in the recirculation zone, which may be helpful in
protecting medical staff, it might increase the infection risk for the
patients.

There are some limitations in this study. First, detection of SARS-
CoV-2 RNA by the RT-PCR method does not indicate the existence of
viable virus that could be transmissible and infectious (Santarpia et al.,
2020; Bullard et al., 2020). Second, the relationship between COVID-19
infection risk and the concentration of exhaled airborne particles is
unknown. Therefore, the airborne transmission of viable SARS-CoV-2
virus and the infectious dose of viable virus merit further study.

6. Conclusions

This study investigated the airborne transmission of SARS-CoV-2 in
COVID-19 isolation wards at Prince of Wales Hospital by both on-site
sampling using the RT-PCR method and numerical analysis using CFD
simulations. The dispersion and deposition of exhaled particles were
calculated for better understanding of airborne transmission. Three
intervention strategies, including the use of curtains, ceiling-mounted
air cleaners, and periodic ventilation, for airborne transmission con-
trol were then numerically investigated. The following conclusions can
be drawn within the scope of this study:

1. In the on-site sampling, 2.3% of air samples and 9.3% of surface
samples were tested as positive for SARS-CoV-2, indicating that the
COVID-19 isolation wards were contaminated with the virus.

2. The calculated accumulated number of particles collected at the air
sampling points in the sampling period was closely correlated with
the SARS-CoV-2 positive rate from the field sampling.

3. The calculation results indicated that most of the exhaled particles
were concentrated in the upper part of the ward, and most of the
particle deposition occurred on the walls and furniture surfaces
around the index patient.

4. The use of ceiling-mounted air cleaners is an effective intervention
strategy for reducing the airborne transmission of SARS-CoV-2 in
isolation wards. Moreover, the use of curtains can effectively reduce
the cross-infection between the adjacent patients, but would increase
the risk of the opposite patient.

Statement of environmental implication

SARS-CoV-2 is a strain of coronavirus responsible for the ongoing
COVID-19 pandemic, which has caused more than 5.6 million deaths as
of February 2022. Thus, SARS-CoV-2 virus and virus loaded airborne
particles can be considered “hazardous material”. In this study, on-site
SARS-CoV-2 sampling and numerical analysis were conducted to
investigate the airborne transmission of exhaled particles in COVID-19
isolation wards. The results supported the possibility of airborne trans-
mission of SARS-CoV-2 and provided helpful guidance for more effective
infection intervention. Furthermore, three potential intervention stra-
tegies were numerically investigated to explore effective control mea-
sures for reducing airborne transmission of SARS-CoV-2 in wards.
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