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Abstract

In a hospital ward, transmission of airborne pathogens can occur in any area where people
breathe the same air. These areas include patient rooms and specialised treatment rooms, as
well as corridors and common areas. Numerous studies have been conducted to investigate
the risk of airborne transmission within hospital rooms where patient care activities take
place; however, studies assessing the risk of exposure to airborne pathogens in common
areas such as nurse stations and corridors, in which healthcare workers spend up to 63% of
their time, are very rare. In this study, we addressed this gap by simulating aerosol transport
in the common area of a real inpatient ward encompassing different types of patient rooms
and equipped with a mixing ventilation system. The risk of airborne transmission of
COVID-19 in the ward was evaluated using a spatially resolved risk model, coupled
with the clinical and pathological data on SARS-CoV-2 infection. The results showed that
the central-return ventilation system causes directional air flows in the corridors, which
enhanced long-distance aerosol transport and were conducive to infection transmission
between different rooms. An improved ventilation system was proposed that aimed to
reduce air mixing and minimise directional air flows. The improvement involved only
rearrangement of air supply and exhaust vents, but led to significant reductions in both
particle residence time and travelling distance within the ward, contributing to a nearly two-
fold increase and 60% decrease in the areas of low-risk and high-risk zones, respectively,
resulting in a 34% reduction in the overall infection probability in the studied area. This
study demonstrated the potential of preventing hospital-acquired infection (HAI) via
engineering controls and provided recommendations for future studies to assess novel
ventilation configurations to reduce transmission risk.
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1. Introduction
Hospital-acquired infection (HAI), also known as healthcare-associated infection, is

an infection developed in a hospital or other healthcare environment. HAI is one of the
most common complications affecting hospital patients, significantly increasing morbidity
and mortality. In Australia, more than 170,000 adults contracted HAIs in 2021, resulting in
7583 deaths [1], making HAI the fifth leading cause of deaths in acute care hospitals. HAIs
are estimated to account for 2 million hospital bed days in Australia per year, amounting to
over 1 billion dollars in annual economic burden [2].

HAIs can occur via multiple transmission routes, among which airborne transmis-
sion [3] is an important contributor. Historically, airborne infection transmission has caused
many hospital outbreak events, including nosocomial infections of influenza [4], measles [5],
tuberculosis [6], chickenpox [7], severe acute respiratory syndrome (SARS) [8], and Middle
East respiratory syndrome (MERS) [9]. During the COVID-19 pandemic, airborne infec-
tion transmission was the most important cause of HAIs [10], adversely affecting patient
treatment and recovery, and putting frontline healthcare workers at risk. Many hospital
outbreaks were reported during the COVID-19 pandemic, forcing hospital wards to be
closed and healthcare workers to be quarantined [11].

An airborne infection transmission occurs when a susceptible person inhales a certain
amount of infectious respiratory particles. In a healthcare setting, the infectious respira-
tory particles are typically aerosols exhaled by a patient or infected healthcare worker,
or pathogen-carrying particles resuspended from a contaminated surface. A thorough
understanding of the mechanisms of airborne transmission is crucial to the development
of effective prevention strategies. It took some time in the early pandemic phase to reach
global consensus that airborne mechanisms were the principal mode of COVID-19 trans-
mission [12]. As a result of early misunderstanding, inappropriate mitigation methods
led to numerous nosocomial outbreaks. Since the adoption of airborne protection mea-
sures such as enhanced ventilation, air scrubbers, and personal protective equipment
(PPE), significant reductions in COVID-related HAIs have been reported [13,14]. However,
some studies [13,14] reported that anti-COVID measures have shown varying efficacy in
preventing HAIs, which emphasised the need for multidisciplinary and context-specific
strategies.

During the COVID-19 pandemic, enhanced mechanical ventilation was one of the
key prevention strategies rolled out by Australian hospitals to minimise airborne HAI
transmission. In our early field tests in one inpatient ward in Melbourne, Australia [15], the
ventilation rate in general patient rooms was between 12 and 25 air changes per hour (ACH),
well in excess of the recommended ventilation rate of 6 ACH for Class S rooms [16] and
even exceeding that in negative pressure isolation rooms. Such high ventilation rates are
undoubtedly helpful for diluting and removing infectious aerosols in the air. However, the
high energy consumption associated with enhanced mechanical ventilation in healthcare
settings has become a major concern, with many urging for more sustainable mitigation
strategies [12,17]. Although the World Health Organization (WHO) has declared the end of
the COVID-19 pandemic, airborne infection transmission remains a major threat to public
health. Developing sustainable prevention strategies is still of great importance in the
post-pandemic era.

Engineering controls have shown the potentials to mitigate airborne transmission in
hospital wards by mechanically removing infectious aerosols from the air [18]. Because
airborne respiratory particles are very small (less than 1 µm in diameter on average [19]),
their movement in indoor spaces is dominated by the air flow. Theoretically, airborne
transmission can be mitigated by optimally organising airflow in terms of pressure, direc-
tion, and velocity to ensure that airborne respiratory particles are rapidly removed from
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the environment. However, airflow patterns in hospital wards are highly complicated
and dynamic. The main reason is that the configuration and layout of patient and staff
rooms in a hospital ward varies with the ward’s design and purpose [20]. Various types
of rooms are often arranged in a single ward and rooms with different functions have
different ventilation requirements and/or designs. The arrangement of different rooms
has a profound impact on the ward’s overall air flow pattern and effectiveness of HAI
prevention [21].

However, existing studies on aerosol transport in healthcare settings have largely
focused on individual hospital rooms, including operating rooms [22], outpatient clinic
rooms [23], and negative pressure isolation rooms [24]. Limited studies have investigated
the effects of human and door movement on aerosol transport across adjacent rooms [25].
Air flow and aerosol transport in a complete ward, especially in the common areas (e.g.,
corridors, nurse stations, staff lounge, and other shared spaces), has rarely been investigated.
This is a crucial oversight in relation to HAIs among healthcare workers because these
workers spend substantial amounts of time (up to 63% [26,27]) in common areas around
the ward such as corridors, nurse stations, and break rooms. In particular, corridors
connect patient rooms and are frequently accessed by healthcare workers, patients, and
visitors. In common areas, HAI transmission may occur between people in close proximity
or through long-range transmission mediated by cross-corridor air flows and human
movement between areas [28]. An effective prevention strategy against airborne infection
transmission must not only control the infection risks within individual rooms, but also
minimise the transport of aerosols between the common area and various rooms.

Developing context-specific HAI prevention strategies requires an in-depth under-
standing of the overall air flow field and aerosol transport in the common area subjected to
the ward’s physical configuration and ventilation setup. As a demonstration, this study
analysed the air flow and aerosol distribution in a real hospital ward in Melbourne, Aus-
tralia, with the aim of quantifying the associated airborne transmission risks. In Section 2,
computational fluid dynamics (CFD) was employed to simulate and visualise the air flow
field and aerosol distribution, based on which a spatially resolved risk model [29] was used
to quantify the airborne infection risk in the ward. In Section 3, an improved ventilation
design was tested and compared to the current ventilation setup, demonstrating the great
potentials of engineering controls for HAI prevention. Conclusions were given in Section 4
alongside recommendations for future work.

2. HAI Risk in the Hospital Ward
2.1. AIR Flow Field and Aerosol Transport in the Ward

We investigated an inpatient ward that predominantly treats patients with respiratory
illnesses, including transmissible infective respiratory diseases, as well as providing general
medicine care. The floorplan of the ward is shown in Figure 1. The ward had a floor area of
1180 m2 and a net floor height of 2.7 m. It encompassed eight single-bed negative pressure
isolation (Class N) rooms (magenta rooms in the figure), 11 double-bed general patient
rooms (white rooms), and two single-bed acute care rooms (pink rooms), as well as three
nurse stations (NS-1 to NS-3 in the figure), a staff lounge, and several work rooms (azure
rooms). Both the general patient and acute care rooms were standard pressure rooms (Class
S, room number S01 to S13).

The pressure in the rooms was controlled following the guidelines published by
the Victorian Health and Human Services Building Authority [15]. The pressure was
maintained at −30 Pa in the Class N patient rooms and −15 Pa in their anterooms relative
to the corridor. The doors to the Class N rooms were well sealed. Pressure stabilisers
were installed in the walls leading to each anteroom (Figure 1). The air passage size
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of the pressure stabilisers was automatically adjustable, with a mean passage size of
600 mm × 20 mm according to on-site measurement.

 

Figure 1. The floorplan of the investigated inpatient ward.

A small positive pressure (~1.0 Pa) was measured in the Class S rooms relative to the
corridor when the doors were closed. As there were no air exhaust vents in the rooms,
and the exhaust fans in the toilets could only discharge a small proportion of the supplied
air, directional airflows were formed from the rooms into the corridor. When the doors
were closed, air mainly leaked through the door gaps. For each door of the Class S rooms,
a vertical gap with the door height (2140 mm) and a horizontal gap with the door width
(1400 mm) were observed, as shown in Figure 1. The width of the gaps was 8 mm on
average, making the gaps account for 0.95% of the total door area.

The common area, including the corridors, nurse stations (NS-1 to NS-3), and work
rooms, was equipped with a mixing ventilation system, where air was supplied through
diffusers and exhausted via grilles mounted in the ceiling. Our field test under normal
operating conditions found a total air supply rate of 1555 L/s into the studied common
area and a total exhaust rate of 1974 L/s out of this area, respectively. The differential flow
rate of 419 L/s was mainly due to the aforementioned excess supply of air from Class S
rooms via the door gaps.

The space occupied by air in the common area was extracted as the domain of CFD
simulations, as illustrated by the semi-transparent light blue space in Figure 1. The patient
rooms, storage rooms, and lounge room were not included in the simulations. Instead,
air and aerosol leakage into or out of the common area is accounted for via boundary
conditions at the pressure stabilisers and door gaps. The domain was discretised using
tetrahedral cells with refined prism cells in the near-wall regions. Mesh independence
was achieved at 9.8 million cells as a further mesh refinement using a factor of 1.3 in all
coordinate directions (resulting in a total cell count of 18.6 million) only caused a small
change of less than 0.5% in the velocity profile along a 35 m horizontal line along the
corridor. The air flow is modelled using the Reynolds averaged Navier–Stokes (RANS)
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equations coupled with the SST k-ω model for air turbulence. The transport of aerosol is
modelled using the Lagrangian method. Details of the above models, numerical procedures,
and validations have been discussed elsewhere [30,31] and will not be repeated here.

The boundary conditions of the domain were specified according to field measure-
ments, as listed in Table 1. It should be noted that the flow rates via the supply and exhaust
vents used in the computations were based on our field tests in the ward. The flow rates
were found to be unevenly distributed over all vents. For example, the supply rate via
the diffusers were 17–107 L/s, resulting in supply velocities 0.12–0.58 m/s at the supply
diffusers. Volume flow rates were specified at the exhaust vents. In order to balance the
overall mass flow rate, a negative pressure of −10.0 Pa was specified at the pressure sta-
bilisers leading to the Class N rooms. The turbulence quantities including turbulent kinetic
energy k and specific turbulence dissipation rate ω at all inlets were estimated based on
their hydrodynamic diameters. Particles are assumed to be evenly injected into the corridor
via the door gaps of the Class S rooms. Although human exhaled respiratory particles are
distributed in a wide size range, this study was focused on the airborne part given the
door gaps were far from the patient bed. A uniform diameter of 1.0 µm was used for the
airborne particles according to the experimental measurement of Morawska et al. [19] and
mass fraction of 1.0 × 10−13 at the door gaps according to a previous calculation [29]. The
simulations were performed using the commercial CFD code Ansys CFX 2024R1. Con-
vergence was achieved within 5000 iterations when the residual of all equations dropped
below 10−4.

Table 1. CFD boundary conditions based on field test.

Supply vents

Total number of vents 23
Total area (m2) 6.66
Total supply rate (L/s) 1555
Supply from single vent (L/s) 17–107

Exhaust vents

Total number of vents 7
Total area (m2) 2.16
Total exhaust rate (L/s) 1874
Exhaust via single vent (L/s) 25–1002

Door gaps

Total number of gaps 13
Total area (m2) 0.473
Total exhaust (L/s) 419
Exhaust via each vent (L/s) 36.4
Particle mass fraction 1.0 × 10−13

Pressure stabilisers Pressure −3.0 Pa

Figure 2 shows the simulated air flow field in the horizontal plane at the height of 1.2 m
from the floor (Z = 1.2 m) representing the typical breathing plane of seated occupants [32].
The air flow in the common area was, for the most part, evenly distributed. Relatively high
speed was only observed under the supply vents and next to the door gaps of the Class
S rooms. Overall, air flowed in the +Y direction in the corridors because a large return
vent existed at the end of the corridor. At the low-Y end, highly complicated flows were
observed in some local regions. The current ventilation setup only had a small number of
exhaust vents, which were unevenly distributed and generated different local discharge
rates across the common area. Similar “corridor-return” or “central-return” ventilation
schemes are extensively used in many hospital wards due to their simplicity and low capital
cost. However, as shown in Figure 2, they resulted in directional air flows and enhanced air
mixing, and were likely to be the main cause of cross-corridor and long-distance airborne
infection transmissions [28,33].
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Figure 2. Overall air flow field at Z = 1.2 m.

For particle simulation, the maximum particle tracking time was 2 h, which was
long enough to account for most particle trajectories in the domain. It was assumed that
the particles settle on solid surfaces as soon as they collided with the surfaces [30]. The
simulated aerosol distribution pattern in the common area is shown in Figure 3. The results
showed that the particles had a mean residence time of 255 s. A few particles had a longer
residence time larger than 30 min, indicating that these particles were trapped in vortex
flows and remained airborne for a prolonged period. The particles were transported into
most regions of the common area except in the work room behind nurse station NS-1, which
did not have an air exhaust, thus only allowed air to flow out. As expected, high aerosol
concentration was found mainly in the corridors next to the Class S rooms from which
they were released. Relatively low aerosol concentration was observed in the corridor next
to the Class N rooms. However, this could still be a risk for the patients in the Class N
rooms despite the low concentration given the negative pressure pumping aerosol-carrying
air to flow into the Class N rooms. The results showed that a net particle flow rate of
5.5 × 10−14 kg/s flowed into the Class N rooms, which was 4% of the total particle mass
flow rate into the common area.

 

Exhaust vents 

Figure 3. Particles distribution pattern in the domain.
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We observed that the particles entering the corridors via the door gaps had different
movement trajectories depending on the height of injection, as shown in Figure 4. The
blue trajectories represented particles entering through the horizontal gaps close to the
floor, while red trajectories represented particles emanating from the vertical gap. Particles
flowing through the horizontal door gap and those through the lower part of the vertical
gap were less affected by the directional air flow in the corridor because they sit in, or close
to, the boundary layer, which allowed them to move following the floor surface until they
reached the opposite wall. Some of the particles settled on the wall upon collision with
the wall, while some others were gradually picked up by the directional airflow. On the
contrary, the movement of most particles flowing through the vertical gaps were quickly
entrained into the bulk airflow in the corridor. Thus, strategic positioning of door gaps,
seals, or grilles could be used to preferentially manipulate trajectories of infectious particles
emanating from patient rooms.

 

Figure 4. Particles entering the common area through horizontal gaps next to the floor have very
different trajectories than those entering through the vertical gaps.

Figure 5 shows the particle deposition pattern on the ward surfaces, including the
floor, nurse stations, and work room walls. The walls of the Class S rooms are omitted
from the figure for clarity. The particle deposition rate was normalised according to the
particle mass flux at the door gaps. The results showed that 37% of the injected particles
were deposited on solid surfaces in the ward. Although the “no-bounce” assumption
might have led to overprediction of the particle deposition rate, the simulations generated
important information for the identification of key areas of surface contamination, thus
were helpful for improving environment sanitation and reducing fomite transmission. The
settled particles could be a source of fomite transmission of HAIs [34] and contribute to
enhanced airborne transmission if they resuspended from the surfaces [35]. Although these
transmission mechanisms were not discussed in the current study, the simulated particle
deposition could provide useful information for relevant studies. As shown in the figure,
particle deposition mainly happened on the floor immediately in front of and on the walls
opposite to the doors of the Class S rooms, suggesting that inertial particle impact was a
major source of surface contamination given the relatively high-speed jet flows from the
door gaps (Figure 4).
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Figure 5. Distribution of the normalised particle deposition rate on the floor and walls. Note: The
particle deposition flux was normalised according to the particle mass flux at the releasing door gaps.

2.2. Assessment of Airborne Transmission Risk in the Ward

In order to assess the transmission risk of airborne infection in the investigated com-
mon area, the spatially resolved dose-response model for the evaluation of airborne in-
fections developed by Li et al. [29] was employed. The pathological and clinical data of
COVID-19 reported in the literature was used as an example to evaluate the transmissibility
of a specific disease. The model comprehensively considered an array of factors affecting
the outcome of an exposure to virus-laden aerosols, and expressed the infection probability
in a 3D space as

P(x) = 1 − exp

(
−(1 − ηS)

ln2
HID50

c(x)d3
p,0

d3
p

Cvirion pte

)
(1)

where P(x) is the infection probably at spatial position x, and ηS is the filtration efficiency
of the PPE worn by the susceptible population. It was assumed that all occupants in the
common area wore N95 respirators (ηS = 0.98 [36]), consistent with protocols that were in
place during the height of the COVID-19 pandemic. The local volume fraction of virus-
laden particles c(x) was obtained based on the Lagrangian particle trajectories (Figure 3)
using the so-called particle source in cell (PSIC) method [37]. The variables dp,0 and dp are
the diameters of hydrated respiratory droplets and desiccated droplet nuclei, respectively.
In this study, dp = 0.262 dp,0 is assumed according to a previous calculation [37]; p is the
pulmonary ventilation rate, where p = 6 L/min is used in this study, representing the
inhalation rate of a normal person under the rest condition [38]; and te is the exposure time,
where te = 28,800 s is used in this study, representing an 8 h work shift. The spontaneous
decay of virus was not considered in the model because the half-life of SARS-CoV-2 was
reported to be 3 h [39], which is very long compared to 10 to 15 min mean particle residence
time in most indoor spaces.

Key parameters in Equation (1) included the concentration of active infectious viruses
(or virions) in the respiratory liquid of the infected person Cvirion, and the median human
infectious dose HID50, which was the dose of virions needed to infect 50% of the susceptible
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population. SARS-CoV-2 is a type of highly contagious virus, with the HID50 value between
100 and 1000 virions [40] depending on the variant of virus and immunisation level of the
susceptible population. This study adopted the median value of HID50 = 500 virions as
recommended by Gale [41]. The virion concentration Cvirion was estimated from the mean
ribonucleic acid (RNA) concentration (known as the viral load) measured using the reverse
transcription–polymerase chain reaction (RT-PCR) technique [42]. However, it should be
noted that this may overpredict the infection probability as an RNA copy is not always
associated with an infectious virion.

The infection probability of COVID-19 in the ward was calculated based on the
simulated aerosol concentration field and using different values of viral load, as shown
in Figure 6. The results showed that the viral load in exhaled respiratory particles was a
strong factor influencing the infection probability. With a low viral load (7.99 × 104 RNA
copies/mL [42]), the infection probability was close to zero throughout the domain with
the maximum value smaller than 0.001 (Figure 6a). In this case, N95 respirators (ηS = 0.98)
could provide very good protections. However, with a high viral load (1.3 × 108 RNA
copies/mL [43]), significant infection probabilities were predicted, with the maximum
infection probability of an 8 h exposure exceeding 0.70, even if N95 respirators were worn
(Figure 6b).

  
(a) Cvirion = 7.99 × 104 RNA copies/mL (b) Cvirion = 1.26 × 108 RNA copies/mL 

Figure 6. Effects of viral load on infection probability in the ward (8 h exposure, N95 respirators
in use).

For generality and to eliminate the uncertainties due to the use of RNA data, the
infection probability was normalised using the local infection probability at the door
gaps, which represented the maximum infection probability in the domain under various
conditions, as shown in Figure 7. The normalised infection probability represented the
relative infection risk in the common area compared to that in the patient rooms. The
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results showed that the spatial distribution of the transmission risk was highly uneven,
with the corridors next to the Class S rooms having higher infection risks than other regions.
The highest infection probability appeared in the regions immediately next to the leaking
door gaps. The risk decreased as the aerosols were diluted when they moved away from
the door gaps. The infection probability remained high in some local regions with poor
ventilation, such as the low-X corridor end.

 

Figure 7. Volume rendering of the normalised infection probability of COVID-19 in the ward.

The simulations showed that high aerosol concentrations, and thus high infection
probabilities, mainly existed in regions close to the source of contamination; namely, in
the corridors next to the Class S rooms. Unfortunately, there were only a few exhaust
vents installed in these corridors, which hindered fast removal of virus-laden aerosols. In
addition, the directional air flow along the corridors contributed to the dispersion and
long-distance transport of the aerosols. It was therefore believed that there was room for
improvement of the current ventilation design in order to achieve more effective protections
against airborne HAIs.

3. Improving Ventilation Design to Mitigate HAIs
Many studies [24,44] have proven that placing the exhaust vent close to the source of

aerosols could be an effective approach to reduce aerosol dispersion, as the out-flowing
air can help remove the particles. We applied this principle here to mitigate airborne
transmission by optimising the placement of the HVAC vents, as detailed below.

The main features of ventilation improvement included the following:

• Exhaust vents were placed immediately next to the doors of all patient rooms, which
resulted in an increased number of exhaust vents compared to the current setup.

• Supply and exhaust vents were installed alternately along the corridors. This setup
was hoped to reduce the directional air flow and long-distance transport of aerosols.

• The supply rate was equal across all supply vents and a uniform discharge pressure
was applied at all exhaust vents.

• The total air supply rate via the supply vents and air leak rate via door gaps remained
unchanged (totally 8.1 ACH) for comparability against the current setup.

The distribution of ceiling vents in the improved configuration is shown in Figure 8.
The current vent distribution is also included in the figure for comparison. In addition to
the carefully determined locations of vents, a key change was that the improved ventilation
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design had fewer supply vents (18 vs. 23) but more exhaust vents (14 vs. 7) than the current
configuration.

   
(a) Current vents distribution (b) Improved vents distribution 

Supply vents 

Exhaust vents 

Figure 8. Ventilation optimisation of the ward common area.

The trajectories of particles entering the corridor from six selected Class S rooms are
shown in Figure 9. A total of 130,000 particles were tracked in the simulations; however,
only 60 representative particle trajectories (10 from each selected room) are shown in the
figure for the sake of clarity. Particles from different rooms are marked with different
colours. The simulations showed that under the current ventilation design (Figure 9a),
particles from different rooms had very different trajectory features. Particles from the
high-X rooms (S01 to S06) were strongly affected by the directional airflow, while most of
those from the low-Y rooms (S07 to S13) were locked in the corridor. With the improved
ventilation design (Figure 9b), there was very little long-distance particle transport due to
the reduced directional air flow. Most particles were discharged via the nearest exhaust
vents. However, it is noted that particles from Room S03 (red trajectories) still travelled
transversely towards the Class N rooms due to the existence of a transverse corridor
connecting two longitudinal corridors. Therefore, the corridor geometry was deemed as
another factor strongly affecting aerosol transport.

The mean residence time of particles from different rooms are presented in Figure 10a.
The results showed that with the current ventilation design, particles from standard pres-
sure rooms S01–S04 had a relatively short residence time (between 124 s and 188 s) due to
the directional air flow. In contrast, those from rooms S05–S13 had a longer residence time
(between 207 s and 335 s) due to the lack of exhaust vents in the low-Y corridor. With the
improved ventilation design, particles from most rooms had mean residence times between
184 s and 234 s. Although the residence times of particles from rooms S01–S04 slightly
increased due to the reduced directional air flow, particles from other rooms had clearly
shorter residence times due to the improved air exhaust. A close examination of rooms
S01 and S03 revealed that they faced a nurse station and transverse corridor, respectively;
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therefore, particles from those rooms had the chance to disperse transversely, resulting
in longer-distance dispersion. Compared with the current ventilation system, the overall
mean particle residence time under the optimised ventilation design decreased from 240 s
down to 213 s, equivalent to an 11% reduction.

  
(a) Current ventilation setup (b) Optimised ventilation setup 

Exhaust vents 

Figure 9. Representative particle trajectories from selected Class S rooms. Note: particles released from
different rooms are marked with different colours.
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Figure 10. Mean residence time and travelling distance of particles released from different rooms.

Correspondingly, the mean particle travelling distances are shown in Figure 10b.
Here, the particle travelling distance was defined as the distance over which particles had
travelled before they were discharged via the exhaust vents or settled on solid surfaces.
The results showed that after the ventilation improvement, the travelling distance of
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particles from rooms S01–S03 slightly increased due to the reduced directional air flow,
while particles from most rooms had a short mean travelling distance. The mean travelling
distance of all particles decreased from 15.2 m down to 13.7 m, equivalent to a 10% reduction.
This decrease was mainly due to the fast removal of particles via the nearest exhaust vents
soon after they entered the corridor. Overall, reduced particle residence time and travelling
distance were achieved in most of the common area, which would contribute to lower
levels of aerosol exposure.

The normalised infection probability was calculated and plotted in Figure 11. The
infection probability was divided into three bands: low-risk zone (p ≤ 0.25, green zone),
medium-risk zone (0.25 < p < 0.75, yellow zone), and high-risk zone (p ≥ 0.75, red zone).
The corresponding area fractions of each zone relative to the area of the breathing plane
(Z = 1.2 m) are listed in Table 2. The results showed that re-arrangement of HVAC vents
clearly reduced the overall transmission risk within the ward. With the current ventilation
system, the area fraction of the green zone (p ≤ 0.25) was 0.402 while over half of the ward
was in the medium-risk zone (area fraction 0.567), as shown in Figure 11a. In particular,
a substantial part of the corridor next to the Class N rooms had an infection probability
exceeding 0.25, which might be problematic for the patients isolated in the Class N rooms
due to their vulnerability and the negative pressure pumping virus-laden aerosols into
the rooms. With the improved ventilation design, the area fraction of the green zone was
significantly improved. As shown in Figure 11b, the green zone (p ≤ 0.25) covered almost
the entire corridor next to the Class N rooms and had an overall area fraction of 0.555,
which was a 38% improvement. The area fraction of the yellow zone (0.25 < p < 0.75)
decreased from 0.567 to 0.429 with the improved ventilation design. In both cases, the red
high-risk zones (p ≥ 0.75) were mainly located in the vicinity of the doors of the Class S
rooms. The ventilation improvement reduced the area fraction of the red zone from 0.031
down to 0.016, a reduction of 48%. The overall mean infection probability decreased from
0.320 to 0.260, a reduction of 19%.

Table 2. Areas with different levels of infection probability in the plane Z = 1.2 m.

Area Fraction of Different Risk Zones Average Infection
Probabilityp ≤ 0.25 0.25 < p < 0.75 p ≥ 0.75

Current 0.402 0.567 0.031 0.320
Optimised 0.555 0.429 0.016 0.260

This study demonstrated that a small change in the layout of the supply and exhaust
vents could contribute to much reduced transmission risks in the ward. The key to the
improvement was the more evenly distributed air supply and exhaust vents preventing
directional air flow along the corridor, in addition to the exhaust vents being placed close to
the source of aerosols. However, we noted that almost half of the breathing plane was still
medium- or high-risk zones even after the ventilation improvement (Figure 11b). The main
reason was that there were continuous injections of virus-laden particles from the Class S
rooms into the corridor. To reduce the infection risk in the common area, controlling the
aerosol source is critical and this can be achieved via adding room-return exhausts in the
patient rooms or using personal exhaust devices such as the McMonty hood [45] developed
by the authors. In addition, the optimised ventilation design of this study still featured a
mixing ventilation scheme, which served to dilute contaminants through air mixing. This
would inevitably enhance aerosol dispersion and hinder aerosol removal. It is expected
that reduced air mixing or using an up-rising air flow pattern would be more efficient
in preventing aerosol dispersion and rapidly removing aerosols. From this perspective,
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displacement ventilation or under floor air distribution systems may be more beneficial for
the prevention of airborne HAIs.

  
(a) Current ventilation setup (b) Optimised ventilation setup 

P ≤ 0.25 

0.25 < P < 0.75 

P ≥ 0.75 

Exhaust vents 

Figure 11. Distribution of risk bands at Z = 1.2 m.

4. Conclusions
Using multiphase computational fluid dynamics, we analysed the air flow field and

aerosol transport in the common areas of an inpatient ward equipped with a mixing
ventilation system. A spatially resolved infection risk model was employed to evaluate the
airborne transmission in the ward. Conclusions rising from this study are as follows:

(1) The central-return mixing ventilation system created directional air flows in the
corridors, which contributed to enhanced air mixing and long-distance transport of
aerosols while leaving high aerosol concentration in local regions with poor ventilation.
When the ward had different types of patient rooms with different operating pressures,
the aerosols escaping from the standard- or positive pressure rooms may have the
chance to transport into the negative pressure rooms via the common area if these
rooms were not properly configured.

(2) This study highlighted the importance of properly positioning supply and exhaust
vents. By placing the exhaust vents close to the sources of aerosol release and applying
an even air flow rate across the supply vents, the improved ventilation design reduced
the directional air flows and facilitated aerosol discharge, reducing transmission risks
throughout the ward. With the improved ventilation system, the area of the low-risk
zone in the ward increased by 38% compared to the existing ventilation system, while
the mean relative infection probability dropped from 0.320 to 0.260, equivalent to a
19% reduction.
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This study demonstrated the importance of preventing long-distance air flow and
reducing air mixing in order to reduce aerosol concentration in the ward. The improved vent
layout we described effectively reduces the concentration levels by minimising directional
air flow. However, with a mixing ventilation system, the size of the medium- and high-risk
zones was still remarkable even after the improvements. Our findings suggested that
to further reduce air mixing, the displacement ventilation or under floor air distribution
schemes that create an uprising air flow pattern may be a promising target for additional
design improvements.
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