INDENV 2 (2025) 100129

journal homepage: www.sciencedirect.com/journal/indoor-environments e

Contents lists available at ScienceDirect .
indoor

ENVIRONMENTS

Indoor Environments

The effect of the ventilation rate on exposure to SARS-CoV-2 in a room with

mixing ventilation

Timothy Foat?®-*, Benjamin Higgins ?, Suzie Abbs?, Thomas Maishman *‘”, Liam Gray *?,
Adrian Kelsey ", Simon Coldrick ®, Alexander Edwards “¢®, Matthew J. Ivings®,

Simon T. Parker?
a Dstl, Porton Down, Salisbury, Wiltshire SP4 0JQ, UK

, Catherine J. Noakes ©

Y Health and Safety Executive, Harpur Hill, Buxton, Derbyshire, SK17 9JN, UK

¢ EPSRC Centre for Doctoral Training in Fluid Dynamics, University of Leeds, Woodhouse Lane, Leeds LS2 9JT, UK
dSchool of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, UK

¢ Leeds Institute for Fluid Dynamics, School of Civil Engineering, University of Leeds, Woodhouse Lane, Leeds LS2 9JT, UK

ARTICLE INFO
Keywords:

Computational fluid dynamics
Cough

Air change rate
Disease transmission
Aerosol

COVID-19

ABSTRACT

Throughout the COVID-19 pandemic, guidance was to increase ventilation as a way to reduce the risk of
transmission. While the benefits of ventilation, when it is used to supply fresh air or to remove virus laden
air from a space, is indisputable, we show that in some circumstances it can also enhance the transport of
virus from the infected to the uninfected. We used computational fluid dynamics to study exposure to SARS-
CoV-2 from a person coughing, in a mechanically ventilated room with mixing ventilation, over short time
periods. Models were run with three ventilation rates and two definitions for how the virus is distributed within
different size droplets. These showed that up to 3 m from the person (the largest distance assessed in this work),
the median exposure had a statistically significant increase as the ventilation rate was increased. For example,
as the room air change rate was increased from 0.5h~!' to 5h™!, the median exposure after 5 min increased by
a factor of 7 or 134 depending on the model settings specified. The models showed that the negative impact
of mixing ventilation on exposure (i.e. increased ventilation rate leading to increased exposure) reduced with
time, which brings the predictions in line with the general guidance. Ventilation measures are therefore most
likely to have the greatest impact on reducing transmission in spaces where people spend longer periods of
time.

1. Introduction

the probability of infection = 1 - exp(—Iqpt/Q) where I is the number
of source patients, g [h~'] is the quanta generation rate, p [m3h~1] is

Throughout the COVID-19 pandemic, guidance has been to increase
ventilation as a way to reduce the risk of transmission [1,2]. The main
purpose of increased ventilation, in relation to disease control, is to
increase the rate of supply of fresh air and to dilute and then flush-out
the pathogen carrying aerosols. However, much of this guidance states
that ventilation may not have much effect on near-field or close contact
transmission [1,2].

Extensive work has been carried out to understand the effect of
ventilation on transmission [3-19] and it is this research which forms
the basis of the guidance mentioned above. It is generally assumed
that most of the airborne transmission is due to small aerosol particles
and that these mix uniformly across a room over the time-scales of
interest. With this ‘well-mixed’ assumption, simple models such as that
of Wells-Riley [3], can be applied. The Wells-Riley model states that
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the pulmonary ventilation rate for each susceptible person, ¢ [h] is the
exposure time and Q [m?h~!] is the room ventilation rate.

Dai and Zhao [11] applied this model to infection from COVID-
19 indoors, and based on the work of Liu et al. [12], assumed that
aerosol deposition was not important for transmission. They showed
that a high ventilation rate is one way to ensure a low probability of
infection. Furuya [6], who stated that the ‘elimination’ (i.e. deposition)
of infectious particles was minimal compared with removal by ventila-
tion, showed that doubling the ventilation rate in a train resulted in an
approximately halved reproduction number (i.e. the expected number
of cases directly generated by one case halved) for influenza.

The Wells-Riley model, still using a well-mixed assumption, has
been extended to include particle deposition and other loss terms (a
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review of the Wells-Riley model is given in [9]). This extended model
has been used by Rocha-Melogno et al. [14] and Jimenez and Peng
[13] in their ‘Aerosol-Mediated Infectious Disease Risk Assessments’
and ‘COVID-19 Aerosol Transmission Estimator tools’.

It is known that increased airflow in a room can lead to increased
deposition of particles. Thatcher et al. [5] showed increased deposition
for particles up to 10 um in diameter (the largest particles assessed in
their experiment) in a furnished and unfurnished room as the airflow
in the room increased. Lai and Nazaroff [4] showed that turbulence
close to a smooth surface increased deposition, with an upper size
limit for this effect of around 0.3 um for deposition on upward-facing
horizontal surfaces. Blocken et al. [15] calculated an increase in particle
deposition with an increase in the ventilation rate, from experimental
data recorded in a gym. Blocken et al. did not provide an upper limit for
the effect and only presented data for particles up to 10 um diameter.

The size dependence of these effects is important, as it was shown
previously [20] that reasonably large droplets can travel significant
distances. For example, droplets with an initial diameter of 63 pm often
travelled more than 3 m from a coughing person before depositing on
the floor, when the relative humidity in the room was low (30% or
50 %). Depending on how the virus is distributed within the different
size exhaled droplets, these droplets could present a significant hazard
and may be expected to exhibit very different behaviours to much
smaller droplets.

Turbulence can act to either increase or reduce a particle’s settling
velocity as it interacts with vortices in the flow. The settling velocity is
the velocity a falling body reaches when gravitational and drag forces
are in balance. A higher settling velocity for particles near an upward-
facing horizontal surface will result in increased deposition. Good et al.
[21] showed that these effects can occur (in isotropic turbulence) for
a particle density to fluid density ratio of 1000, i.e., water droplets in
air. Whether it increases or reduces the settling velocity is dependent
on the particle diameter and the amount of turbulence.

Some modelling studies have shown that increased airflow can
counter the sedimentation (the downward movement of particles under
gravity) of larger particles. Chao et al. [7] carried out computational
fluid dynamics (CFD) modelling of coughed droplet transport in a
hospital ward and found that the higher air change rate (ACR) (11.6h™!
vs 6.0h™!) resulted in less sedimentation of droplets in the 28 um to
45 pm size range due to increased vertical mixing. They also concluded
that the rate of lateral spread was slower for the lower ACR, for 1.5 pm
to 45 pm diameter droplets.

Other studies have suggested that increased ventilation could have
the opposite effect of that desired. For example, Jimenez and Peng
[13] wrote that increased ventilation (or mixing) can have the effect
of spreading the virus faster, but they also noted that there would
be a compensating effect of increased deposition. Sze To et al. [8]
showed from aerosol experiments in a mock-up aircraft cabin that
increased ventilation generally resulted in reduced local exposure (over
a six minute period), but increased exposure for passengers seated
further away. Pantelic and Tham [10] carried out experiments in a
full-scale room and reported that increasing the ventilation rate from
6h~! to 12h~! increased aerosol exposure at all distances from the
source examined (1 m to 4 m). Wei et al. [16] conducted a CFD study
of exposure to respiratory droplets in a mechanically ventilated room
and showed that increased ventilation reduced the small droplet (5 pm
diameter) exposure, but increased the exposure to medium droplets
(30 pm to 50 pm diameter depending on the proximity to the infected
person and the ventilation rate). The causes of the effects in [8,10,16]
were given as: increased ventilation resulting in increased dispersion,
increased droplet evaporation or changes in the airflow pattern in the
space. Li et al. [17] carried out experiments to assess the effect of
ceiling fans on the transmission of infectious aerosol. They showed
that the addition of the fans reduced the short-range infection risk by
47 %, but increased the long-range risk by 4 %. Conversely, a CFD study
by Omerzo et al. [18] showed in a mixing or displacement ventilated
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room that the airborne transmission risk reduced by 50 % when the air
change rate was increased from 0.5h~! to 1h~!. There was a further
27 % reduction when the air change rate was increased to 2h~! and a
further 15% reduction at 4h~!. In the Omerzo et al. [18] study they
only considered a steady-state case with continuous exhalation of a
tracer gas representing the infectious aerosol. Yao et al. [19] carried
out a CFD modelling study to compare different ventilation strategies
in a dental clinic. They showed that with some ventilation modes the
aerosol removal index (a measure of how effectively aerosol is removed
from the space) reduced as the room ventilation rate was increased
from 6h~! to 12h~L.

All the CFD and room scale experimental studies described above
have correlated risk or effect with the droplet or particle concentration.
This approach is valid if the concentration of infectious material in the
droplets is proportional to the droplet’s volume. However, a number
of studies have suggested that people infected with both influenza and
SARS-CoV-2 may produce more virus in the fine aerosol fraction (diam-
eters < 5pm) than in the coarse fraction (diameters >5pm) [22,23]. If
proportionally more virus is carried in the smaller droplets, this could
have a significant effect on the hazard, as smaller droplets are likely to
be dispersed more effectively and to remain airborne for longer [20].

To address this research gap, we have used CFD methods developed
previously [20,24] to model a coughing person in a mechanically
ventilated room to show the effect that the ventilation rate has on
exposure to SARS-CoV-2. The CFD results are reported in terms of viral
exposure rather than droplet number or mass and two definitions for
how the virus is distributed within different size droplets have been
applied. The model provides spatial resolution, predicts the rate at
which droplets are transported across the room and the rate at which
they evaporate and deposit onto surfaces. Consequently, it can provide
details of the near-field effects which simpler models, e.g. well-mixed
models, cannot. This work provides new insights into the complex
interactions between ventilation and exposure that is not available
elsewhere.

2. CFD methodology
2.1. Model and geometry

The effect of air change rate on exposure to the SARS-CoV-2 virus
was studied in a simplified mechanically ventilated meeting room/of-
fice space, based on the room studied in [20]. The room was 13.0 m
long, 7.0 m wide and 2.6 m high with a small cut-out in one corner. The
room volume was approximately 237m? and had mixing ventilation.
The air was supplied through eight diffusers and extracted through
four, which were all located on the ceiling. All supplies and extracts
were square, four-way diffusers. In order to allow more generic con-
clusions on the hazard to be drawn, the space contained no furniture.

A coughing person was standing in the room at x = 3.5 m, y =
10 m and was facing along the long axis of the room in the negative
y-direction (see Fig. 1). Three ACRs were chosen, 5h™!, as this was
used in a previous study [20], 0.5h™! as a rate which is typical of a
residential space [25] (recognising that a residential space might not be
mechanically ventilated) and 2.5h~!, as an intermediate point between
the two.

The CFD modelling was carried out as described in [20]. An un-
steady Reynolds averaged Navier-Stokes (URANS) approach was used
to model the airflow. The transport of the exhaled virus carrying
droplets was calculated using Lagrangian particle tracking, including
a discrete random walk model to represent the effect of the turbulence.
The simulations included buoyancy effects, driven by the heat of the
person and the temperature of their exhaled breath. Buoyancy effects
were modelled using an incompressible ideal gas model, where the local
density is a function of temperature. The shear-stress transport (SST)
turbulence model was used and the modelling was carried out using
ANSYS® Fluent® version 2019 R2.
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Fig. 1. The coughing person standing in the meeting room. The supply vents are shown in blue and the extracts in red.

Although a URANS model does not capture the finest detail of the
airflow and mixing, it was chosen because it can provide resolution at
an informative and practical computational scale. It was not feasible to
use a higher resolution approach, such as large-eddy simulation, due to
the size of the domain and the total simulation time. In the SST model,
a k—w model is applied near walls and a k—e model elsewhere. With the
SST model, Fluent® automatically applies a blended wall function for
the velocity and w, switching between a viscous sublayer formulation
and a wall function, depending on the near-wall cell size. The SST
turbulence model was chosen based on earlier simulations [26,27] of
experimental test cases for buoyancy-driven flow in a room [28] and
an isolated turbulent jet [29].

The coughing person was represented by a simplified geometry and
they were 1.63 m tall, with their mouth centred at 1.43 m high. The
mouth was represented by a circle with a diameter of 2.25 cm. The
person was located at the middle of the room width-wise, but there
was an asymmetry in the room due to the cut-out in the corner and the
fact that the supply and extract vents were slightly off-centre.

The susceptible people were not explicitly represented in the model
and as a result it will not capture any effects they have on the flow
and particle dispersion. It is recognised that thermal plumes from
the susceptible people and the mixing generated by their movement
could have an impact on the room airflow. However, fixing their
locations would create an airflow pattern that is correct for only that
specific layout. This would mean that it would not be possible to draw
more generic conclusions that could be applied to any layout. Also,
including the susceptible people would mean that exposures could only
reasonably be calculated in the breathing zone next to each person. By
excluding them, the exposure can be calculated at any location, which
allows its spatial variation to be studied more effectively.

As described in [20], the geometry was meshed using unstructured
tetrahedral cells in a region around the person, with hex-core in the rest
of the room. It is important that care is taken to refine the mesh in areas
where velocity or temperature gradients are large, and to this end, the
mesh was refined around: the exhaled jet, the supply and extract vents,
the person and the walls, floor and ceiling. The surface mesh on the
mouth had triangular cells with lengths of approximately 2 mm, giving
ten cells across the diameter of the opening. The surface mesh on the
rest of the person had an average length of 12 mm. Four inflation layers
were applied to all surfaces, and around the person the first cell height
was on average 4.6 mm. The average y* (the non-dimensional near-wall
cell distance) on the body surface was between 4.3 and 4.5 (i.e. within
the viscous sub-layer) depending on the air change rate. The largest cell
in the domain had a length of 0.126 m and the total cell count (for the
standard mesh) was 3.2 million. Images of the computational mesh are
shown in Fig. 2.

Models were run with three different meshes and an ACR of 5h~!
to check for mesh sensitivity. The mesh was coarsened by increasing
all cell sizes, including inflation layers, by a factor of 1.25 and was
refined by reducing all sizes by a factor of 0.5. This resulted in models
with 2.3 million cells (coarse mesh), 3.2 million cell (standard mesh)
and 12.6 million cells (refined mesh). The time averaged velocity was
calculated on a horizontal line passing through the middle of the mouth
of the person and this data is shown in Fig. 3. For the mesh dependency
study, the person was not coughing.

The figure shows that the velocity did change as the mesh was
refined, but the overall patterns in the flow were consistent. The peak
velocity, representing mainly the thermal plume moving by the person,
only varied between 0.24ms~! and 0.25ms~! and was always located
0.02 m in the front of the person. The velocity dropped rapidly within
0.2 m or 0.3 m of the person and the average across the rest of the room
was consistently low; it only varied between 0.026ms~! and 0.35ms™!.
Therefore, as the three meshes predicted similar flow patterns, the
standard mesh was the one that was taken forward.

Additional mesh dependency analysis for the same model was re-
ported in [20] using predicted viral exposures. In that work it was
reported that due to the unsteadiness in the airflow in the room and the
resulting variability in the particle tracks following each cough, there
was a natural variability in the results between simulations, even with
the same mesh. In the current work, this variability was reduced by
averaging data over more coughs, as described in the following section.

2.2. Boundary and initial conditions

The room supply vents were defined as mass-flow inlets with air
entering the room at 30° to the horizontal in four directions, with 5%
turbulent intensity and a length scale of 0.01 m. The entry angle was
based on the ceiling diffusers in the experimental test room described in
Section 2.3. The supplied air was 20 °C and had 50 % relative humidity.
The extract vents were defined as pressure outlets. Srebric and Chen
[30] showed that good quality airflow predictions from a square ceiling
diffuser in a room could be achieved if the momentum of the jets
exiting the diffuser are correctly represented. The use of this approach
is supported by the validation described in Section 2.3. Other methods
for modelling square diffusers are presented in Yao et al. [19].

It was assumed that the infected person was fully clothed, and
that their radiative heat transfer was negligible. Therefore, only their
convective heat flux was modelled and this was applied as a uniform
surface heat flux of 25W m~2. This value is similar to that specified
by Zhu et al. [31] for a standing person and was used in [24]. It is
recognised that this is a simplification, as it is known that radiation can
have an effect on indoor airflows, particularly in rooms with low-speed
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Fig. 2. Computational mesh on a vertical plane through the centre of the person. Upper image shows the full room and lower image shows details close to the

person.

0.3

—Refined mesh

—Standard mesh

0.25

—Coarse mesh

©

N 53

o N
. !

Mean velocity / m-s™
o

0.05

8 10 12 14

Fig. 3. Time averaged velocity on a horizontal line passing through the middle of the mouth of the person. The person is centred at y = 10 m. Data is shown

for the three different meshes.

air movement. Radiation can result in increased air temperatures across
the room and a resulting decrease in stratification. The walls, floor and
ceiling were assigned adiabatic boundary conditions.

To represent a cough, the mouth was a velocity inlet with a time
varying velocity profile (peak velocity of 15ms~!, see [20] for more
details) and the exhaled droplet source term was based on the bron-
chiolar, laryngeal and oral (BLO) model [32]. The exhaled droplets
were modelled as water droplets with a non-volatile fraction, so their
evaporation rate was based on the vapour pressure of pure water, and
their size reduced until only the solid non-volatile core remained. The
non-volatile core represents the salts, proteins and surfactants in the
droplets. This fraction was set to 1.25% by mass [33] and in light
of the limited data available, it was assumed that the density of the
non-volatile core was 1000 kg m~3.

The BLO-fitted size distribution consisted of 21 logarithmically
spaced initial diameters, d,, from 0.25pm to 398 pm. However, due to

the shape of the BLO distribution, two of the size bins (10 pm and
14.5 pm diameter) contained no droplets.

In Lagrangian particle tracking, each computational particle can
represent a parcel of droplets. This is usually done to reduce the total
number of particles that need to be simulated. However, for the BLO
coughing model, only 310 droplets were exhaled per cough. As this was
not likely to provide a statistically significant number of droplets, ten
times as many droplets were tracked per cough (3093 in total), with
each droplet carrying one tenth the viral RNA copies.

Each simulation consisted of ten coughs, with each cough followed
by either 5 min or 30 min of mixing. The particles from each cough
were deleted at the end of the mixing period. This was done to enable
the average effect of a single cough to be calculated. Spacing out the
individual coughs in time, as opposed to modelling all ten coughs
simultaneously, meant that the airflow in the room was different for
every exhalation. The modelling in [20] showed that the exposure
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predictions had not fully converged after five coughs, so the number
of coughs was increased to ten for this work. It is recognised that an
infectious person may cough more frequently than once every 5 min or
30 min, but the aim of this modelling was to simply study the average
exposure from a single cough.

It was assumed that particles would stick to any solid surface they
contacted and that there was no resuspension of deposited particles.
Particles were removed from the domain if they contacted a surface.
It is recognised that isotropic turbulence models, such as the SST
model, can over-predict the turbulent deposition of small particles [34].
However, in these simulations the main depositional losses were due
to sedimentation of the large and intermediate size particles onto the
floor.

The cough jet was angled below the horizontal [35], which is only
one of many possible orientations. Only the exhalation part of the
cough was modelled. During the mixing period after each cough, there
was no air movement from the mouth. It is reasonable to ignore the
hazard from the droplets exhaled from breathing during the mixing
period because the total volume of exhaled droplets over 5 min of
breathing is significantly smaller than that from a single cough. The
detailed properties of the cough, exhaled droplets and simplifying
assumption are given in [20].

The results are expected to depend on the droplet size distribution
that was used to represent what is exhaled during a cough. It would be
interesting to repeat the work with different size distributions, such as
described by Duguid [36], which has a higher proportion of droplets in
the mid-size range.

The flow in the room was first solved as steady-state, then the model
was run using an unsteady solver for 290 s with 47 = 1 s, followed by
10 s with 47 = 0.1. Then to capture the dynamics of the cough and
the initial droplet transport, the model was run for 10 s with 4¢r = 0.01
s. The time step size was finally increased to 1 s for the duration of
the mixing period. Apart from the steady-state phase, this process was
repeated for each cough.

When 4r was 1 s, the average Courant-Friedrichs-Lewy (CFL) num-
bers in the domain for the ACR = 5h~!, 2.5h~! and 0.5h~! models were
1.7, 0.81 and 0.19 respectively. During the cough, the highest CFL
numbers around the mouth were approximately 300, but these were
only in the smallest cells very close to the mouth and were only present
while the velocity of the cough was at its maximum.

The results of a time step size dependency study are given in [20].
For this analysis, the ACR = 5h~! model was run with three different
time step conditions. The standard time step sizes were as reported
above. For the shorter time step condition, all 47 values were divided by
two and for the longer time step condition, all Ar values were doubled.

It was shown that there was some dependence of the predicted viral
exposures to Az, but there were no consistent trends in the data as At
was refined. The Foat et al. [20] analysis was carried out using data
from only five coughs as opposed to the ten coughs used in the current
work. It is expected that the results would be more consistent across
the three time step conditions if ten coughs were used. As a results of
the analysis in Foat et al. [20], the standard time step sizes were taken
forward in this study.

2.3. Validation

The work presented here builds on the CFD modelling of Coldrick
et al. [24] and Foat et al. [20]. In Coldrick et al. [24] the CFD method-
ology was validated using measured surface deposition and airborne
concentrations of exhaled bacteria carrying droplets from speaking,
singing and coughing human subjects in an exposure chamber. As
reported in [24], the conclusions of the validation were as follows.
Comparisons with a human participant study showed that the model
is able to produce realistic predictions of microbial surface deposition
and concentrations in air, although it may slightly under-predict the

Indoor Environments 2 (2025) 100129

distance travelled by both aerosols and droplets. Given the uncer-
tainties involved in simulating these experiments, the computational
results obtained on the centreline were particularly encouraging. The
discrepancies seen off-axis require further investigation to understand
the variability in the experimental study deposition results.

In Foat et al. [20] the CFD method was validated using tracer gas
dispersion data from an experiment which took place in the meeting
room being studied here. In the experiment, a tracer gas was released
in the corner of the room for 180 s and its concentration was monitored
around the room using photo-ionisation detectors (PIDs). The CFD
model was run with steady-state airflow and isothermal conditions.
Fig. 4 shows the minimum, mean and maximum concentrations for
all the monitor locations at each time point. Further details of the
experimental method are given in [20].

As reported in [20], the CFD did not capture some of the un-
steadiness in the concentration field, as would be expected when using
a steady RANS modelling approach, but captured the trends well.
The model over-predicted the highest concentrations (close to the gas
release point). The model also predicted too much mixing, as can be
seen from 400 s. However, the relative separation of the experimental
curves after this point, compared the separation of the model data,
may be due to instrument calibration, rather than be a true effect of
the gas dispersion. The model performance was assessed by calculating
the geometric mean bias and geometric variance [37] for all monitor
locations and time points when the measured concentration was greater
than 1 mgm™. This was approximately the lowest concentration at
which the PIDs were calibrated. The mean bias was 1.12 (compared to
an ideal value of 1), which indicates that the model tended to slightly
under-predict the experimental data. The geometric variance was 1.10
(compared to an ideal value of 1), which indicates that there was a
small amount of scatter of the model data around the experimental
data.

The purpose of the current modelling study was to predict the
general effect of air change rate on the dispersion of exhaled droplets in
a mechanically ventilated meeting room with mixing ventilation. The
validation work, together with the model sensitivity assessments have
demonstrated that the modelling method applied here is fit-for-purpose.
The validation work reported here and in Coldrick et al. [24], supports
the selection of the SST turbulence model.

2.4. Viral load and exposure

The viral exposure [RNA copiessm~3] was calculated as in [20]
and used two definitions for the initial distribution of the virus within
the different size droplets. The first assumed a droplet volume based
viral load concentration, ¢;,, [RNA copies m~3]. Without there being
a consensus for why there could be more virus in the fine aerosol
fraction, a droplet surface area based viral load concentration, cg,
[RNA copiesm~2], was chosen as the second definition to test the
sensitivity of the results to the viral distribution. It has been reported,
for example, that hydrophobic particles, which would be located on
the surface of a water droplet would result in the particle-in-droplet
concentration scaling by surface area rather than the volume [38].
Defining the viral load in terms of a surface area concentration results
in a relative increase in virus in the fine aerosol and a decrease in
the coarse aerosol, but it may not produce the high ratios reported
by [22,23].

For the volume based viral load calculations, ¢,, was set to 2.76x10°
RNA copies mL~!, based on data from [39] which represents an average
of peak viral loads over time (see [20] for more details). For the droplet
surface area viral load, cg, was specified so that the total amount
of viral RNA in all droplets combined was the same for both viral
load definitions. This gave cg, = 1.17 x 10! RNA copies m~2. This was
equivalent to 2.8 x 10'2RNA copiesmL~! for the smallest droplets and
1.77 x 10° RNA copiesmL~! for the largest droplets. For both viral load



T. Foat et al.

1.E+04

Indoor Environments 2 (2025) 100129

1.E+03 -

1.E+02 -

Concentration / mg.m-

-
m
+
o
=
L

——Exp - minimum
—Exp - average
——Exp - maximum
—CFD - minimum
—CFD - average
—CFD - maximum

0 200

400 600 800

Time from start of release / s

Fig. 4. Measured maximum, average and minimum tracer gas concentrations for all monitor locations compared to predictions from the CFD model. Graph

from [20].

definitions, the total amount of virus exhaled in a single cough was
2.2 x 10° RNA copies.

The decay in the viability of the virus in droplets was not considered
as part of this work. This is a reasonable assumption based on existing
data for the viral decay half-life for SARS-CoV-2 and the duration of
the simulations. For example Smither et al. [40] gave a half-life range
of 30 to 177 min for SARS-CoV-2 aerosolised in artificial saliva, in the
dark, with two relative humidity ranges (40 % - 60 % and 68 % - 88 %).

2.5. Summary of assumptions and simplifications

In summary, the key model simplifications were:

» Only a single coughing person was included and they only
coughed once during a five minute or 30 min exposure period.
Only one droplet size distribution has been used. This was based
on the bronchiolar, laryngeal and oral (BLO) model [32].

The person coughed with a direction below the horizontal, which
is only one of many possible orientations.

The susceptible people were not explicitly represented in the
model and exposure at particular locations was used to represent
risk.

No furniture was included in the room.

The geometry of the supply diffusers was not explicitly repre-
sented in the model.

Exhaled droplets were modelled as pure water with a non-volatile
core.

There was no movement of people in the model and consequently
no mixing created by this movement.

A URANS approach, along with an isotropic turbulence model,
was used to model the airflow.

3. Results and discussion

In the following sections, the results from the modelling are pre-
sented and discussed. Firstly, the airflow within the room is illustrated
to show how it varies for the three ventilation rates. Secondly, the
tracks that small, mid-size and large particles (size ranges for these
are given below) follow are plotted to demonstrate their very different
behaviour (irrespective of how much virus they contain). Thirdly, we
provide graphs showing how the total amount of virus within the room
changes with time. This shows the whole-room effect of changing the
ventilation rate, without any consideration for the spatial variation.
Fourthly, particle data is combined with information on the viral load
to show what exposure someone in the room could receive and how this
varies spatially and temporally. Finally, exposure data within three 1 m?

volumes in front of the coughing person (as used in [20]) is analysed to
summarise the effect that changing the ventilation rate has on exposure
in the near-field.

3.1. Flow fields

Instantaneous velocity contours from models run at the three dif-
ferent ACRs are shown in Fig. 5 and turbulent kinetic energy contours
are shown in Fig. 6. At the mid and high ACRs, the air travels along
the ceiling before being deflected down when it meets either another
supply jet or a wall. This flow pattern is what drives most of the mixing
within the room. The flow patterns change with time and the largest
variation is seen where jets from two supply vents meet.

At the low ACR, the ceiling attached jets do not form and the
weakness of the flow means that air from the top of the room does not
mix effectively with the air in the lower half of the room. This results in
very low air velocities and turbulence, particularly in the lower half of
the room. In all three cases, the thermal plume produced by the person
can be seen, but it is weakest in the high ACR case.

It should be noted that the three cases do not simply present a linear
scaling of the magnitude of the air velocities in the room; the airflows
are qualitatively different. A similar non-linear effect was shown in the
CFD models of Wei et al. [16].

3.2. Particle tracks

The tracks for the exhaled droplets are shown in Fig. 7 for one of the
ten coughs. It should be noted that there is a high amount of variability
in the particle tracks for each cough (due to transient variability in
the ventilation flow) and this is why the results from ten coughs were
combined for the exposure analysis. The tracks have been split into
three broad size bins based on their initial diameter, d,. These are d,,
< 20pm, 20pm <dy < 100pm and d, >100 pm. These were chosen to
represent the small aerosol, the intermediate sizes and the large ballistic
droplets. It should be noted that there were far fewer particles in the
two larger diameter size bins compared to the smallest bin (2902, 73
and 118 particles in each of small, intermediate and large size bins
respectively).

Due to their non-volatile core (1.25% by mass), the droplets can
evaporate to approximately a quarter (23 %) of their initial diameter.

It is clear that the particles with d,, < 20 pm and 20 pm <d;, < 100 pm
are affected by a change in the ACR. The droplets with d, >100pum
move ballistically and are not affected to any significant amount by
the change in ACR. For both the small and intermediate size droplets,
an increase in ACR results in them being mixed more widely across
the room. At the lowest ACR, the smallest droplets remain close to the
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Fig. 5. Instantaneous velocity contours (on a log scale) on vertical planes through the middle of the person and one row of supply vents for all three ACRs. The

upper limit was chosen to show the maximum velocity in the 5h~! model and the lower limit was set to I mms

person, whereas at the highest ACR, they are dispersed widely across
the room within 5 min. As would be expected, the small droplets are
mixed most effectively, due to their low settling velocities and short
relaxation times. An increased ventilation rate resulting in increased
dispersion was also reported by Sze To et al. [8] in an experimental
study in a mock-up aircraft cabin and by Chao et al. [7] in a CFD model
of a hospital ward.

The behaviour of the exhaled particles close to the person are clearly
shown in the plots of the intermediate sized particles. For these parti-
cles it can be seen that they are exhaled and move downwards in the
direction of the cough. As the ACR is increased and the ventilation flows
reach the lower part of the room, the exhaled jet becomes disrupted
and penetrates a shorter distance across the space. For the low and
middle ACRs, some of the intermediate size particles can be seen to
be transported in the person’s thermal plume towards the ceiling. At
the highest ACR the particles are more effectively mixed into the room
and fewer appear to sediment fully towards the floor.

3.3. Total viral RNA in the room

The total amount of viral RNA in the room was calculated to see
how this evolved in time as shown in Fig. 8. The analysis shows the
global effect that the ACR has on the amount of virus in the room over
time, without representing any spatial information. Graphs are included
with the amount of RNA calculated using either the volume and surface
area viral load definitions.

Both graphs show an early rapid decrease in the amount of virus in
the room as the large particles deposit onto the floor. This is followed
by a second phase when the remaining particles leave the domain by
either depositing on surfaces or by being extracted from the room via
the ventilation system (both at a much lower rate than in the initial

—1

large particle deposition phase). Irrespective of whether the viral load
is based on the droplet volume or surface area, a higher ACR initially
results in a slower reduction in the amount of virus in the room. This
effect is driven by the behaviour of the intermediate size particles as
discussed below. The duration over which the amount of virus is higher
in the high ACR case is approximately 12 min when cg, is used and
approximately 24 min when ¢, is used.

This switch at 12 or 24 min, brings the CFD model predictions in
line with the general expectation that increasing the ventilation rate is
an effective way of reducing the risk of transmission. Globally, after a
certain duration, there is less virus in the air when the air change rate is
higher, compared with a lower ACR. However, it should be noted that
by the time this point has been reached, the total amount of virus in
the room has already dropped significantly, so any change that happens
after this might have less effect on the exposures people receive.

The total viral count graphs are broken down into small, interme-
diate and large droplet size bins in Figs. 9 and 10. It is clear in these
graphs, that for both viral load definitions, the rate in the second phase
is governed by the intermediate size particles. This is because, even
with the viral load based on the surface area, once the largest particles
have deposited onto the floor, most of the remaining virus is carried in
these mid-size particles. The loss rate of the smallest particles increases
with the ACR. For the intermediate sizes, the effect is more complex,
but at least for the first 10 min, the loss rate is slowest at the highest
ACR. It should be noted that the results for the intermediate sizes at
later times are less clear due to the relatively small number of particles
in this size bin.

Analysis was carried out to indicate the location at which particles
leave the domain or their final position at the end of a 30 min simula-
tion for the high ACR case. This showed that all the largest particles are
eventually deposited on the floor. Most of the smallest particles were
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Fig. 6. Turbulent kinetic energy (on a log scale) on vertical planes through the middle of the person and one row of supply vents for all three ACRs. The upper
limit was chosen to show the maximum turbulent kinetic energy in the 5h~' model.

extracted via the ventilation system, with some remaining in the air
after 30 min. Most of the intermediate size particles deposited on the
floor, with only a small proportion being extracted via the ventilation
system, even for the high ACR case shown.

It is suggested here that increasing the ACR, and consequently
increasing the mixing or turbulence in the room, results in a reduction
in the rate at which the intermediate size particles deposit. The same
effect was report by Chao et al. [7]. Using CFD they showed that
a higher ACR (11.6h~! vs 6.0h~!) resulted in less sedimentation of
droplets in the 28 pm to 45 pm size range.

As discussed in the introduction, turbulence has been shown to
increase deposition to surfaces [4,5,15] and to alter sedimentation
rates [7] and settling velocities [21]. These effects depend on a number
of factors including particle size. So, the global effect of increased ACR
initially resulting in a slower reduction in viral concentrations in the
room is reasonable. However, as stated above, the relative importance
of this effect depends on how much virus is carried by the intermediate
size particles (compared to that in the smallest sizes) and there is some
uncertainty around this, as discussed previously.

3.4. Exposure

Exposure values are displayed in the following sections based on the
time varying positions of the exhaled particles and the viral concentra-
tion in the particles. As discussed previously, there is a high level of
uncertainty around both the exhaled droplet size distribution and the
viral load distribution. As a result of this, the actual exposures in a
real situation could be higher or lower than those shown here. There is
also uncertainty around the dose-response for SARS-CoV-2. Therefore
the reader should not interpret low exposure values as being safe or
unimportant.

3.4.1. Exposure colour maps

The viral exposure was calculated across the domain within (0.2 m)?
sub-volumes and this data is shown on a horizontal and vertical plane
in Fig. 11, for exposures after 5 min and Fig. 12, for exposures after
30 min.

Increasing the ACR has a significant effect on the exposure across
the room, with a higher ACR resulting in more mixing of the particles
away from the person and into the room. This increase in mixing
is apparent for both viral load definitions after 5 min. After 30 min
when cg, is used, the distribution of exposure still changes as the ACR
increases, but the change is less dramatic.

The second interesting effect of increasing the ACR is how it affects
the exposures around the exhaled jet. This can be seen in the vertical
colour maps in Figs. 11 and 12. As the ACR increases and the venti-
lation flows reach into the lower part of the room, the exhaled jet is
disrupted, so it penetrates a shorter distance towards the floor. This is
the same effect that was described in relation to the particle tracks. The
result of this would be less deposition of particles onto the floor, in the
region of the exhaled jet, as the ACR increases.

Another feature, which can be seen in Figs. 11 and 12 is how the
exposures are higher around the ceiling in the higher ACR cases, even
though the thermal plume around the person is relatively stronger in
the lower ACR cases, as shown in Fig. 5. This could be caused by one
of two effects. Some disruption of the exhaled jet (by the airflow in
the room) is required before a large number of the particles are mixed
back towards the person and into their thermal plume. Or, the airflow
in the bottom half of the room at the lowest ACR is not strong enough
to carry the particles back to the person before they deposit onto the
floor.

3.4.2. Exposure violin plots
Figs. 13 and 14 show violin plots with added box and whiskers,
which illustrate the distribution of exposures, within the three 1 m
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Fig. 7. Droplet/particle tracks for three size bins (rows) and the three ACRs (columns) after 5 min. For each set of particle tracks, a plan view and side-elevation
are shown. The (bold) red solid or dashed lines indicate the walls of the room and the blue rectangles indicate the location of the extract vents. The particles
tracks are for a single cough only.

Volume viral load Surface area viral load

10°1
104_
b= -1
E ACR/h
8
= 0.5
< 10° i
<10 25
14 - 5
102.
10'1
0.

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time elapsed / min
Fig. 8. Graphs showing how the total amount of viral RNA in the room changes with time for the three ACRs. Results are shown for the volume based viral load

definition (left) and the droplet surface area definition (right). The total amount of virus exhaled in a single cough was 2.2 x 10’ RNA copies. These graphs have
a pseudo log scale which transitions from a log to a linear scale around zero.
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Fig. 9. Graphs showing how the total amount of viral RNA in the room changes with time for the three ACRs. Results are shown for the three size bins for the
volume based viral load. These graphs have a pseudo log scale which transitions from a log to a linear scale around zero.
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Fig. 10. Graphs showing how the total amount of viral RNA in the room changes with time for the three ACRs. Results are shown for the three size bins for the
surface area based viral load. These graphs have a pseudo log scale which transitions from a log to a linear scale around zero.

x 1 m x 1 m analysis volumes. The analysis volumes were centred
vertically and laterally on the mouth, so covered a height from 0.93 to
1.93 m. The positioning was chosen to represent the regions in which
a susceptible person, who is standing directly in front of the infected
person, may be breathing from. This represents a worst case in terms
of the direction of the exhaled jet of droplets. For each 1 m? analysis
volume the exposure was calculated in 512 x (0.125 m)? sub-volumes
(i.e. approximately 2 litres, which could be considered to represent the
region that a person breathes from). The box and whisker boxes extend
from the first to the third quartile, so that the height of the box is
the interquartile range. The upper/lower whisker extends up from the
top/bottom of the box to the third quartile plus/minus 1.5 times the
interquartile range, or the maximum/minimum data point (whichever
is lower). Data outside of the upper whisker is shown as individual
points. The violins provide additional information on how the data is
distributed, i.e. it is rarely unimodal.

Using the same method as described in [20] a quantile regression
model was used to determine whether there were statistically signifi-
cant differences in the median log RNA exposures between the variables
of interest.

10

The summary statistics from Figs. 13 and 14 are given in the
supplementary material along with data for the effect of ACR on RNA
exposure when results from all three 1 m? boxes are combined. The data
from all three boxes combined is also given in Table 1.

In all cases, after 5 min or 30 min and with either viral load defi-
nition, the median exposure is lower 2-3 m from the person compared
to 0-1 m away. However, the exposure is not always lower 1-2 m
from the person compared to 0-1 m away. The same varied effect with
distance was shown in [20], where a range of different temperatures
and relative humidities were studied, all with an ACR of 5h™!. These
results highlights the importance of 2 m social distancing.

Even though the effect of distance from the person on the median
exposure is varied, increased distance always reduces the upper whisker
value (third quartile plus 1.5 times the interquartile range) and the
exposure values above the upper whisker. Therefore, the likelihood of
receiving a particularly high exposure is reduced as you move away
from the person.

As with the exposure colour maps, Figs. 13 and 14 show a general
trend of increased exposure as the ACR is increased (i.e. compare
median, first or third quartile values, for each volume in turn, as the
ACR is increased). This effect is not present when comparing all cases,
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Fig. 11. Colour maps of viral RNA exposure after 5 min at the three ACRs, on a horizontal plane at z = 1.4 m and a vertical plane through the middle of
the room. Results for volume based viral load are shown on the left and droplet surface area based viral load in the right. The ‘X’ indicates the location of the
coughing person and the three grey boxes show the location of the 1m? volumes used in the following analysis. The colour bar has a pseudo log scale which
transitions from a log to a linear scale around zero, with zero values shown as white.
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Fig. 12. Colour maps of viral RNA exposure after 30 min at the three ACRs. Further description is given in Fig. 11 caption.
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Fig. 13. Violin plots (with added box and whiskers) for exposure showing the effect of distance from the infected person and the ACR. The susceptible person
is assumed to be standing directly in front of the infected person. Data is for a droplet volume based viral load.

for example the median exposure is always lower in the 2-3 m volume
when the ACR is 2.5h~! vs 0.5h~!. This inconsistent trend is most likely
due to the complex changes in the flow patterns in the room which
occur as the ventilation rate increases. However, when the data from
all three analysis volumes are combined together there is always a
statistically significant increase (p <0.001 in all cases apart from one,
where p = 0.004) in exposure with ACR.

As discussed in the introduction, an increase in exposure with an
increase in ventilation rate has been shown before for an aircraft [8]
and a mechanically ventilated room [10,16], although none of these
studies presented data in the form of viral exposure, nor showed the
distribution of possible exposures.

The increase in exposure with ACR is less when comparing 30 min
data than it is with 5 min data. It is also less when comparing data for
the surface area based viral load to that for a volume based viral load.

Table 1 show the median exposure across all three analysis volumes.
The combined median exposure is 136 times larger at 5.0h~! compared
to 0.5h~!, for a volume based viral load after 5 min. For a viral load
based on the surface area, the combined median exposure after 30 min
was a factor of two higher at 5.0h~! than it is at 0.5h™".

The median, lower quartile and upper quartile exposures are always
higher when ¢y, is used compared to when ¢, is used (excluding one
lower quartile value when both viral load definitions give a zero value)
and the values are often as much as two orders of magnitude higher.
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Fig. 14. Violin plots (with added box and whiskers) for exposure showing the effect of distance from the infected person and the ACR. The susceptible person
is assumed to be standing directly in front of the infected person. Data is for a surface area based viral load.

Table 1 This is because the surface area based definition for the viral load
Median exposure from all three analysis volumes combined after 5 min and results in more virus in the small particles and proportionally less in the
30 min and with volume based viral load and surface area base viral load. biggest droplets, which deposit out very quickly. This is another reason

Median exposure why it is important to accurately define the viral load distribution as a

/ RNA copiessm™>

function of the initial droplet diameter.

ACR 5 min 30 min

/ h-1 ¢y Csa [ Csa 3.5. Discussion

0.5 26.4 2514.7 69.6 6365.1

25 42.5 4015.9 164.8 8970.5 In summary, there are at least three effects at play as the ACR is
5.0 3548.2 18240.2 1852.1 11645.9

increased.

1. Increased mixing and transport leading to faster spread of
droplets across the room.
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2. Increased turbulence and mixing resulting in reduced deposition
of intermediate size particles.
3. Increased supply of fresh air, which dilutes the airborne virus.

The first of these will affect all airborne particles, but is only sig-
nificant up to the time where dilution by fresh air becomes important.
The second is most significant for intermediate size particles and so
is strongly influenced by the exhaled droplet size distribution and the
viral load. The third effect, which is the only one that is considered in
most guidance on ventilation, is less important soon after the exhalation
and/or close to the infected person, but is likely to dominate after long
time periods when dilution effects will predominate.

The exhaled droplet size distribution and the viral load definition
are key parameters. As mentioned previously, the amount of virus in
the small aerosol particles could be proportionally higher still than
that specified with the droplet surface area viral load definition, as
suggested in [22,23].

As noted in the introduction, much guidance on infection control
is based on the well-mixed assumption (where any contaminant is
instantaneously mixed uniformly across a space). If this assumption
is applied, the first two effects mentioned previously are no longer
considered, so ventilation has only a positive effect. However, the
results of this CFD modelling clearly show that this room has not
become well-mixed within 30 min.

An important model simplification to raise here is that the move-
ment of the infectious or susceptible people were not included. The
effect of this movement would be to increase mixing local to the person
so the significance of the mixing effect of the ventilation, both to
transport material across the room and to reduce sedimentation, would
be lessened.

The mixing effect of people movement can be large, for exam-
ple Mingotti et al. [41] showed that the eddy diffusion coefficient
(which describes the rate of mixing) as a result of people moving in
a busy corridor could be from 0.01 to 0.1 m?s~!. This is one or two
orders of magnitude higher than typical eddy diffusion coefficients in
rooms without people movement [41]. Lim et al. [42] showed that
people movement had a significant effect on room-scale air movement
and tracer dispersion when the ceiling height was 3 m. However, when
the ceiling height was 9 m, people movement only affected the local
airflow. There could also be situations where there is not much people
movement, for example in a work meeting, where staff are seated in an
office or a classroom setting. Even static susceptible people would alter
the flow locally. For example, their thermal plumes could help carry
the virus carrying particles up towards the extract vents.

The addition of fans or local air conditioners in a room is also likely
to increase the mixing as they would increase air velocities in the room.
While we have not modelled this case, it is likely that use of a fan
in a poorly ventilated room could result in greater dispersion of virus
but without the mechanisms for dilution and removal that ventilation
brings. Analysis of transmission in a coffee shop in Korea [43] and an
outbreak in a restaurant in Guangzhou in China [44] both suggested
that the high air velocities and directional flow due to air conditioners
in poorly ventilated spaces enabled transmission over greater than
expected distances.

If a room contained furniture, this could have an impact on both
the airflow and the particle dispersion. The presence of furniture would
tend to slow the airflow, therefore reducing the spread of the particles,
and provide increased surface area for deposition. This could result in
lower airborne exposures. However, contaminated surfaces could result
in increased fomite transmission.

As the susceptible people were not included in the model, it does
not account for the effect that their thermal plume may have on their
exposure. A decision was made to simplify the model by not including
the susceptible people, people movement or furniture to allow for more
generic conclusions to be drawn. Not having the susceptible people
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explicitly represented in the model also allowed the exposure to be cal-
culated at any location in the room. The effect of these simplifications
could be explored in future work.

It is worth noting that the modelling carried out here is of a
mechanically ventilated room with mixing ventilation delivered via the
ceiling. The results may change if the mechanical ventilation design is
different, for example if there is an extract vent close to the infectious
person, or if the room has displacement ventilation. For comparison,
the effect of some alternative ventilation strategies in a dental clinic is
described by Yao et al. [19].

In a building with natural ventilation provided by open windows
etc. (e.g. an older construction school or doctor’s surgery) the effect of
ACR on exposure may be different. If there is flow across the room from
one window to another and if the infected person is sitting upwind of
an uninfected person, then an increase in the ventilation rate would
transfer the material more quickly and so potentially increase the
exposure for the uninfected person. If the location of the people was
switched, then increased ventilation would carry the virus away and
out of the window more quickly, so the exposure for the uninfected
person would be reduced.

This work could be extended in the future to consider the ef-
fects described above, as well as others such as: non-adiabatic walls
and radiative heat transfer. A summary of the key model simplifica-
tions/limitations is given in Section 2.5.

The processed CFD data from this work could be used for other
modelling studies, such as those using quantitative microbial risk as-
sessment (QMRA) models. These types of model are used to explore
the relative importance of different routes of transmission alongside
options for mitigation methods. Including this data would allow the
important short-term effect of ventilation on close-range exposure to be
better represented. The data provides the spatial and temporal variation
in exposure at the three ACRs and some data is also available with
different ambient temperatures and relative humidities. Data from Figs.
13 and 14 is available in the supplementary material. Additional data
is available on reasonable request.

4. Conclusions

A series of URANS CFD models were run to predict the effect of
the air change rate on the airborne exposure to SARS-CoV-2 from a
coughing person in a mechanically ventilated meeting with mixing
ventilation. The conclusions from the work are given in the following
subsections.

4.1. Particle dispersion

+ Both small particles, d, < 20 um, and intermediate size particles,
20pm <d; < 100pm, were shown to be mixed more effectively
around the room as the ACR was increased from 0.5 to 5.0h™.

+ Particles with d, >100 pm did not appear to be affected by changes
in the ACR.

4.2. Total viral count in the room

+ Analysis of the total viral count in the room showed that the
loss rate for the virus carried in the smallest particles (via both
deposition onto surfaces and by extraction from the room via the
ventilation system) increased as the ACR increased.

+ For the intermediate size particles the effect was reversed, with
the slowest loss rate seen with the highest ACR, up to approxi-
mately 15 or 20 min after the cough.

+ The slower loss rate for the intermediate sizes was due to reduced
deposition to the floor as a result of increased mixing in the room.
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4.3. Exposure and ventilation rate

For both viral concentration definitions (¢;, and cg,) an increase
in the ACR resulted in generally higher exposures around the
room.

The combined exposure data from 0-3 m in front of the infected
person showed a consistent and statistically significant increase
as the ACR was increased.

The effect of ventilation on exposure was less apparent when the
viral load was based on cg, and after 30 min.

When the data was analysed separately in three 1m3 volumes
in front of the person, the effect of ACR on exposure was more
varied.

The magnitude of the change in exposure reduces with time and
this then brings it into line with most previous studies and guid-
ance, which state that increasing ventilation reduces transmission
risk. This suggests that the benefits of increased ventilation are
likely to be most significant when an infected person is in a room
for a long period of time and virus in the air could be considered
to be well-mixed.

4.4. Exposure and distance from the infected person

» For all three ACRs, the median exposure was lower 2-3 m from
the person, compared to 0-1 m from the person.

» However, the median exposure was not always lower 1-2 m from
the person compared to 0-1 m away.

» The extreme (high) exposure values always decreased with dis-
tance from the person.

+ These results highlight the importance of 2 m social distancing.

4.5. Exposure and viral load definition

» The median, lower quartile and upper quartile exposures are
always higher when cg, is used compared to when ¢, is used
(excluding one lower quartile value when both viral load defini-
tions give a zero value) and the values are often as much as two
orders of magnitude higher.

This is one of only a few CFD studies that have focussed on the
close-range and short duration effects of ACR on particle transport. It is
perhaps the only one to have estimated viral exposure using two differ-
ent definitions for the viral load, and to have calculated the statistical
significance of any correlations. While simplifying assumptions have
been made in this study, perhaps most significantly the exclusion of the
effect of people movement or the presence of the susceptible people, it
does highlight the potentially detrimental effect that ventilation may
have on airborne exposure over short periods of time. It is suggested
that more work is carried out in this area, ideally a combination of
experimental and modelling work, to explore the short duration effect
of the ventilation rate on airborne transmission of disease.
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