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Abstract

The airborne transmission of COVID-19 has been a topic of significant controversy since the
pandemic began. Research was needed to demonstrate the importance of airborne transmission
and develop tools to recommend appropriate control measures. This study aimed to analyze the
factors that impact airborne transmission, find techniques for infection risk minimization, and
develop methods to compare different control measures on infection risk. Computational Fluid
Dynamics (CFD) studies were conducted to analyze the impact of ventilation layout and infection
source location in indoor spaces. A novel spatio-temporal risk model was further developed to
quantify the risk in indoor spaces based on different control measures. Conclusions have been
made that the ventilation layout and infection source locations can significantly impact the risk of
airborne transmitted infection. Further research into building design and airborne transmission
minimization techniques is urgently needed to prepare for airborne infectious diseases that may

emerge in the future.
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Chapter 1 Introduction

1.1. Background

The SARS-CoV-2 virus (COVID-19) emerged from a seafood market in Wuhan, China in
December 2019 [1]. At that point not much was known about the virus except that it was causing
unexplained respiratory conditions (pneumonia) and was potentially human-to-human
transmissible [1,2]. The virus spread rapidly with cases in almost every country, and by March 11,
2020, the World Health Organization (WHO) declared COVID-19 a pandemic [2]. Transmission
of the virus was first recognized to be from close contact and fomite (contact with contaminated
surfaces) transmission [3]. The potential for airborne transmission was vague during the early
months of the pandemic, with back and forth statements from CDC (Centre for Disease Control
and Prevention) [4] and a quick dismissal by WHO: adamant that claiming COVID-19 was
airborne would be “misinformation” [5]. The only form of airborne transmission recognized was
that from medical procedures such as intubation as of WHO’s March 27, 2020 Scientific brief [3].
The validity of airborne transmission routes transpired into significant controversy among the
scientific community; prominent scientists in aerosol transport—Dr. L. Morawska and
Occupational health—Dr. D. K. Milton composed a letter signed by 239 other leading researchers
(in the fields of aerosol transport, indoor air, building engineering, epidemiology, medicine, among
others) with concerns that not addressing the risks of airborne transmission may worsen the already
dire situation caused by COVID-19 [6]. As more evidence was compiled pointing to the validity
of airborne transmission routes for COVID-19, WHO gradually modified their statements, to
finally announce on December 23, 2021 (2 years after the virus emerged) that COVID-19 was in
fact short-range airborne, and worsened in poor ventilation conditions [7]. The resistance to
accepting airborne transmissibility of the virus was rooted in the history of disease transmission:
Charles Chapin revolutionized “germ theory” in 1910 with the intention of moving away from the
idea that disease mysteriously infected people through “miasmas” transported through the air [4,8].
The hope was to ensue more responsibility to the public to prevent disease, as they took on hygiene
measures more consciously. This was effective for many years with diseases that were dominantly
transmitted through close contact. However, germ theory propagated a momentum that made it

difficult for diseases of airborne nature to be seriously considered [4]. Tuberculosis was accepted



to be airborne after tireless and detailed experimental work by Wells, Riley and Langmuir; and it
took seven decades for measles and varicella (chickenpox) to be accepted as airborne [4,8]. This
resistance in accepting airborne transmission routes resulted in little attention put towards control
measures to prevent the spread of airborne transmitted diseases [9]. Furthermore, WHO may have
feared declaring COVID-19 an airborne transmitted disease would worsen the existing paranoia
among the public, especially considering the lack of specific solutions that exist to alleviate
airborne transmission of the virus.

The history of negligence towards airborne transmission routes explains the lack of
research and specific solutions that have been gathered till now, to minimize the effects of airborne
transmitted diseases. Some solutions such as natural ventilation, filtration and UV disinfection
have been used throughout history, however controlling airborne transmitted diseases is not
regulated, and the control measures seem archaic in comparison to the measures and tools that
exist for controlling water-borne diseases [10]. In terms of control measures for airborne
transmission, ventilation has long played a role in clearing contaminants, delivering fresh air to
occupants and keeping indoor conditions ideal for occupants. However, the role of ventilation to
remove contaminants from occupants quickly and efficiently, without exposing these
contaminants to other occupants, was a challenge only dealt with in airborne infection isolation
rooms (AIIR) and hospitals where nosocomial infections needed to be minimized. Ventilation
configurations play a major role in the transport patterns of indoor contaminants, including
respiratory aerosols. However, the most ideal ventilation configuration is dependent on many
factors, some of which are the setting of the room, occupant density, location of the infectious
occupant with respect to the layout, heating vs. cooling mode, among many others [11-14].
Therefore, each unique setting requires a different solution. Current literature recognizes this issue
and there have been many studies to investigate the impact of ventilation layout [12,15-19],
ventilation type [14,20-24], infection source locations [25,26] and the usage of control measures
(e.g., plexiglass barriers or air cleaners) [16,25,27,28]. The referred studies consider different
settings and conditions, therefore, each of the studies is valuable, contributing towards an
understanding of the routes of airborne transmission in those unique settings. However, the results
from any one study cannot be extrapolated towards a rule of thumb for airborne transport patterns
in all settings; the spatio-temporal distribution of aerosols is unigque to each setting (with some

overlap between different settings). So, to assess the airborne transmission risk in unique settings



and conditions, and to compare the effectiveness of different control measures to be implemented
in the space, a spatio-temporal risk model is necessary. Existing risk models for airborne
transmission consider many factors when modelling infection risk, such as the seminal Wells-
Riley model [29,30], among other mathematical models [31-33]. However, these models neglect
the spatial heterogeneity of airborne transmission, which is important when considering the range
of risk distribution in a space. Certain spatio-temporal models solve this problem with coupled
Computational Fluid Dynamics (CFD) and mathematical risk models [26,34,35]. This ensures
spatial heterogeneity of infection risk is accounted for. Some models have also acknowledged the
spatial heterogeneity of airborne transmission and tackled it by incorporating stochasticity [32,36],
as they recognize the importance of proximity to the infection source location can change the
infection risk to occupants. However, to date, no models have been encountered in literature to be
independent of source location, when quantifying the spatially and temporally heterogeneous
distribution of infection risk in a space. A model that can consider the risk of infection in an indoor
environment with respect to changes in ventilation, added control measures and changes in
occupancy, while removing the sensitivity of the infection source location to the results, can
significantly benefit the approach towards infection risk determination in various indoor spaces.

1.2.  Motivation

This thesis study was motivated by the ongoing COVID-19 pandemic that impacted the
world in many ways. The pandemic resulted in more than 6.5 million deaths (as of September
2022) [37] and an estimated $500 billion in monthly losses to global gross domestic product (GDP)
(estimated by the International Monetary Fund) [38,39], among a social, financial, and mental
health crisis in the world. The routes of transmission for the virus became an immediate issue, and
investigating methods for transmission mitigation were crucial. Airborne transmission was a
largely controversial topic among scientists and public health organizations during the early
months of the pandemic, which further added to the urgency of seeking airborne transmission risk
mitigation strategies: if public safety measures to prevent airborne transmission were not being
recommended, many COVID-19 outbreaks would occur through airborne routes, thus worsening
the contagion. A seminal publication by Morawska et al. [10] has also declared that “a paradigm

shift” needs to occur for the design, regulation and standardization of building ventilation to



prevent the devastating effects seen during the COVID-19 pandemic. Studying the impact of
ventilation configurations and infection source locations in various public indoor settings provides
insight into the dispersion patterns of respiratory aerosols. When transport and dispersion patterns
of respiratory aerosols are better understood, control measures such as planning for optimized air
cleaner placement, removing occupancy in certain zones of an indoor space, or upgrading the
ventilation configuration altogether can be undertaken. This study is conducted with the goal of
improving air quality and minimizing the risk of airborne transmission in various public indoor

settings.

1.3.  Objectives

The main objective of this thesis is to study airborne transmission pathways in ventilated indoor
environments, to then identify factors that improve or worsen conditions. If the factors contributing
to airborne transmission are better understood, effective control measures can be implemented to
minimize outbreaks caused by airborne transmission of disease. Thus, understanding airborne
transport patterns, finding control measures and identifying the optimal control measures for each
space is valuable towards minimizing the effects of the COVID-19 pandemic. Specific objectives
investigated in this thesis study are then to:
e Investigate the impacts of ventilation configurations and infection source locations on
aerosols dispersion patterns and risk of airborne transmission.
e Identify combinations of possible ventilation and infection source locations that will
contribute to minimal airborne transmission risk.
e Quantify the overall risk of airborne transmission through a spatio-temporal risk model that

is adaptable to various spaces.

1.4. Thesis Outline

In Chapter 1, an introduction is provided to the topic of airborne transmission, the role of
ventilation and the objectives and contributions of the thesis study. Chapter 2 provides an extensive
literature review of airborne transmission, ventilation and risk modelling methods. Chapter 3 gives

an overview of the main CFD methodology. In Chapter 4, a small office space is modelled to study
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the impact of ventilation component location on aerosol spread patterns. Three different ventilation
layouts are simulated: the existing ventilation layout, an added air outlet above the occupant, and
an added air outlet away from the occupant. In Chapter 5, a lecture hall was modelled to study the
impact of mixing and displacement ventilation configurations, as well as the impact of infection
source location. Three different infection source locations were simulated for each ventilation type.
In Chapter 6, a combined CFD-Mathematical modelling approach is used to develop a spatio-
temporal risk model. The risk model considers the overall airborne transmission risk in a space
through a derived reproduction number. Chapter 7 concludes the work completed in this thesis and

provides directions for future research.



Chapter 2 Literature Review

2.1. Airborne Transmission and COVID-19

When concerned with airborne transmission risk modelling, several topics must be reviewed 1) to
gain deeper insight on the routes of transmission, 2) the conditions that impact the risk of
transmission and 3) the established measurement techniques for airborne transmission. The
following sections are a review and discussion of viral transmission routes, the mechanics of
airborne transmission, ventilation and its implications on airborne transmission, and airborne

transmission risk modelling methods that exist in literature.

2.1.1. Transmission Routes

Viral transmission is known to occur through human-human routes, airborne routes and
other routes involving endogenous, common vehicle or vector borne routes [9]. Respiratory
infectious diseases such as influenza, rhinoviruses, coronaviruses, mainly transmit through three
main routes: direct transmission, indirect transmission, and airborne transmission. Direct
transmission occurs where an infectious individual has direct contact with a susceptible
individual’s droplets thus transmitting the disease through the susceptible individual’s mucosae
(nose and mouth) or conjunctiva (eyes) [3]. Indirect transmission occurs when an infectious
individual’s mucosa is deposited on surfaces (known as fomites) and a susceptible individual
comes in contact with the fomite [3]. Airborne transmission is a route of infection transmission
associated with the air carriage of infectious droplets that have evaporated to become infectious
aerosols [40].

Airborne transmission is often confused with droplet transmission, hence distinguishing
between droplets and aerosols will provide more insight into the two transmission routes. Droplets
are generated through exhaling, speaking, coughing, sneezing among other exhalatory actions.
While aerosols can result from those same actions, they are often formed from droplet breakup
and/or through the evaporation of droplets (forming what is also known as droplet nuclei) [1]. For
airborne transmission, both droplets and aerosols contribute to transmission routes, however they
differ among several factors which include diameter, range of transmission, viral stability in
various environmental conditions, as well as virulence and infectivity [13,41]. The defining factors
to distinguish between droplets versus aerosols remain ambiguous in the scientific literature. The
World Health Organization (WHO) and Centers for Disease Control and Prevention (CDC) define
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particles with a diameter below 5 um to be aerosols (aerosols tend to remain suspended in the air
for longer periods of time) while particles with a diameter above 5 pm are recognized as droplets,
which will deposit before surpassing a distance of 2 m [3]. In contrast, several studies reviewed by
Bahl et al. [42] show that droplets as large as 50 um in diameter can remain suspended (travelling
horizontal distances beyond 2 m) and droplets with a diameter above 5 um can travel horizontal
distances up to 8 m. A moderately accepted definition in literature is that droplet transmission
occurs with short-range (essentially face-to-face) interactions where expiratory droplets directly
deposit on to a host’s mucous membranes; while airborne transmission occurs when aerosols
spread expansively within indoor environments and remain airborne until a susceptible individual
inhales the aerosol laden air.

The severity of infection caused by large droplets versus by aerosols is an “unresolved
dichotomy” [13]. Aerosols appear riskier, as they can be carried to distances significantly further
from the source thus reaching more susceptible individuals than droplets (which would only be
exposed to individuals in the immediate surroundings of the infectious individual) [9,41]. Aerosols
can also contribute to more serious infection, as they are likely to deposit deep in the respiratory
tract, thus causing a more severe infection in comparison to droplets, which deposit in the upper
airways [41]. In contrast however, viral particles remain more intact in droplets, while aerosols
tend to be diluted by the surrounding air and dry out by evaporation. Evaporation of the droplet
exposes the viral particles to the environment which can speed up destruction of the viral particles
[9,43].

2.1.2. Droplets vs. Aerosols

Droplets are distinguished by Xie et al. [44] into “small droplets”—that evaporate into
aerosols, and “large droplets”—that quickly deposit before significant evaporation occurs. The
size of large droplets ranges from 97 um in diameter to 172 um in diameter (for Relative Humidity
(RH) ranging from 0%-90%), according to Wells [30], while Xie et al. [44] find a range of 60 um
to 125 pum, for the same range of RH [44]. They also report that at 50% RH (appropriate for
recommended ambient RH) the large droplet diameter starts at 100 um [44], which coincides with
Duguid’s data [45]. Duguid studied the suspension, deposition and evaporation characteristics of
bacteria- carrying droplets and droplet nuclei ranging from diameters of 0.25 um to 2000 pm.
Duguid’s experimental method explored how coughs, sneezes and loud speaking produced

droplets. Duguid’s experimental method of dyed droplet deposition on an oiled slide positioned in



front of the subject, and in other cases used a slit sampler for quantifying droplet nuclei. Duguid
identified that droplets in the size range of 1 um - 100 um would become airborne, while droplets
from 100 um - 2000 um would immediately deposit on the ground [45]. More recent studies have
also attempted to distinguish between droplets and aerosols based on their diameters, with a focus
of quantifying the fluid dynamics of airborne transmission specific to COVID-19 [42,46-49]. In a
study by Rosti et al. [46] they perform Direct Numerical Simulations (DNS) for the propagation
of droplets from a cough in various RH. Different diameter distributions were used based on
experimental work by Duguid [45], Johnson et al. [49], Xie et al. [48], and Yang et al. [47], to
study the evaporation and deposition of droplets. Rosti et al. [46] could not make any definitive
conclusions on what percentage of droplets deposit to the ground, what viral loads were retained,
nor how far small droplets could be transported, because the diameter distribution data from the
four studies were drastically different. Bahl et al. [42] reviewed multiple studies (experimental,
numerical modelling and mathematical modelling) that characterize the diameter distributions and
resulting droplet propagation distances. The studies resulted in a range of conclusions for the
horizontal distance travelled by droplets ranging from 2 m up to 8 m, with the majority of studies
reporting distances further than 2 m. Furthermore, there were no distinguishing aspects between
droplets and aerosols, as droplets can either deposit or dry out into droplet nuclei/aerosols given
different conditions; they are not “mutually exclusive” [42]. Rosti et al. [46] and Bahl et al. [42]
emphasized that more research is needed to acquire data for diameter distributions, while
accounting for many variables that will impact the spread and evolution of the droplet diameters,
such as the RH, the method of droplet ejection (cough, sneeze, breathing, etc.), the impact of
turbulent jets, the thermal gradients present and the ventilation conditions of the room. Wells
(1934) [30] and Duguid (1945-1946) [45,50] contributed seminal work to establish diameter
distributions, evaporation rates and droplet deposition rates, but measurement and modelling
technology has progressed significantly since then.

Current studies investigating the evaporation rates of droplets with respect to RH provide
some insight about droplet evaporation and resultant distances travelled due to evaporative effects.
Morawska [6] calculated the evaporation rates of pure water droplets in stagnant air with diameters
1, 10 and 100 um in different RH levels (0%-80%). She concluded that 1 um droplets evaporate
within milliseconds, regardless of RH, 10 um droplets evaporate within 0.1-0.5 seconds and

100 um droplets take around 10 seconds to a minute. The Wells evaporation-falling curve [30]



shows the evaporation times for droplets that become droplet nuclei and remain suspended or fall
after surpassing 2 m, while also showing the falling times for droplets that ballistically fall due to
gravity and deposit on the ground/surfaces. Xie et al.’s analysis [44] is a revision of the Wells
evaporation-falling curve [30] which confirms the evaporation times by Morawska [9], but also
considers the falling rates of droplets. Xie et al. [44] additionally analyzed droplet evaporation-
falling rates for different initial velocities, demonstrating that as initial velocity increases, droplets
are more likely to surpass 2m instead of immediately falling; however, the evaporation time is not
impacted by initial velocity. Liu et al. [51] investigated the evaporation times of a droplet with
NaCl (salt) concentrations. They performed analytical calculations and experimental work
quantifying a droplet's evaporation time (which was deposited on a Teflon-printed surface) for
different RH conditions. Liu et al. [51] further evaluated the sensitivity in horizontal distance
transport for droplet diameters in 0% and 90% RH, and for initial velocities of 5 m/s and 10 m/s.
They reported that for droplet diameters 35 um to 80 um, at an initial velocity of 5 m/s, and
diameters 50 um to 80 wm, at an initial velocity of 10 m/s, the horizontal distance travelled by the
droplets will be dependent on RH levels. Duguid's paper [45] showed that 88% of the airborne
droplet nuclei are in the range of 1-32 um, which are considered independent of RH according to

Liu et al.’s analysis [51].

2.1.3. Impact of environmental Conditions on Airborne Transmission

Many studies have overlapping conclusions about the impact of temperature and humidity
on airborne transmission rates. There is clear agreement that low RH and low temperatures
contribute towards higher risks of transmission for enveloped viral pathogens such as
coronaviruses and influenza viruses [9,52-55]. Mecenas et al. [53] performed a thorough review
study, analyzing papers that discuss the impacts of both humidity and temperature on the
transmission of COVID-19. Sixteen of the seventeen reviewed papers showed that warmer
temperate environments were less favorable towards the spread of COVID-19, and fourteen of
fifteen reviewed papers concluded that more humid environments inhibited the spread of the virus.
The review was, however, more focused on outdoor climactic conditions. Yang and Marr [56]
modelled influenza A virus’ airborne transmission effects with RH in residential settings. They
reported that higher RH reduced the risk of transmission by both increasing the droplet settling
rate and reducing the infectivity of influenza by 2.4 times when changing RH from 10% to 90%
[56]. The effects of humidity are more nuanced for airborne transmission. It has been



acknowledged that lower humidity levels allow droplets to quickly evaporate, resulting in viral-
laden aerosols suspended in the air [9,44,51]. In addition, RH can biologically impact hosts’
immune systems: a higher RH ensures a host’s mucous membranes remain intact, thus able to repel
viral particles [57]. Furthermore, RH levels can impact the survivability of viral material within
droplets. Lin and Marr [58] observed that lower RH (<40%) and higher RH (> 60%) would retain
viral viability, but intermediate RHs (40% < RH < 60%) would drastically reduce the survival of
viruses. They also observed that the solute concentrations were higher in intermediate RHs, and it
is known that salts can damage the viral membranes, inactivating the virus. Lin and Marr [58]
concluded that in higher humidity levels a droplet has higher water content, hence the salts within
the droplet are diluted and do not impact the viral particle, thus retaining viral viability. Low
humidity facilitates rapid evaporation causing the salts to crystalize and separate from the droplet
which also retains viral viability. Only, RH levels of 40% to 60% keep an outer layer of the droplet
that is concentrated with salts close to the viral membrane, which can inactivate the virus.
ASHRAE recommends indoor RH levels of 40%-60% as it has benefits of inactivating viral
material and maintaining mucous membranes in occupants [59].

Other environmental factors such as ozone, UV radiation and particulate matter in the air
can also affect the stability and transmission of viral particles. UV radiation, specifically UV-C is
known to damage viral DNA, and inactivate virus particles [60-62]. Ultraviolet germicidal
irradiation (UVGI) is recommended by ASHRAE in upper room air and duct air disinfection and
has been widely researched and used before the COVID-19 pandemic [43]. In terms of UV
radiation impacts on the SARS-CoV-2 virus, Schuit et al. [63] studied the exposure of sunlight to
simulated saliva and culture medium of SARS-CoV-2 in aerosol form. They reported that the half-
lives of the SARS-CoV-2 virus was reduced significantly to less than 6 minutes, while the half-
life in absence of sunlight was around 1.1 hours—similar to that reported by van Doremalen et al.
[64]. Ozone, mostly found in outdoor air (considered a toxic indoor pollutant) also has
transmission limiting effects. Yao et al. [65] performed data correlation analysis and reported that
correlations exist between an increase in outdoor ozone levels and reduced spread of COVID-19.
Furthermore, correlations have been observed between higher air pollution levels and increase in
case counts, suggesting that viral particles are suspended and entrained with a higher density of

particulates in the air [66].

10



2.1.4. Physics of droplet transport

Droplets are known to transmit through various exhalatory processes such as coughing,
sneezing, breathing, talking, among others. Coughing is the most commonly modelled process in
literature, with analytical models [67,68], experimental visualization and data collection [48,69—
73], and numerical models [72,74]. Bourouiba et al. (2014) [68] describe cough and sneeze events
as multiphase momentum driven jets that evolve into “buoyant puffs” as momentum dissipates,
and the expelled cloud expands. Their study consists of observational studies of cough and sneeze
events using light scattering and high-speed cameras, experimental measurements in a salt-water
tank, and analytical model development for the sedimentation rate of droplets from the
cough/sneeze cloud. Bourouiba et al.’s 2014 study [68] concluded that droplets are entrained
within the emitted puff cloud after a cough/sneeze, and carried by buoyant forces, while the larger
droplets fall from the cloud at rates depending on their settling speeds and cloud characteristics.
The smaller droplets can then be carried long ranges from the source. However, the distance that
the small droplets/aerosols are carried is dependent both on the airflow conditions in the room and
on the initial momentum from the exhalatory event; after the initial momentum dissipates, the
buoyant cloud can be impacted by local advection, stratification and diffusion from the ventilation
induced conditions within an indoor space [68,75].

Further characterizing coughs, Gupta et al. [69] performed experiments characterizing
coughs in human subjects, which showed cough flow rates can be modelled as a gamma-
probability distribution, with an initial peak in flow rate and then a gradual decay. Wei and Li’s
paper [71] experimentally investigates the dependency of various boundary conditions (i.e.,
temporal exit velocity, cough duration and velocity scale) on cough flow penetration. The
experiments were conducted with an ambient fluid of water, and three cases for cough jets were
investigated: pulsation, sinusoidal and real-cough (based on Gupta et al.’s results [69]). Through
their observations it was hypothesized that the cough duration is an important factor in droplet
propagation distance. This was claimed because, 1) a longer cough period (which can be defined
as a steady cough) would propagate larger droplets further away, due to the continuous velocity
source, and 2) there would be no leading vortex formed to hinder the droplets (often formed in an
interrupted cough). Therefore, when considering cough boundary conditions in CFD applications,

it is important to set realistic cough periods to accurately model the propagation of cough droplets.
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The transport and deposition of droplets/aerosols can be influenced by gravity, inertia,
buoyancy, drag and lift forces, inertial separation, thermophoresis, Brownian motion, basset force,
virtual mass effect, coagulation, breakup, hygroscopicity and evaporation [76,77]. Respiratory
droplets and aerosols have a higher density than the surrounding air, which leads to gravitational
settling [78]. However, gravitational effects can be overcome by 1) buoyancy effects from the
warm and humid air surrounding the droplets as they are expelled [68], and 2) drag and lift effects
from the particle motion with respect to the surrounding air [78]. Drag effects are modelled with
Stokes drag law when the particle Reynolds number is less than unity [76]. Inertial separation
occurs when particles fall out of the fluid flow stream when quick changes occur to the stream
such acceleration, deceleration or change in flow direction [76]. Thermophoresis effects are seen
in small particles in the existence of a temperature gradient [76,77]. Basset force and virtual mass
effect force are considered for particles whose density is lower than that of the ambient fluid [77].
Brownian motion is considered for micrometer ranged particles [76,77]. Saffman’s lift force is
applicable in the viscous sub-layers where the boundary layer shear effects cause the resultant lift
force in particles [79]. Respiratory droplets can be susceptible to breakup, coagulation,
hygroscopicity and evaporation as they are impacted by the particle-particle interactions, and the
environmental conditions such as the RH and vapor pressure in the surroundings [80].

Several aspects can be considered when modelling the transport, processes and deposition
of respiratory droplets and aerosols. However, as more detailed physics are incorporated into the
model, the simulation process will become slower and prone to more sources of error. Determining
the dominant factors that affect the transport and deposition of particles, to achieve the main goals

of the simulation, is an important step when modelling particle-laden flow.

2.1.5. Evidence of airborne transmission

Many infectious diseases were investigated for their viability of transmitting through
airborne routes. The predominance of airborne transmission routes for certain viral diseases is
widely acknowledged, such as for: measles [81-83], varicella (chickenpox) [83,84], and
tuberculosis (TB) [85]. Viruses such as influenza have also shown airborne transmissibility [86—
89], but it is claimed that conditions need to be conducive for airborne transmission to be the
dominant mode of transmission [40,87]. Evidence of airborne transmission for respiratory
syncytial virus (RSV) [90], human rhinovirus (hRV) [91], Middle East Respiratory Syndrome
coronavirus (MERS-CoV) [92], and Severe Acute Respiratory Syndrome (SARS) [93-95] have
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also been collected. A community outbreak of SARS in Hong Kong, during the SARS epidemic
(2003) was investigated and modelled [93]. The study showed the possibility of SARS
transmission through airborne routes, which occurred between buildings through the sewage
system. The virus transmitted to several floors and buildings from the index building and
concentrated on middle and upper levels due to rising plumes. Other possible routes such as person
to person contact, and vector transmission through rats were considered. Those hypotheses were
falsified due to the peak infection (187 confirmed cases) being within a 1-3 day window, which
suggests one superspreading source.

The airborne transmissibility of SARS-CoV-1 and SARS-CoV-2 were shown in an
experimental study with ferrets, separated to prevent contact, fomite or droplet transmission [96].
The ferrets inoculated with the virus were kept on the bottom cage and a multiple-bend pipe system
connected to the top cage, which was housing the susceptible ferret. The setup allowed airborne
infectious particles to travel upwards, causing 4 out of 4 of SARS-CoV-1 infections, and 2 out of
4 of the SARS-CoV-2 infections. Adding to the evidence, a seminal experimental study conducted
by van Doremalen et al. [64] showed the viral stability of SARS-CoV-1 and SARS-CoV-2 in
aerosol form. A three-jet Collison nebulizer was used to generate viral aerosols (with diameters of
less than 5 pum) to explore the viral stability. They quantified the viral stability by analyzing air
samples and surface samples of these viral aerosols. The results showed a viral half-life (for both
viruses) of 1.1 hours to 1.2 hours while suspended in air, results of which are also confirmed by
Smither et al. [97] who report a half-life of 1.25 hours.

Evidence from experimental studies provides a convincing case for airborne transmission
as a viable route of transmission for SARS-CoV-2, which is further supported with sample studies
and COVID-19 outbreaks. In the context of COVID-19 outbreaks, a restaurant in Guangzhou, with
an index patient (in table A) infected customers within their two neighbouring tables (B and C)
but did not infect any of the waiters or 68 other customers in the restaurant. No evidence of close
contact had occurred between the families during the lunch. The airflow from an air conditioner is
hypothesized to have catalyzed the spread of viral particles from the index patient, as the airflow
created a “contaminated recirculation envelope” [S]. In another instance, a Skagit Valley choir
rehearsal with 61 choir members, where only one member (index patient) appeared to have cold-
like symptoms, resulted in 53 members contracting the SARS-CoV-2 virus. The virus is suspected

to have transmitted through respiratory aerosols because the choir rehearsal was held indoors in
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an inadequately ventilated space. Social distancing precautions were followed in the choir
rehearsal so the index patient could not have possibly come into close contact with all 53 attendees
[6]. Other instances of COVID-19 outbreaks: in a call-centre [98], meatpacking plant [99] and
cruise ship [100] have also pointed towards airborne transmission as the likely culprit, because the
number of secondary cases of infection were significant enough to rule out droplet and fomite
transmission.

In asample study, Santarpia et al. [101] sampled thirteen COVID-19 infected patient rooms
with surface samples of commonly touched items, the floors, windowsills, and air samples. The
results showed 63.2% of in-room air samples tested positive for RT-PCR. Based on a scientific
brief released on the 27th of March, WHO argued that PCR positive results do not indicate viral
transmissibility, even though certain surface samples with PCR positive results showed growth of
the SARS-CoV-2 virus after 3 days of cell culture [4]. The viral replication in cell cultures
indicates the transmissible nature of the viral samples [7]. Other sample studies have also found
viable viral material in air samples and air outlets [101-104] suggesting viral-laden droplet
nuclei/aerosols disperse in the air and settle in the air outlets when the room air is exhausted out.
Aerosolization of virus particles is also likely from activities such as flushing toilets and
resurfacing of settled droplets. A field study by Liu et al. [105] detailed the results of collecting
airborne and deposited viral samples of the SARS-CoV-2 virus in two Wuhan hospitals. They
found a high number of RNA copies in washrooms and medical personnel change rooms, which
they claim was due to the lack of sanitation and aerosolization nature of actions within those rooms:
flushing and changing (which resurfaces deposited particles). Liu et al. [105] also found that
outdoor hospitals and outdoor areas had very few to no viral copies, suggesting outdoor ventilation

is an effective technique to reduce airborne transmission.
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2.2.  Ventilation

Building ventilation is one of the most important measures in dealing with airborne
transmission risk [9,10]. Ventilation is the method of supplying air into indoor spaces, which helps
dilute and flush out contaminants, odours, moisture and heat, thus keeping the Indoor Air Quality
(IAQ) safe and comfortable for occupants. Methods of natural (passive) and mechanical (active)
ventilation are commonly used in buildings to ensure good IAQ. Natural ventilation has been seen
in historic buildings with air flow pathways designed to enter and exit from windows, doors,
openings and other architectural designs [106]. Mechanical ventilation has been adapted and is
more common, being especially crucial in hot or cold climates where Heating, Ventilation and Air
Conditioning (HVAC) are required to maintain habitable temperatures indoors.

Using ventilation to curtail the spread of viral-laden aerosols from indoor air has been
recommended and emphasized by several authors [10,11,23,107,108] and regulatory organizations
[43]. In fact, Morawska et al. [10] have urged that a “paradigm shift” in design, management and
specific guidelines for ventilation is necessary to reduce the risk of airborne transmission. Before
the pandemic, ventilation practices and guidelines were geared towards thermal comfort and
removal of bioeffluents, but infection prevention had not been considered—with exception to
Airborne Infection Isolation Rooms (AIIR). Morawska et al. [10] propose tackling airborne
infection with ventilation that accounts for 1) risk based on infection viral load, 2) demand
controlled and, 3) additional UV disinfection and filtration measures in place. It should further be
noted that each indoor space is different, from: the occupant locations, ventilation type and
location, furniture layout and other obstructions, which is why one ventilation solution cannot be
applied to all settings [11-14]. An important aspect to further consider for airborne transmission
of viral particles is the location of the infection source with respect to the ventilation. The
interaction between the ventilation induced air pathways, and the respiratory aerosol from the
infection source, can have drastically different outcomes for the airborne transmission risk in a
room depending on the ventilation layout and infection source location [15,25]. There are three

main scenarios observed from previous studies:

)] the aerosols can quickly be removed from the room by the return outlets (ideal case)—

resulting in little risk of airborne transmission,
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i) the aerosols can dilute and spread all over the indoor space—which exposes a high
number of occupants to the virus, but everyone may not be exposed to enough viral
concentration to induce infection [42,108,109]

i) the aerosols can circulate and concentrate in certain zones of the space—Ileading these
zones to be high risk for airborne transmission, causing severe infection to the

occupants in those zones [25,110] .

There have been other discussions and examples of variation in airborne infection risk distribution
in an indoor space dependent on: location of HVAC components [12,15-19], ventilation
configurations [14, 20-24] and infection source locations [25,26].

Most ventilation related advice focuses on appropriate Air Changes per Hour (ACH)
[111,112]. Increasing the air change rate essentially flushes out any particles in the room and
replaces it with filtered, or a mix of new and filtered air, which helps reduce the stagnation of viral
particles. Thus, considering the ACH in a space is important for good air quality. However, Liu et
al. [113] have shown that the ventilation rate is only effective in certain ventilation configurations,
and Villafruella et al. [114] conclude that there is no relationship between increasing ACH and
lower transmission risk, (in fact the risk increases in some cases with higher ACH). Furthermore,
Memarzadeh and Xu’s [111] study demonstrates how an optimally planned ventilation
configuration has significantly more impact on the contaminant removal rate (hence risk of
infection to susceptible occupants in the room) than the air change rate. The outbreak in a
restaurant in Guangzhou was a prominent example during the emergence of COVID-19, of how
airborne transmission can be exacerbated by a poorly placed ventilation configuration [110].

Other ventilation related advice recommends effective filtration with MERYV 13 or higher
rated filters [43,115], UV disinfection [20,43,116], minimizing air recirculation [116] and adding
air cleaners (portable or fixed) in the space [16, 43,116]. Air recirculation can be dangerous when
the air is contaminated with infectious aerosols and proper filtration and/or disinfection is not
incorporated: contaminated air can reach zones that would not have otherwise been exposed to the
infection, and lead to an outbreak in the building [116]. Using air cleaners is shown to add extra
air change rates by helping the ventilation system cleanse/change the indoor air [43,117,118].
However, air cleaner placement is also an important factor: if not placed correctly, the air cleaner
can disturb the ventilation air flow pathways, causing worse IAQ conditions and possibly

increasing infection risk [10,118]. He et al. [16] performed CFD studies to analyze the effects of
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air cleaner location, infector location with respect to air cleaner placement, room size and thermal
effects in a small classroom. They concluded that placing air cleaners closer to the infector
provides the most effective results in terms of particle removal, and the next most optimal method
is placing the air cleaner near the ventilator which reduces recirculation in the domain. Lindsley et
al. [118] also recommended placing air cleaners close to the infectious/droplet generating

occupants.

The following is an introduction to different ventilation designs describing their benefits and

working principles.

2.2.1. Mixing Ventilation

Mixing Ventilation (MV) is the most commonly used air distribution configuration [119].
Mixing ventilation induces mixing of new and old air, through high velocity air release, which
contributes to the dilution of contaminants. The ventilation strategy locates both supply inlets and
return outlets near, or at the ceiling of an indoor space [120]. During the dilution of contaminants,
the contaminants are discouraged from concentrating, but the caveat is they are allowed to spread
and circulate around the indoor space which could increase risk of transmission to zones far from
an infected occupant [108]. However, certain studies conclude that MV performs well as it dilutes

the contaminants rather than concentrating them in the breathing zone of other occupants [15,121].

2.2.2. Displacement Ventilation

Displacement Ventilation (DV) is a more energy efficient and effective air distribution
strategy for delivering fresh air to occupants’ breathing zones [120]. In displacement ventilation,
the air supply inlets are located on the floor, or on walls near the floor and the air return grilles are
located near the ceiling. The goal of this strategy is to pool cold air from the supply over the floors,
after which air will rise up at the locations where high heat loads exist [120,122]. This
configuration allows thermal stratification of air as cooler fresh air displaces the warm polluted air
surrounding occupants and heat sources; the warmed air travels towards the top of the room as
buoyancy takes effect. In this case, contaminants released from occupants can move upwards with
the warm air and stagnate near the ceiling, or get removed from the room through the return
grilles/exhaust located near the ceiling [23,113,114]. One challenge with the displacement

ventilation configuration is the possibility of “lock-up phenomenon” which has been noted in
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previous CFD studies of airborne transmission in displacement ventilation settings [114,121,123].
In the “lock-up phenomenon” the exhaled contaminants stagnate in the breathing zone of
occupants or right above the infectious occupant’s breathing zone. This would further increase the
transmission risk when other occupants are elevated, for example, the source occupant sitting or
lying down versus the susceptible occupant standing (often the case in health care settings), or in

a terraced floor settings (e.g. lecture halls, auditoriums and stadiums).

2.2.3. Other Ventilation Configurations

Novel ventilation configurations are attracting more attention, with innovative techniques
to improve thermal comfort while reducing contaminant exposure to occupants. Studies on the
effectiveness of ventilation designs such as personal ventilation, stratum ventilation, among others
are resulting in optimistic results.

Personal ventilation as the name suggests, is a configuration where each occupant has
separate air inlets and exhausts [21]. This method allows clean air to be directly delivered to the
occupants and has shown effectiveness in protecting susceptible occupants from infection [24]. On
the other hand, if the occupant is infected, the ventilation design helps to spread the infected
droplets further, thus amplifying the risk of transmission [24]. He et al. [24] have shown that
personal ventilation is useful when combined with total ventilation design if the total ventilation
is designed as a mixing ventilation configuration; however, it does not perform as well if
displacement or underfloor ventilation is used as the total ventilation design.

Stratum ventilation (SV) is another novel ventilation design, which is mainly used for
cooling purposes in small to medium sized rooms. The design consists of air inlets placed at the
breathing level of occupants, delivering supply air directly to the breathing zones. SV is shown to
tackle airborne transmission to occupants by inducing good air quality in the breathing zone, as
well as increasing the deposition rate of droplets and aerosols. Lin’s paper [124] investigates three
different scenarios under two different ventilation configurations (DV and SV), for scenarios when
the teacher is the source, when a student near the supply air is a source and when a student near
the return is a source. They conclude that in all three scenarios SV performs most optimally to
remove particles from the breathing zone, because: 1) SV allows for fresher air in the breathing
zone, and 2) their higher horizontal air velocity allows for particle depositions onto surfaces. Tian
et al. [125] also discuss the benefits of SV. They conclude that the particle concentrations in the

entire room and the breathing zone were lesser in SV than DV. They report that more particles
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were deposited with SV but more escaped with DV. In contrast, another study reports that DV
performs most optimally for overall IAQ in the room, but SV still performs the best for IAQ in the
breathing zone [126].

2.2.4. Recommended Ventilation Configurations

In terms of ventilation and its effects on droplet aerodynamics, Somsen et al. [127], studied
expired droplets for their falling time and retention time in a room. Experimental systems with
laser diffraction and laser scattering were used to investigate the droplet aerodynamics. It was
found that 5 um droplets with the consideration of gravity and drag stayed in still air for 9 mins
until they reached the floor. Three cases were considered: ‘a room with no ventilation,” ‘with
mechanical ventilation’ and ‘with ventilation combined with an open door and window.” The
highly ventilated room's droplets were halved within 30 s, the mechanically ventilated room took
1.4 mins, and the non-ventilated room took 5 mins. Hence, they stressed the importance of
ventilation. Another example of the effects of ventilation can be noted by Yin et al.’s [128]
experimental study which was conducted to see the difference between varying ventilation
methods, different auxiliary exhaust heights, different released particles and for CFD validation.
A steady state experiment was conducted (steady continuous particle exhalation). Solid particles
were considered for tracing as water droplets released by the patient are negligible for airborne
transport and dispersion. That is because heavy droplets either fall in the immediate surrounding
due to its weight or evaporate in a matter of seconds (compared to the longer time taken for droplet
nuclei to disperse) [9]. The experiments were performed with MV, (where air is distributed
uniformly through a room) and DV (which facilitates natural convection by inserting cool air from
the lower areas of the room and exhausting warmer air from the ceiling/ upper areas of the room).
It was noted that when the auxiliary exhaust was placed in the lower part of the room, displacement
ventilation performed poorer than mixing ventilation. Although when the exhaust is located at
higher levels of the room displacement ventilation at 4 Air Changes per Hour (ACH) performs
equivalently to mixing ventilation at 6 ACH. Overall, displacement ventilation provided the
highest air quality levels at patient breathing zones with maximum air changes per hour [128].

Other studies have also acknowledged more optimal performance with DV configurations,
in reducing particulates in the breathing zone [19,24,113,126]. Liu et al.’s study [113] performed
CFD work and experimental validation for a small open plan office space to compare MV and DV
configurations. Liu et al. [113] concluded that DV performed better than MV, as DV stratified
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droplets to the top of the room while MV mixed the droplets all over the office space. Furthermore,
Tian et al. [126] conducted experimental work in a small office space with DV, MV and SV
configurations, and evaluated the three configurations using contaminant removal effectiveness
(CRE) and air change effectiveness (ACE) parameters. Tian et al. [126] concluded that DV
performs best, followed by SV, then MV in overall IAQ, but SV performs best, followed by DV
then MV when only the breathing zone is considered. Zhu et al.’s paper [19] studied four different
ventilation configurations in an occupied bus with multiple infectors. It was concluded that
displacement ventilation and filtration are effective measures to reduce the risk of transmission.
He et al.’s paper [24] studied the effects of exhaled droplet dispersion and transmission with total
ventilation and personal ventilation combined. The total ventilation strategies used were mixing
(MV), displacement (DV) and underfloor air distribution ventilation (UFAD). They used CFD and
experimental work with tracer particles (with 0.8 um, 5 um, 16 um diameter sized particles). They
made several conclusions among which were: 1) MV had uniform droplet distribution unlike DV
and UFAD which had concentration stratification, 2) for the size range of 5 um and below, DV
and UFAD had significantly lower fraction of particles inhaled in comparison to MV, and 3) for
16 um particles DV performed the best, followed by MV, then UFAD, which was the worst
because it prevented 16 um particles from settling. Reviewing the following studies, the most
optimally performing ventilation design to reduce airborne transmission risk points to DV,
however most of these studies were performed in office or bus settings where most/all occupants
have the same breathing level.

Studies performed in patient ward settings claim that DV is not preferred and may even be
more dangerous in health care settings, where the patient’s breathing level is below the Health
Care Worker’s (HCW). Villafruela et al.’s study [114] examines the effects of exhaust location,
ACH and radiant wall location for displacement ventilation in a patient ward setting. They evaluate
with metrics of CRE, ACE and cross transmission to the HCW. They do not recommend
displacement ventilation in healthcare settings due to the lockup phenomenon, as exhaled air from
the infector stagnates at the HCW's breathing zones. A review by Qian and Zheng [129] discuss
that when the infector is facing upwards, the DV system works well to remove the expelled
droplets. However, when the infector is facing forward the expelled droplets penetrate and disperse
widely in a thermally stratified layer (known as the “lock-up layer”), which can contribute to a

high risk of infection if the lock up layer is in the breathing zone of HCWSs. On the other hand,
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certain ventilation configurations are recommended for health care settings. Cheong and Phua’s
[14] CFD study compares pollutant removal effectiveness between 3 different ventilation
strategies, and they conclude that having supply grilles at the ceiling close to the patient and
exhaust grilles on the lower wall near the patient to allow a clean to dirty air flow pattern is most
effective at particle removal. Thatiparti et al. [17] performed detailed CFD simulations in an
isolation ward with a coughing patient for two different ventilation designs, 1) with the air supply
above the patient and air exhaust away, and 2) with the air exhaust above the patient and air supply
further away. The results showed that 7% of the particles were removed in the first second with
setting 1, and 24% of particles were removed within the first second with setting 2. Thus, according
to Thatiparti et al. [17] and Cheong and Phua [14], in settings where the infection source is known,
a clean to dirty air flow pathway seems to be the most efficient and safest option to quickly remove
particles.

CFD and experimental studies of different ventilation configurations were modelled in
literature [14,19,24,113,121,126,128,130-132] for displacement, mixing, stratum and underfloor
ventilation. Some studies suggest that mixing ventilation allows for better airborne transmission
risk management, because of the air dilution capabilities [121], and the ACH can be altered to
accommodate cases of higher infection [113] (for example, the ACH can be increased during the
pandemic). Others have demonstrated the benefits of displacement ventilation in energy efficiency,
ventilation effectiveness and airborne transmission safety [19,24,113,126,133]. Some studies have
also shown the benefits of more novel ventilation designs such as stratum ventilation [125,132].
Cetin et al. [15], and Qian and Zheng [129], have performed thorough literature reviews on the
impacts of varying air inlet and outlet locations, on ventilation effectiveness, and on contaminant
removal effectiveness. There is an overall lack of consensus on which ventilation configuration
works best; the optimal ventilation configuration varies upon setting, heating vs. cooling, volume
of domain, direction of contaminant release, heat fluxes among other variables. Thus, well
validated and detailed studies for each new setting are valuable to providing insight regarding the

most optimal ventilation configuration for a setting.
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2.3. Risk Analysis of Airborne Transmission

Risk analysis of airborne transmission in indoor spaces often involves mathematical models, CFD
studies and experimental work to characterize the aerosol spread, and risk of infection. The

following is an overview of the different risk analysis methods and results from each method.

2.3.1. Experimental Models

Earlier work has involved experimental studies to find droplets’ diameter distributions
[45], and evaporation rates [30]. More recent experimental work has also studied upon the
transport of droplet nuclei with PIV [72,73,134,135], smoke visualization [15,136,137] and
particle/gas sampling techniques [113,128,138,139]. In Cetin et al.'s study [15] a 1:5 scaled down
environmental chamber was used to model 5 different inlet/outlet locations and 3 different particle
source locations, which were then replicated in CFD simulations. Smoke visualization was used
to observe the particle transport and air flow. From Cetin et al.’s results [15], it was noted that
having the inlet and outlet on the same wall induces the most particle removal and placing inlets
on the ceiling result in the lowest particle concentration in the breathing zone. A concern with
placing inlets and outlets in the same wall is air short-circuiting, but it was only seen to be an issue
when inlets and outlets were placed facing each other. Proper circulation can be achieved with
inlets and outlets on the same wall, thus providing optimal air flow scenarios for the room. Liu et
al. [113] used a to-scale experimental chamber to simulate a 4-occupant open plan office space for
MV and DV configurations. They atomized saline particles from different locations and measured
the temperature and particle concentrations in the space. They concluded that DV performed better
than MV, as DV stratified droplets to the top of the room while MV mixed the droplets all over
the space. Liu etal. [113] also noted that droplet dispersion was dependent on infection source for
DV but not MV. Experimental work can provide insightful information on airborne transmission
and the implications of ventilation; however, experimental setups can be costly, and limited to
certain probe points, measurement parameters, settings, and environmental conditions.
2.3.2. Mathematical Models

Mathematical models for infection risk have been prevalent with quantifying the airborne
transmission risks of COVID-19, such as the seminal Wells Riley model [29,140] from which
many sub-models are derived [141], modifications of the Susceptible-Exposed-Infected-Removed
(SEIR) model [142], and dose-response model [33]. The models consider infection probabilities
through various metrics such as inhalation/exhalation rates, viral infectivity, as well as viral

22



removal rates from the indoor space. Existing mathematical models for airborne transmission are
effective and time-efficient tools for approximating the airborne transmission risk in a space,
however, when considering ventilated spaces with turbulent flows, partial mixing, or complex air
flow patterns, viral-laden particles can distribute unevenly causing mathematical models for
estimating airborne transmission risk to fall short of an accurate representation of the airborne
transmission risk. The Wells-Riley model [29] has been valuable to the progress of airborne
infection quantification, however, the models generalize ventilation rate, and infection
concentration or quanta (1 quantum is the infectious dose needed to infect 63% of the susceptible
population) [143] distribution in a space, which does not incorporate any spatial heterogeneity of
airborne infection risk. A comparison of the Wells-Riley model [29] with CFD by Foster et al.
[144] resulted in high accuracy with laminar flow fields but as turbulence increased when
simulating forced ventilation, the Wells Riley model underpredicted the risk with an error of 29%.
Noakes and Sleigh [145] identify this limit in the Wells-Riley model as well as identifying how
the model does not consider infection risk based on proximity to the infection source. They develop
a model that incorporates stochasticity to the Wells-Riley model and combines it with zonal-
mixing ventilation equations (to incorporate air mixing heterogeneity). Noakes and Sleigh [145]
also conclude that the simple Wells-Riley model significantly underestimates the risk of infection

in cases where the space is not fully mixed.

2.3.3. Computational Fluid Dynamics (CFD) Models

Computational Fluid Dynamics is a numerical method for solving flow fields and fluid
interactions with objects, heat transfer and chemical changes. A set of partial differential equations
are solved computationally to result in a visual demonstration of the fluid flow fields. CFD
techniques have been used in the context of infection transmission through airborne routes in
literature to solve for cough and sneeze flow dynamics, aerosol dynamics and ventilation
performance. Methods such as Direct Numerical Simulations (DNS), Large-Eddy Simulations
(LES) and Reynolds Averaged Navier-Stokes (RANS) have all been used in the context of droplet
and aerosol transport. DNS is the most computationally expensive method [146], thus, has been
applied by Rosti et al. [46] to a small domain for a short period, when a cough is ejected and
dissipated (approximately 1 to5 seconds). DNS is known for its accuracy, as the Navier-Stokes
equations are solved directly. This allows a cough’s detailed transport physics to be observed. LES

solves the large eddies, but models the smaller fluctuations in turbulence, which makes it less
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computationally expensive than DNS. Liu et al. [147] used LES to solve for particle-laden flow in
a restaurant with turbulence and thermal effects. RANS is computationally the cheapest as it
performs time-averaged flow simulations. It is the most commonly used method in airborne
transmission modelling literature, with several recent studies using RANS to model particle-laden
and multiphase flow simulations [18,26-28,148]. Considering the abundance and well
documented methods for RANS simulations, as well as the low computational expenses, RANS
modelling is applied in the current thesis.

In terms of modelling airborne infection spread and ventilation performance in different
spaces, patient wards/isolation wards have been modelled the most in literature
[17,114,128,132,149,150]. This is the most important location as most infections do spread in
health care settings. Additionally, nosocomial infections are dire because of the risk to other
vulnerable patients and health care workers who are essential to the operation of the health care
facilities. The next most modelled spaces are high density vehicles and public spaces, such as
airplane cabins[26,27,151,152], buses [72,148], restaurants [131,147] and supermarkets [18,28].
Furthermore, amid the return to work/school efforts without disease eradication, concerns of
infection spread are tackled with airborne transmission simulations in classrooms [18,25,144] and
office spaces [24,113].

Use of CFD for estimation of airborne transmission has been prevalent, especially after the
emergence of the SARS-CoV-2 virus. Various studies are resulting in useful information regarding
the transport patterns in different settings [16,18,25,27]. For instance, Cui et al. [28] perform a
CFD simulation of particle/droplet spreading in a supermarket. It was noted that increasing
attachment efficiency reduced the long-term suspension and dispersion of particles. Further
iterating that particle deposition is an effective method, in Talaat et al.’s study [27] computational
fluid-particle dynamic simulations were carried out in a Boeing 737 cabin area to evaluate the
effectivity of reducing cabin capacity versus installing sneeze guards/shields. They concluded that
the sneeze shields reduced droplet deposition per passenger by 30-35% and inhalable fraction to
around 50%. Similarly, Abuhegazy et al. [25] reported from their CFD study that adding glass
barriers between students in a classroom reduced 92% of droplet transmission between susceptible
students located 2.4 m away from the infected student. Yang et al. [24] investigated droplet
dispersion and evaporation with varying humidity and air flow directions in a ventilated coach bus.

The study demonstrated that high RH (95% RH), backward supply direction and passengers sitting
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at nonadjacent seats could significantly reduce the infection risk of droplet transmission in buses.
Although, it is important to note that while increasing humidity in a space limits long-term
suspension of respiratory droplets, it is impractical when considering the thermal comfort of
occupants. Yang et al.’s simulation results [148] indicate droplets are transported above the seats,
in which case installing shields/barriers between rows and including air outlets or open windows
could create zonal separation thus reducing transmission risk.

Another transmission limiting strategy in literature is creating zonal separation with air
flow. For example, Khankari [12] demonstrates adding two separate exhausts instead of a shared
exhaust limits the dispersion of contaminants to two adjoining office booths. The transmission risk
is further improved when separate supply and exhausts are dedicated to each adjoining office
booth. Several studies have also concluded that it is highly effective to locate exhausts and air
cleaners near the contaminant source, or high-volume exhaling occupant [16,17,19]. Further
considering the effects of HVAC component location, Shao et al. [18] demonstrates considerable
variation in airborne transmission risk in a domain, when varying ventilation unit location. In
contrast, Abuhegazy et al. [25] vary infection source location while keeping the ventilation model
constant and made similar conclusions to Shao et al. [18]: infection source location with respect
to the ventilation can affect the spatial distribution of airborne transmission risk hence affect the
location of infection risk hot spots. It can then be extrapolated that the spatial heterogeneity of risk
in a domain can be further amplified by varying ventilation configurations as well as infection

source locations.

2.3.3.1. CFD Methods for airborne transmission studies
This section reviews six CFD based airborne transmission studies to specifically study the CFD
setup and risk measurement methods. Reviewing common methods in literature will help to
develop an accurate and validated methodology for the thesis.

Cui et al. [28] perform a CFD simulation of particle/droplet spreading in a supermarket.
They used the Ansys FLUENT software to solve for the air flow fields, and subsequently
conducted Lagrangian particle tracking with their in-lab software. Their main goal was to solve
particle spread with variable deposition rates. While they focused on droplets smaller than 50 pum
(i.e. 5 and 20 um); the evaporation of droplets is recognized to be insignificant towards the change
in size hence aerodynamic properties of the droplets will be insignificant for the chosen droplet
diameters. They studied particle dispersion around the store with 0%, 25%, 50%, 75% and 100%
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surface attachment rates of particles. The turbulent dispersion of particles was considered using
eddy diffusivity with a Schmidt number of 0.7 (in the range of 0.3 to 1.2 for indoor airflows) and
a random walk approach. The droplets formed into a plume and the method of moments was used
to compute the plume centroid and spreading of particles. It was noted that increasing attachment
efficiency reduced the long-term suspension and dispersion of particles. Furthermore, low rated
MERYV filters were shown to be ineffective at filtering the droplets, and since they penetrated the
ventilation channels.

Within Talaat et al.’s study [27] computational fluid-particle dynamic simulations were
carried out in a Boeing 737 cabin area to evaluate the effectivity of reducing cabin capacity versus
installing sneeze guards/shields in the context of reducing COVID-19 and other airborne diseases
from spreading throughout the cabin. The study was designed with three cases: cabin at full
capacity, cabin at 66% of full capacity and full capacity with sneeze shields in place. The numerical
study was conducted with RANS RNG k-epsilon turbulence modelling and Lagrangian particle
tracking for the discrete phase. The particles were in the range of 1 — 50 um, simulated in several
monodisperse simulations (only a single diameter simulated in each case) due to the concern of
skewing mass-averaged values due to larger sized particle outliers. In terms of pressure-velocity
coupling, the SIMPLE algorithm was used with first-order pressure interpolation. The cabin
environment was initialized with ventilation boundary conditions run in transient simulation till
convergence was achieved around 10 for turbulence, momentum and continuity parameters. Even
though Lagrangian particle tracking incorporates particle size effects on drag and gravity, a large
particle count was needed to determine particle distributions independent of the particle count
itself. The study used 300,000 particles. Talaat et. al. concluded that reduced capacity and
installation of sneeze shields reduced the risk of contamination by equivalent measures. The sneeze
shields reduced droplet deposition per passenger by 30-35% and inhalable fraction to around 50%
although it should be noted that reduced capacity also reduces the probability of passengers with
the infection.

Yang et al. [148] investigated droplet dispersion and evaporation aspects of droplets due
to breathing in an adequately ventilated coach bus. They performed detailed CFD studies. Several
aspects from their study inspired my study in terms of their validation techniques and controls.
The aim was to see how to minimize the suspension of droplets in the air from an infectious

exhalation. This is most effective with larger particles and high RH. This is because larger droplets
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deposit faster and high RH ensure evaporation doesn't play a big role in shrinking the droplets. For
their CFD setup, they used RANS modelling with the RNG k-epsilon turbulence model which is
cited in their paper as ideal for modelling indoor environments. The SIMPLE algorithm is used for
pressure and velocity decoupling and second order upwind scheme for convection and diffusion-
convection terms. They applied drag, gravitational, Brownian and Saffman’s lift force. Their
droplets were considered as a mixture of water liquid and sodium chloride and used the mass
weighted mixing law to define the density and specific heat values. Relative humidity was heavily
considered for their effects on droplet evaporation through the Ranz-Marshall correlation. The
total simulation time was 600 s after a steady-state simulation was used to initialize the coach bus.
Their simulation was validated by Yin et al.’s experimental study [128] simulating droplet
dispersion in an airborne infection isolation room. The study demonstrated that high RH, backward
supply direction and passengers sitting at nonadjacent seats could significantly reduce the infection
risk of droplet transmission in buses.

Shao et al. [18] performed both in situ experimental measurements and CFD simulations
to assess the risk, and observed the evaporation and residence times of respiratory droplets from
asymptomatic hosts. They used Schlieren imaging and digital inline holography (DIH) to visualize
the droplet motion in normal breathing patterns and collected data for CFD inputs. They conducted
CFD using OpenFOAM software for a small elevator, a classroom, and a supermarket. Their goal
was to assess the time-dependent variance in particle size, concentration, and spatial distribution,
with the focus of analysing the risk of airborne transmission. Their results showed that for the
elevator and supermarket, droplet removal rate was very minimal due to stable circulation regions
formed. For the supermarket, the emitter was moving, hence less likely to cause stable circulation
regions and droplet removal rate was higher. This research is similar to my current research focus
of iterating simulations for various emitter locations to see the implications of HVAC design,
although an office space was not modelled, and the number of locations was limited to two
iterations/location instances only. The study concluded that there is high "spatial heterogeneity for
risk” and suggested that ventilation can prove to be advantageous in particle removal, but the
caveat was, that HVAC can sometimes worsen indoor environments by creating local hot spots or
spreading particles extensively.

Liu et al. [147] performed a CFD based investigative study of the prominent restaurant

outbreak that occurred in the Guangzhou district in China [110]. The goal was to identify what
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main factors contributed to the airborne transmitted cases within the three affected tables. The
model reconstructed the restaurant layout, with 5 Air-Conditioning (AC) systems with filtration
and heat flux producing table areas. They solved the flow field with Large Eddy Simulations (LES)
and flow interactions on solid surfaces with immersed boundary method. The AC air flow rate and
temperature difference (between the tables and the AC) were varied. Particles of 1.5 um diameter
were tracked with the Lagrangian particle tracking algorithm, and were reduced based on filtration
effects in the AC. The particle exposure was mapped with iso-planes based on the normalized
concentration of particles with maximum concentration. The results showed that air recirculation
and low filtration efficiency caused particles to recirculate and induce higher exposure to the
occupants. They concluded that the thermal effect from thermal plumes is important to consider in
models as they can significantly change the streamlines, cause air recirculation and increase
infection risk. They also noted that filtration efficiency is important as the AC recirculation caused
30% higher infection rates.

Yan et al. [26] performed a CFD study in an aircraft cabin with a Wells-Riley based risk
measurement approach. Their CFD domain was larger (seven rows) than what is usually modelled
for aircraft cabins (three rows), thus they were able to see the long-range turbulence impacts in the
cabin. They used RANS modelling with a k-epsilon RNG turbulence model, and particles were
tracked with the Lagrangian particle tracking algorithm. The particle concentrations and residence
times were able to be collected because the Lagrangian method was used. Yan et al. then used this
data in the particle in cell (PSI-C) method to then calculate the risk of infection, which was
dependent on the mass flow rate, residence time and cell volume. They varied their infection source
locations based on middle or aisle seats. As a result, they found that particles travel much further
when the infection source is sitting close to the window, where air flow is the heaviest, and
particles tend to stagnate when the infection source is seated near the aisle. Yan et al.’s risk
measurement approach based on Wells-Riley’s percent of infection risk per seat is very effective
at visualizing the spatially heterogenous distribution of risk and will be implemented in the current
thesis.

The following tables (Table 2-1.1 and Table 2-1.2) summarize the settings of the reviewed

literature.
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Table 2-1.1: Details of numerical setup by Cui et al. [28], Talaat et al. [27], Yang et al. [148], Shao
etal. [18], Liu et al. [147] and Yan et al. [26].

(2017) [26]

Author(s) | Location /Setting| Software Turbulence Multiphase-model
Model
Cui et al. Supermarket Ansys FLUENT [ RANS Lagrangian particle tracking
(2021) [28] + NEMO3D Realizable k-
Talaat et al. | Airplane cabin Ansys FLUENT | RANS RNG k-¢| Lagrangian particle tracking
(2021) [27] 19.1
Yang etal. | Coach bus Ansys FLUENT | RANS RNG k-¢| Eulerian-Lagrangian
(2020) [148]
Shao etal. | Elevator, OpenFOAM-6 | RANS Lagrangian particle tracking
(2020) [18] | classroom, and Realizable k-¢
supermarket
Liuetal. Restaurant In-house CFD LES Lagrangian particle tracking
(2020) [147] solver (incompressible
flow)
Yanetal. | Airplane Cabin | CFX 16.2 RANS RNG k-¢| Lagrangian particle tracking

Table 2-2.2: Details of numerical setup by Cui et al. [28], Talaat et al. [27], Yang et al. [148], Shao
etal. [18], Liu et al. [147] and Yan et al. [26].

Author(s) | Forces/other interactions | Steady/Transi | Validation | Other details

on particles ent
Cui et al. | Stoke’s drag law, turbulent| Steady-state | N/A 5um and 20 um droplets
(2021) diffusion RANS were studied. Eddy
[28] Neglect thermophoretic equations diffusivity +DRW applied.

forces and evaporation
Talaat et | Stokes-Cunningham drag | Transient N/A Monodisperse simulations
al. (2021) | model, gravity. initialization conducted, with 300,000
[27] then particle particles

injection
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Yang et | Stoke’s drag, gravitational,| Transient Yinetal.’s | Mass weighted mixing of
al. Brownian and Saffman’s | (with steady | data[128] | water and NaCl
(2020) lift force + evaporation initialization)
[148]
Shao et al.| Stoke’s drag, gravitational | Transient N/A Rosin-Rammler distribution
(2020) + evaporation. Neglect (with steady is used for the particle
[18] Brownian, forces, Kelvin | initialization) diameters.
effect and turbulent A risk model is used based
dispersion on particle passing counters
in cells.
Liuetal. [ Turbulence, flow—aerosol | Transient Posner et al. | Risk exposure index is
(2020) interaction, effect, [153]and | quantified by normalized
[147] Brownian motion, effect of Bay et al.’s | particle concentration.
subgrid-scale (SGS) flow data [154] [ The importance of thermal
structures, stokes- and filtration effects was
Cunningham drag, thermal demonstrated.
effect, and filtration
Yan et al. | Stokes-Cunningham drag, | Steady-state | Lietal.’s Particle sensitivity tests with
(2017) buoyance force, virtual data [134] [ normalized particle
[26] mass force concentration is conducted.

Risk was assessed with

“particle source in cell (PSI-
C) method.

The reviewed CFD studies above are shown to have diverse methods for domain of

analysis, particle and flow physics, diameter distribution of particles and risk measurement. This

review of methods has also provided some understanding of the common methods used, such as

to model turbulence in indoor environments the RANS RNG k-epsilon model seems to be common

among many studies. Furthermore, Stokes-Cunningham drag law is the conventional drag law

used, and Lagrangian particle tracking is prevalent and used in all the above reviewed studies. This

review has provided a sense of what is often followed and in agreement to literature for CFD

modelling of airborne transmission, and what differs based on each study and their rationale behind

the choice of method, thus helping develop a validated methodology for the simulation studies in

the thesis.
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2.4. Conclusion

In this chapter, the specific characteristics of airborne transmission are defined, the physics
and environmental factors that impact airborne transmission are reviewed, evidence of airborne
transmission by COVID-19 and other diseases are presented and a review of the main control
measure of airborne transmission—ventilation—is included, with ventilation associated
recommendations in literature. Furthermore, the methods of airborne transmission risk modelling
are reviewed, which included experimental work, mathematical modelling, and a detailed review
of CFD based models and methods.

From the literature review of various CFD and experimental studies, it was noted that the
location of ventilation components, the design of the ventilation configuration and the location of
infection source can all impact the spatial and temporal distribution of infectious aerosols.
However, evaluating the variation of airborne transmission risk based on both the ventilation type
and the infection source location for a space were not seen in literature. Furthermore, very few
studies investigated the impact of infection source location, and no risk models included infection
source location. Overall, there has been little research on the dispersion patterns of airborne
infectious particles within pre-COVID-19 literature, thus, more investigative and modelling
studies into the transmission dynamics of airborne particles will add value to the topics of airborne
transmission in indoor environments and ventilation measures for infection control. This in turn
will assist health organizations, building designers and building operators to protect the public

from future airborne diseases.
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Chapter 3  Methodology

A Dbreakdown of the methodology sub-sections, firstly the general meshing and CFD
methods applied to all sections for the continuous and discrete phases is described. Then a
validation study is presented to validate the CFD methods used in the simulation studies. Specific
boundary conditions, initial conditions and risk measurement methods is left to be discussed in the

specific chapters (chapters 4-6).
3.1. General CFD Methods

3.1.1. Meshing

For all the CFD domains in the thesis, uniform mesh size is applied with exceptions to
prism layers near the walls and higher mesh resolutions on inlet, outlet, and occupant surfaces.
Uniform mesh sizing is implemented because the spatial distribution of particles in the domain is
unknown for all cases, thus having uniform mesh sizing prevents fluctuations in tracking accuracy
in different areas of the domain. Additionally, in the lecture hall domain there are three different
source locations for each setup, implementing high mesh densities near the injection sources would
be time consuming (if three different meshes were generated), or computationally expensive (if
three different areas had high mesh densities in the domain). It should also be noted that from most
observed results, the particles do not remain near the source location’s expulsion zone for a
significant part of the simulation time; the particles are mixed quickly and, in many cases,
distribute throughout the domain, making it difficult to identify zones in the domain to increase
mesh resolution in.
3.1.2. Numerical Modelling Setup

Ansys Fluent 20.2 [155] was used to simulate all the different cases, with the use of
Reynolds Averaged Navier-Stokes (RANS) modelling. A pressure-based solver was used.
Turbulence was modelled with the RNG k — ¢ turbulence model with standard wall functions, as

seen in equation 1 below:

Kinetic energy, k:
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Dissipation rate, €
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7t (pe) + o, (pew;) = a (“eﬂeff 6_x]) + Cie % (G + C3¢Gp) — Caep - Re + S
a; and a, are the inverse Prandtl numbers for kinetic energy and dissipation rate, respectively. G
represents the turbulent kinetic energy generated by the mean velocity gradients, and G,, represents
the turbulent Kinetic energy generated by buoyancy. C;. is 1.42, and C,. is 1.68. The k-epsilon
RNG turbulence model is preferred for indoor models as it can simulate both high and low
Reynolds numbers efficiently [156,157]. According to turbulence comparison studies the RNG k-
epsilon model compares with the experimental data more accurately in comparison to other
turbulence models [153] and requires less computational resources to converge [131].

It is assumed that the boundary layers are turbulent in specific regions, specifically near
the high velocity inlets, hence the prism layer meshing is designed for turbulent ranges in y+ (i.e.
30-300). Standard wall functions were used because the y+ required for accurate boundary layer
modeling is higher than that for enhanced wall functions: standard wall functions require y+
between 30 and 300, while enhanced wall functions require a wall y+ less than 5 [158]. Thus, with
standard wall functions the process for mesh refinement is easier, as cells do not have to be reduced
to capture y+ ranges as low as 1 and be compatible with the free-stream mesh size (which could
be significantly larger).

The energy equation was activated, because thermal effects can have a significant effect
on pathlines and particle trajectories, such as creating air recirculation due to natural convection
[147]. Energy related components can then be integrated into the setup, such as, ambient
temperature conditions, heat flux boundary conditions on occupants and temperature boundary
conditions to air inlets and infection sources. In the context of thermal effects buoyancy is
implemented with the Boussinesq model. Appropriate Boussinesq density and thermal expansion
terms were added.

In terms of solution methods, pressure-velocity coupling was solved with the coupled
method, pressure was solved with PRESTO!, Least Squares cell based gradient discretization was
used and all the other parameters were solved with second order upwind method. To solve the
particle trajectories transiently, the flow field solution was initialized in steady-state, and after the

velocity and temperature monitors stabilized, the particles were injected, and solved with transient
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particle tracking. Modelling viral-laden aerosol flow within air is recognized as a particle-laden
flow, therefore a Euler-Lagrange approach is considered [159]. The Discrete Phase Model (DPM)
feature in Ansys Fluent is used [159]. The model allows the ambient air to be solved as a continuum
(in the Eulerian reference frame) and the aerosols solved as discrete particles in the Lagrangian
reference frame [159]. See equations (3-5) below for the equation of motion used to track the
particles in the Lagrangian reference frame and equations (6 -7) showing the Stoke’s law settling

velocity and particle Reynold’s number [77].

dup 9l =p) , 3)
i =Fp (u up) +— o
Where the drag force Fj, is,
oo 18k (4)
P ppd3C.

C. is the Cunningham correction to Stokes' drag law.

22
Cc=1+--(1257 + 0.4¢~(11dp/22)) )
14

The settling velocity equation based on Stoke’s law,

o d*g(p, — p) (6)
t 18 u
The particle Reynold’s number,
_ purdy (7)
U

The terms present in the equations above are u and u,, represent the air and particle velocities, p
and p,, represent the air and particle density, u represents the molecular viscosity of air, d,,, is the
particle diameter A, is the molecular mean-free path, and v, is the terminal velocity of particles
[157].

The inertia of the particle was equated to the forces applied on the particle [77]. The forces
applied on the respiratory aerosols were then: the drag force, using the Stokes-Cunningham drag
law, gravity, and additional forces. Stokes-Cunningham drag law was used because it was

determined that more than 98.2% of the particle diameters in Table 3-1 resulted in Reynold’s
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numbers below 1. The terminal velocity for all particle diameters were calculated using the settling
velocity equation based on Stokes law (see equation (6)). The respective settling velocities were
then used to calculate the Reynolds numbers for all particle diameters 1 um to 100 um (see
equation (7)). Other forces that could be considered in the “F,” term are thermophoretic force,
virtual mass force, Saffman’s lift force and Brownian force. Thermophoretic force was considered,
since the ventilation induced temperature gradients could affect particle trajectories. Saffman’s lift
force accounts for the particle lift effects that occur due to near wall shear forces. Saffman’s lift
force was considered because it may affect the deposition rate of particles on surfaces. The virtual
mass force was neglected, as it was assumed the density of particles will always be greater than
the density of air. Brownian motion was neglected as only sub-micrometer diameters are affected
[78]. Two-way coupling was activated as unsteady particle tracking with steady-state continuum
is in use. Other assumptions made were that the respiratory aerosols do not breakup or coalesce,
and evaporation effects are negligible to the long-term dispersion effects of droplet nuclei, as
shown by Morawska [9].

For the current study, the particle diameters are modelled with a Rosin-Rammler diameter
distribution, with a minimum of 1 um and maximum of 100 um (see Figure 3-1), referenced from
Duguid’s paper [45]. The particle diameter data below was fitted with a Rosin-Rammler/Weibull
fit resulting in a mean of 28.83 um, and shape factor of 1.30. See Figure 3-1 and Figure 3-2 for the
probability distribution function and the cumulative distribution function with fitted Rossin-
Rammler distribution curves. The distributions were fitted using MATLAB’s distribution fitter.

Table 3-1: Binned airborne droplet diameters from J.P. Duguid.

Droplet Number of droplets from one
Diameter (um) cough with mouth ‘closed’
1-2 50
2-4 290
4-8 970
8-16 1600
16-24 870
24-32 420
32-40 240
40-50 110
50-75 140
75-100 85
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From the probability distribution function (Figure 3-1), it is seen that the number density
for droplet diameters increases rapidly, to a peak number density for 8 um - 16 um sized droplets.
After the peak, the density of droplet diameters greater than 16 pm gradually reduces, with droplet
diameters after 32 um accounting for less than 10% of the number density. The Weibull curve fit

has a peak around 10 um, which then gradually reduces towards 0 for the number density.

3.2. Validation

A validation study based on Yin et al.’s data [128] has been carried out to validate the CFD

methods discussed in sub-chapter 3.1. Due to time, budget and pandemic related lab access
constraints, an in-lab experimental validation study was not feasible. Yin et al.’s study is based on
an experimental study of particle dispersion in a patient ward for mixing and displacement
ventilation conditions, with varying exhaust locations and air change rates. The study was designed
specifically for CFD validation and is ideal for ventilated indoor air CFD studies as the
experimental study was carried out in an insulated and ventilation induced patient ward with high
precision sensors and instruments. They placed omnidirectional anemometers (which were
verified by two ultrasonic anemometers) to measure the temperature and velocity distributions,
and a multigas particle sampler to measure the particle concentrations.
For the current validation study, only temperature and velocity measurements were used. Particle
concentration validations were attempted, but resulted in significant values of relative error, which
could be because of many reasons: 1) the particle size distributions and number densities were
different between the experimentally produced particles and the aerosols simulated in the model,
resulting in different airborne patterns, 2) the particle measurement methods of both the
experimental and CFD study had significant sources of error, 3) due to lack of computational
resources, the particle concentrations could not reach steady state.

3.2.1. Methodology

Yin et al.’s experimental ward was modelled, with the dimensions provided in the study,
see Figure 3-3 for the replicated model of the patient ward. The ward had simplified geometries
(cuboids) for a bed, a patient, a caretaker, medical equipment, and a TV from which all except for
the bed produced heat fluxes. The ward had two air inlets, one at the ceiling to induce the mixing
ventilation setting, and a diffuser on the bottom wall opposing the patient, to induce displacement
ventilation. There were two air exhausts, one the left wall (with respect to the patient), one on near
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the ceiling and one near the floor. The study measured temperature and velocity at 8 pole locations
and 7 probe heights, of which 5 pole locations were provided: pole 1, pole 3, pole 5, pole 7 and
pole 8. The authors were contacted for the remaining pole locations, but without success. The pole
locations for the five poles are indicated in Figure 3-4.

The Displacement Ventilation, High auxiliary Exhaust, 4 Air Changes per Hour (DV HE
4ACH) configuration, was used to validate the CFD setup. The heat fluxes were applied as
calculated from the total power and surface area provided in Yin et al.’s study, see Table 3-2 for
the heat flux values. The diffuser inlet was set as a velocity inlet BC with 0.14 m/s for the inlet
velocity to produce 114 cfm of air into the room. Both the main and auxiliary exhaust were active
with outflow BCs applied to both. The walls had adiabatic no slip conditions, and the ambient
temperature was set as 23.9°C.

Table 3-2: Validation study boundary conditions

Component Boundary Condition
Ambient temperature (°C) 23.9
Inlet air temperature (°C) 19.5
Patient heat flux (W/m?) 66.25
Caretaker heat flux (W/m?) 49.1
Medical equipment heat flux 24.32
(W/m?)
TV set (W/m?) 67.07
Diffuser Velocity-inlet (0.14 m/s)
Main exhaust Outflow
Auxiliary exhaust Outflow
Walls Adiabatic, no slip
Floors Adiabatic, no slip
Ceiling Adiabatic, no slip

In terms of meshing, a 5 cm unstructured tetrahedral mesh was used. A mesh sensitivity
study was conducted to show that that there were no significant deviations in temperature results
between 10 cm, 5 cm, and 2.5 cm mesh sizes. For the velocity results the 5 cm mesh and 2.5 cm
mesh performed similarly, thus the 5 cm mesh was used. The first prism layer height and number
of prism layers (increasing in mesh size by 1.2) were calculated: with the Reynold number based
on the air velocity from the diffuser and ambient air conditions, and the characteristic length based

on the patient length.
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Figure 3-3: Patient ward CFD domain replicated based on Yin et al.'s [128] study. The domain is
ventilated with a diffuser air inlet, and two air outlets: main exhaust and auxiliary exhaust. The domain

contains a bed, a lying patient, a standing caretaker, medical equipment, and a TV.

The simulations were run in steady-state, with hybrid initialization. The data was collected
after the residuals, temperature and velocity monitors stabilized. The continuity residuals stabilized
at 0.5 and the all the other residuals stabilized at around 1x102. The residual values were
comparatively higher than what is recommended in literature (1x102 or less), but the accuracy
limitation was mesh dependent i.e., a higher mesh resolution would allow the residuals to reduce
further to provide more accurate results. However, the chosen mesh resolution sufficed for the

current study.
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Figure 3-4: Patient ward pole locations for temperature and velocity probe measurements

3.2.2. Results
The following plots (see Figure 3-5) show the temperature distributions from the CFD post-
processed pole results compared with the experimental data points from Yin et al.’s paper [128].
The temperature data has been normalized based on the supply and exhaust temperatures, as seen
in equation (8).
T—T, (8)

6 =
Te_Ts

Hence 0 is applied on the x-axis to ensure the data is normalized even if there are temperature
discrepancies between the poles, and between experimental and CFD data. The y-axis is the height
in meters.

The temperature results conform well with the experimental data for the points closer to
the ceiling, however deviations are seen as the temperature curves reach towards the floor.
According to the experimental study, the sources of error were the wall insulation, where the

temperature deviated by up to 0.3 K, and the sensor accuracy, which was tested to be 0.2 K.

40



Pole 8
T

CFD
- experimental data

25

Height (m})
Height (m})
Height (m}
Height (m}
Height (m}
o
T

05

i

0 0 0 1 1 0 Il 1 1 1 1 ) 1 1
0 05 1 0 0.5 1 0 05 1 04 06 08 1 12 0 0.5 1

(T-Ts)/(Te-Ts) (T-Ts)(Te-Ts) (T-Ts)/(Te-Ts) (T-Ts)/(Te-Ts) (T-Ts)/(Te-Ts)

Figure 3-5: Temperature validation plots for poles 1,3,5,7 and 8 with Yin et al.'s experimental data.

The total temperature error is set to be 0.5 K, which is then normalized and applied to the
plots. The results are within the error bars for more than 80% of the data. The temperature
deviations towards the bottom of the plots/room may be due to several reasons: either the adiabatic
boundary conditions were not appropriate because in the experimental chamber the floor and walls
were transferring some heat through conduction or radiation, the air was not constantly supplied
at 19.5°C during the experiment, there was some turbulent mixing when the air was supplied
causing warmer air to mix with the cold incoming air or the mesh needed further corrections near
the floor.

The following plots (see Figure 3-6) show the velocity distributions from the CFD post-
processed pole results compared with the experimental data points from Yin et al.’s paper [128].
The x-axis is the velocity data in meters per second, and the y-axis is the height in meters. The

error bars are based on the sensor tolerance of 0.02 m/s.
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Figure 3-6: Velocity validation plots for poles 1,3,5,7 and 8 with Yin et al.'s experimental data.

The velocity distributions over the 5 poles have very good convergence with the
experimental data. Poles 7 which is furthest from the diffuser and closest to the main exhaust (see
Figure 3-4) has the most deviations. Specifically, towards the floor the maximum relative error
goes up to 339%, which is quite significant. A probable cause for this error may be because of the
high velocity fluctuations near the exhaust for the simulation. An additional hypothesis is that the
geometry and HVAC components were simplified for the simulation; for example, as seen from
the experimental chamber photos in Yin et al.’s paper the bed would allow air flow underneath,
while the modelled bed in the simulation domain is a cuboid perfectly attached to the floor. This
difference in bed geometry could affect the airflow patterns near the bottom of pole 7. All other
poles provided good convergence to validate the CFD method. Based on the temperature and
velocity distribution validation results presented above, the validation study was deemed

acceptable to proceed with the chosen CFD methodology.
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Chapter4  CFD studies to Investigate the impact of Ventilation

Layout in a Small Office.

4.1. Introduction

Small single-occupancy offices are not considered high risk spaces for airborne
transmission, with the obvious reason that there is no secondary occupant in the room to transmit
infection to. However, it was noticed that certain offices are not equipped with air outlets/return
grilles, an example being the faculty offices in the Bergeron building in York University campus.
These faculty offices have supply inlets to ensure they remain ventilated, but the air is then
designed to escape through the doors into the main hallway to a common return grille. Khankari
[12] has shown that inducing air containment, by having separate air outlets for each zone is an
effective strategy to limit airborne transmission to different zones of a space. Zhang has also re-
iterated this advice for classrooms and offices [21]. Small offices have been evaluated for
ventilation effectiveness and airborne transmission risk in literature [24,121]. The current setup is
designed to observe the aerosol spread from a single cough, to evaluate if adding an air outlet to a
small office is effective at reducing the risk in the room (for secondary occupants that can come
into the space) and preventing aerosols from exiting the space through the door slip or an
equivalent. The following simulation study contains three cases,

e Case 1: the existing ventilation layout, with no air outlets, but includes a rectangular
opening to simulate the slip opening under a closed door (No outlet).

e Case 2: an added air outlet placed right above the occupant (Overhead outlet) with the
existing configuration.

e Case 3: an added air outlet placed further away from the occupant (Far-off outlet) with the

existing configuration.
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4.2.  Methodology

The office space simulation methodology involves constructing the geometry, meshing the
domain, and simulating the air and particle flows, to then qualitatively determine the areas of the
office that are higher in aerosol concentration. Three cases were studied to compare the effects of
outlets on aerosol dispersion. A note, “aerosol” and “particle” is used interchangeably throughout
this chapter and the thesis.

4.2.1. Meshing and Geometry

The office space is based on York University’s Bergeron building faculty office 437C, see
Figure 4-1. The office space was modelled in SolidWorks, with maximum room dimensions of
(3.54 m x 3.31 m x 1.97 m) in length, width, and height respectively, see Figure 4-1 for the major
dimensions of the space. The air supply inlets are located in the ceiling with active area dimensions
of (1.17 m x 0.03 m) per slot. There are two slots in each supply inlet, and two supply inlets total
in the office, i.e., there are four air supply slots. The supply air produces 57 L/s of total air to the
space as assigned in the ventilation plans of the building.

For case 1, the slip opening under the door has dimensions of (1.02 m x 0.02 m), and for
cases 2 and 3, the outlet is a square with sides of 0.3 m each. The occupant is simplified with an
ovular torso, and a cylindrical head. The shoulders and top of the head have 10 cm edge fillets
applied. The occupant’s torso has a height of 0.9 m, the long side of the oval is 0.6 m, and the short
side is 0.4 m. The height is comparatively short, with the assumption that they are seated. The
occupant’s head is 0.63 m in diameter and 0.18 m in height. There is also a PC included on the
desk to provide heat flux. The dimensions of the PC are (0.5 m x 0.18 m x 0.5 m) in (L x W x H).

Uniform tetrahedral meshing was applied to the domain, with a mesh size of 6.25 cm. The
inlets had a mesh size of 0.93 cm, and the outlets had a mesh size of 5 cm. The total number of
mesh elements were 936,182 elements. A mesh sensitivity study was not conducted, as the mesh
size was adapted based on the mesh sensitivity results from the lecture hall study section 5.2.1.
Both simulations were designed in parallel, and the lecture hall design had higher inlet velocities
(for the mixing ventilation configuration), thus it was assumed that the mesh sensitivity results
were adaptable to the current office space mesh. For future studies, to provide more confidence in

the results a mesh sensitivity study should be conducted for each new simulated space.
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Figure 4-1: Dimensions of the office space for the overhead outlet case in meters, and labels indicating

the air inlet, air outlet, door slip, occupant, PC and desk.

4.2.2. Numerical Modelling Setup

The general setup followed the same methodology as described in section 3.1.2. Boundary
conditions and particle injection details are provided below.
4.2.2.1.  Boundary Conditions

The three cases were run with the same conditions except for the conditions pertaining to
the return grille and its location, i.e., the return-grille was not applied for case 1, and the location
of the return grille was different between case 2 and case 3.

Table 4-1: Boundary Conditions for each component in the Small Office’s CFD domain.

Component Boundary Condition
Ambient temperature (°C) 23
Inlet air temperature (°C) 18
Occupant heat flux (W/m?) 64.6
PC heat flux (W/m?) 71.4
Diffuser Velocity-inlet (0.85 m/s)
Door slip Pressure-outlet
Return grille (case 2 and 3) Pressure-outlet
Walls Adiabatic, no slip
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Floors Adiabatic, no slip
Ceiling Adiabatic, no slip
Desk Adiabatic, no slip

4.2.2.2.  Particle Injection Details

The initial velocity was set to 6 m/s to simulate the risk for a minimum momentum
expulsion, which ensure the main dispersion of particles is due to ventilation rather than cough
momentum driven. The mass flowrate is set to 5x10° kg/s with 2 streams to produce 8040 droplets.
The droplets were assigned a density of 998.2 kg/m?, representing 100% liquid water droplets. The
cough period was set to 0.4 seconds according to Gupta et al.’s data [6]. The source diameter was
set to 2 cm with a cone shaped expulsion and the release angle was 22 degrees [7]. The injection
temperature was set to 307.15K (34°C) to match the temperature of droplets that would be expelled
from the human body [68].

4.3. Results and Discussion

The following sets of figures show the dispersion of particles in the office room for three
ventilation cases: no air outlets in the room, an air outlet (case 1) on the overhead of the occupant
(case 2) and an air outlet far-off from the occupant (case 3). The occupant’s cough particles were
tracked based on their diameters, as seen by the bar on the left of the figures with the diameters
ranging from 1 pm to 100 um. The variance in particle colours correlate to the particle diameters.

Figure 4-2 below, shows the ventilation configurations for the three cases with respective
air inlets highlighted in blue, and air outlets and door slip highlighted in red. The particles are
shown to be expelled from the occupant, who is faced away from the desk and towards the wall.
This occupant orientation was chosen for maximum dispersion of particles; if the occupant was
facing towards the desk, most particles would collide with the wall in front of the desk and deposit
quickly on the wall, desk and occupant’s clothing. The cough trajectories for each case began to
look different as soon as the particles were expelled, with the case with no outlets rising in a slow
puff due to buoyancy, the case with the overhead outlet rising as well, and the case with the far-

off outlet rising and moving towards the front of the occupant.
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a) No outlet b) Overhead outlet c) Far-off outlet

Figure 4-2: The Small Office CFD domain 3 seconds after the occupant coughs for cases 1-3, a) No outlet

in the domain, only the door slip b) with an overhead outlet and c) with a far-off outlet.

After 30 seconds since the cough was expelled, the particles had dispersed extensively (see
Figure 4-3). Case 1 with no outlets, had the least number of particles circulating in the room, which
was because many of the particles deposited or exited through the door slip. The particles were
able to quickly deposit or exit because the air flow allowed for one directional flow. The air from
the inlets pushed the particles down, which lead to 77% of the particles to deposit on the occupant
(see Table 4-2). The remaining particles moved through the room and the negative pressure from
the door slip was able to bring out some of the particles that were pushed towards the floor from
the inlet air trajectories. For case 2 with an overhead outlet, the particles are seen to exit through
the outlet, while several particles lingered in the area near the door slip and the right wall (with
respect to the occupant). Particles were extensively dispersed, because when the cough was
directed forwards, the air from the inlet and the pull from the overhead outlet led to a mixing
phenomenon for the air and particles. Case 3 with the far-off outlet, attracted most of the particles
towards the outlet, as seen by the cough particles gradually spreading away from the occupant and
towards the outlet. This also means a high concentration of the particles were spreading towards
the door which is close to the outlet. The widespread of particles near the door poses a high risk in

case a secondary occupant walks into the room within a few minutes of a cough event.
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Figure 4-3:The Small Office CFD domain 30 seconds after the occupant coughs for cases 1-3, a) No
outlet in the domain, only the door slip b) with an overhead outlet and ¢) with a far-off outlet.

By 1 minute (see Figure 4-4), the particles reduced in concentration by either depositing

on surfaces or escaping through the outlet and/or door slip.
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Figure 4-4: The Small Office CFD domain 1 minute after the occupant coughs for cases 1-3, a) No outlet
in the domain, only the door slip b) with an overhead outlet and c) with a far-off outlet.

At 2 minutes (see Figure 4-5), the particles near the door slip and underneath the outlet for
all three cases mostly cleared out. Only some particles out of reach from the door slip or outlet

stagnated in ambient air.
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Figure 4-5: The Small Office CFD domain 2 minutes after the occupant coughs for cases 1-3, a) No outlet

in the domain, only the door slip b) with an overhead outlet and c) with a far-off outlet.

At the 5-minute point (see Figure 4-6), which is the end of the simulation, less than 1% of
the initial number of particles survived as stagnated particles in the ambient air. This signifies that
the ventilation in the room for all three cases was effective at recycling the air and removing
contaminants. However, the three cases need to be distinguished, which can be done from the
particle summaries for the three cases. See Table 4-2 for the particle summary for all three cases,

describing the number of particles that escaped or were trapped in each zone of the domain.
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a) No outlet b) Overhead outlet c) Far-off outlet
Figure 4-6: The Small Office CFD domain 5 minutes after the occupant coughs for cases 1-3, a) No outlet
in the domain, only the door slip b) with an overhead outlet and c) with a far-off outlet.

Examining the particle summaries from Table 4-2: for case 1, it is seen that most particles
deposited on the occupant, while a smaller proportion deposited on the walls and floor. This was
caused by the high velocity of air pouring through the inlets in the ceiling, which pushed the
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particles downwards and onto the occupant. Case 1 was unlike case 2 and 3, where the outlets were
able to re-direct the flow leading to a lower number of particles trapped on the occupant. Without
any outlets for case 1, around 5% of the particles escaped through the door slip and into the
hallway, and less than 1% of particles deposited on the desk.

Table 4-2: Particle Summary—number of particles that escaped or got trapped in each zone for cases 1-3.

Zone Trapped/Escaped No outlet Overhead outlet | Far-off outlet
(Case 1) (Case 2) (Case 3)
Outlet Escaped -- 562 1742
Door slip Escaped 376 290 354
Walls and Floor Trapped 1327 3820 3954
Occupant Trapped 6225 3090 1766
Desk Trapped 51 212 153
In fluid -- 61 66 71

For case 2, with the outlet over the occupant, 7% of the particles escaped through the outlet.
A significant number of particles had also deposited onto the occupant, walls, and floor for case 2.
In terms of case 3, with the outlet farther away from the occupant, a higher number of particles
(around 22% of particles) were able to escape through the outlet. Case 3 had the smallest
proportion of particles deposited on the occupant as the particles were carried away from the
occupant quickly and effectively. Most of the particles then deposited onto the far wall and floor.

Within the three cases, the air and particle flow varied, resulting in different distributions
for the particle summaries. For case 1, as there were no outlets on the ceiling, the air flow was
strictly downwards, which resulted in the particles depositing on the occupant as soon as they were
expelled, and the remaining particles slowly drifted to then deposit on the walls, floor or escape
through the door slip. Case 1 had the most particles exit through the door slip, which introduced a
risk to the occupants directly outside the office. However, the case with an overhead outlet and
far-off outlet were not significantly better at reducing the particles that escaped from the door slip.
The particle proportions that exited from the door slip ranged from 3.6% (case 2) to 4.7% (case 1).
For case 2 and 3, there were outlets on the ceiling, along with the ceiling located inlets, which
formed a mixing ventilation scenario. Mixing ventilation designs often vigorously mix the old and
new air, which also mixes the contaminants in the air. When the air contaminants are mixed, they
are spread all over the room (as seen in Figure 4-4 and Figure 4-5, b and c), before they are

eventually diluted and removed from the room. When considering the risk of infection due to the
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ventilation layout for the three cases, case 1 with the existing ventilation layout and no outlets
performed the best, because there were fewer particles stagnating and circulating in the air. If a
secondary occupant were to enter the room, they would first be exposed to the air; the higher
number of particles that are widespread and circulating in the air, the higher the risk of infection
through airborne transmission. Thus, it can be concluded that adding outlets to the ceiling did not
improve the overall risk in the room. Additionally, as all three cases had differing particle
distributions throughout the space, it can also be concluded that the impact of ventilation
components and location can have significant effects on the particle dispersion patterns in a space.

Recommendations for airborne transmission safety can also be derived from the results
above. The impact of outlets was observed, with particles tending towards the location of outlets.
In the scenarios above if an outlet, or more realistically an air cleaner (which functions similar to
an outlet by attracting air flow through and cleansing the air of contaminants, but cheaper and more
feasible to install) were placed near the occupant and on the floor, the particles would go through
the air cleaner. The particles that escaped through the door slip (outside the office) and circulated
in the air would reduce significantly. Other ventilation configurations may also be investigated,
for example, displacement ventilation, which could efficiently remove contaminants from the
space through a bottom-to-top airflow direction. This flow orientation would also prevent
deposition of particles on the occupant and other surfaces, thus reducing the risk for indirect and

fomite transmission.

4.4. Conclusions and Future Work

This chapter of the thesis investigated the dispersion patterns of aerosols from a single
cough within the exisitng ventilation layout for York University’s Bergeron building faculty office
437C, in addition, also compared the aerosol dispersion results with those of the office when an
outlet is added to the ceiling. Three cases were considered, case 1 was the exiting layout with no
outlets, case 2 was a ventilation layout with an added overhead air outlet, and case 3 was a
ventilation layout with an added far-off air outlet. The objective of the chapter study was to
evaluate whether an added outlet in the office would reduce the overall risk of cough aerosols
circulating in the room, and the risk of those aerosols escaping from the room into the hallway.

It was concluded that adding outlets to the space did not significantly reduce the number

of particles that escaped from the space. The particle proportion that was escaping through the
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door slip into the hallway in the existing configuration was 4.7%, while it was reduced to only
3.6% and 4.4% after the overhead outlet and far-off outlet were added, respectively. Furthermore,
it was observed that adding ceiling located outlets to the office induced vigorous mixing in the
space, which lead the particles to disperse extensively and circulate in the air. This widespread
dispersion contributes to higher risk, as a secondary occupant (that walks into the room) has a
higher probability of being exposed to the infectious particles.

Some measures that can potentially reduce the risk of infection in the space, is adding well
located air cleaners and changing the ventilation type. Adding air cleaners to the space allow cough
particles to be removed from the room efficiently and prevent particle stagnation. The most ideal
outlet location is closer to the occupant(s), thus in cases where the infectious person is idenitified,
they should be placed close to them. This advice is in agreement with studies in literature that
suggest “clean-to-dirty” air pathways are safest to prevent airborne transmisison [14,17].
Furthermore, ventilation configurations that allow for uni-directional transport of cough particles,
and prevent deposition on surfaces, such as displacement ventilation—which transports air
contaminants towards the ceiling, would reduce the risk of infection exposure to secondary
occupants.

The office space simulation study was perfromed during the beginning of the thesis study
to, 1) evaluate the funcionality and convergability of the CFD method, and the aerosol tracking
perfromance, 2) qualitatively analyze the sensitivity of particle spreading with respect to different
ventilation layouts. An office space was chosen because of the small domain and simplified
geometry, in addition to being a public indoor space where there is potential risk of transmisison
to secondary occupants (office visitors and neighbouring occupants). Since the simulation study
was perfromed early in the thesis study, a quantitative risk model had not yet been developed. To
add value to the results for this study, a spatio-temporal risk assessment can be applied to the space.
The variance in risk for the three cases (or more) can then be compared quantitaviely, depending
on the spread of the particles, the concentration of particles in certain areas and the residence time

of particles in the space.
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Chapter 5  CFD studies to Investigate the impact of Ventilation

and Infection Source Location in Lecture Halls

5.1. Background and Introduction

As COVID-19 case numbers reduce, and return to campus efforts begin for institutions,
the airborne transmission safety of classrooms and lecture halls should be considered. Classrooms
and lecture halls are some of the most densely packed public spaces where occupants stay in a
single location for long periods of time (typical class durations are 1-3 hours). There is also the
risk of high occupancy turnover rates, as multiple classes use the space during the day. Outbreaks
caused by airborne transmission in such spaces is a likely possibility. Thus, a study to analyze the
effects of ventilation configuration and infector source location in a lecture hall can assist in
prioritizing different outbreak prevention measures. It should be noted that concerts and sports
events are also densely packed settings, and many of those venues follow a terraced floor set up:
therefore, the following set of simulations can also be extended to those settings.

CFD and experimental studies of different ventilation configurations were extensively
modelled [14,19,24,113,114,121,126,128,131,132] such as for displacement, mixed, stratum and
underfloor ventilation, resulting in an overall lack of consensus on which ventilation configuration
works best; the optimal ventilation configuration varies upon setting, heating vs. cooling, volume
of domain, direction of contaminant release, heat fluxes among other variables. When considering
the risk of airborne transmission in a large, terraced floor setting such as a lecture hall, results may
vary in comparison to smaller, leveled floor settings. A study by Cheng, Niu and Gao [160]
investigated the performance of stratified ventilation (e.g. displacement ventilation) in a lecture
hall. They observe a thermal comfort issue that could arise with stratified temperature distributions
in a terraced floor setting: the cold air will tend to move downwards and to the front, while
displacing the warmer air upwards and backwards. This can lead to disproportional cooling for the
occupants, and a higher risk for occupants at the back (who are receiving more contaminated air).
However, the airborne transmission risk for the occupants was not considered in the study. In terms
of airborne transmission risk, an experimental study by Ruud et al. [161] calculated the Wells
Riley based infection risk using the carbon-dioxide concentrations in the occupied lecture hall.
They performed measurements in a singular location at the front of the lecture hall, from which

53



they determined the infection risk to be 0.098%. Their limitations were that they did not investigate
the spatial heterogeneity of infection risk, and they limited their study to one ventilation
configuration.

Airborne transmission and ventilation studies based on lecture hall settings are not
extensive in literature, and the aforementioned studies do not directly investigate the impact of
ventilation configurations on airborne infection transmission. Therefore, investigating the effects
of infector location, and airflow distribution patterns can lead to new, and valuable information
amid return-to-campus efforts. This current study used CFD to investigate the varying airborne
transmission risks of two main types of ventilation for cooling: mixing ventilation (MV) and
displacement ventilation (DV) (refer to section 2.2 for more details on MV and DV), and three
different infection source locations in a lecture hall. The measurement of infection risk through
airborne transmission routes was simulated with particle distributions in the CFD domain. The
concentration and distribution of particles in the breathing zone of occupants were incorporated
into a spatio-temporal Wells-Riley based risk equation modified by Buonanno et al. [143]. The
main objective was to determine the most effective configuration to limit airborne transmission in
large, terraced floor settings, which is a common architectural design of lecture halls, auditoriums,

and concert halls.

5.2, Methodology

5.2.1. Geometry and Mesh

The dimensions of the lecture hall in the current study were modelled based on the Curtis
Lecture Halls at York University campus. The lecture hall’s dimensions based on maximum
length, width and height are (14.37 x 14.33 x 4.88) m, and a total volume of 718.84 m®. The lecture
hall can hold a maximum occupancy of 188 persons. For the simulation, the hall was modelled
with 40% occupancy (i.e., 76 people) to include physically distanced seating (see Figure 5-1). The
occupant (mannikin) models are simplified as slots with semi-circular sides, and a cylindrical
shape for the head. The rectangular slot has a length of 0.35 m, and each semi-circle side has a
radius of 0.15 m, resulting in a maximum body width of 0.65 m. The occupants are assumed to be
seated, hence the torso height is set as 0.89 m. The head height is 0.25 m. The overall dimensions
for the mannikins are then (1.14 x 0.65 x 0.3) m for the height, width, and thickness, respectively.

The surface area of the manikin is 1.99 m?. Curvature is included on the occupant’s model to
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roughly imitate a human body. The instructor’s mannikin is modelled similar to the occupant
mannikin, but the torso is shortened, and two cylindrical legs are added to represent the instructor
as standing. The instructor’s mannikin has an updated torso height of 0.75 m, and the cylindrical
legs have a length and diameter of 0.75 m and 0.22 m respectively, all other dimensions are kept
consistent to the occupant model.

The ventilation strategies are modelled for cooling purposes only, and are designed as follows:

1. Mixing ventilation (see Figure 5-1), which is the existing configuration in place and was
replicated in the model with appropriate effective areas for the supply inlets and return
grilles. The inlets are located on the ceiling, and the return grilles on the upper corner of
the left wall (from the reader’s perspective), as seen in the figure. The inlet dimensions are
(0.5 mx0.025 m) for each slot, and each inlet has 2 slots, with a total of 26 inlets (52 slots).
The two return grilles have dimensions of (0.91 m x 0.45 m). The airflow rate through each
inlet is designed for a maximum of 200 Cubic Feet per Minute (CFM) to provide a total of
5200 CFM in the lecture hall space. For the current simulation the mixing ventilation
cooling load is assumed to work for 75% occupancy (assuming full occupancy is 189
occupants) hence 3900 CFM is supplied to the space.
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0 3.500 7.000 (m)

Figure 5-1: Mixing ventilation configuration with the blue arrows indicating air inflow into the lecture
hall from the ceiling inlets and red arrows indicating air outflow from the lecture hall through side wall

outlets.

2. Displacement ventilation (see Figure 5-2), for which the inlets are located on the stair
risers, with dimensions of (30 in x 6 in) replicated from the Price Displacement Flow
Recessed (DFR) Diffuser series, specifically designed for risers [133]. The volume flow
rate from each inlet is 50 CFM, to supply a total of 2200 CFM with 44 inlets, which is an
appropriate displacement ventilation cooling load for 73.5% occupancy (assuming full
occupancy is 189 occupants). The required cooling load calculations are performed
considering heat loads from occupants and lighting, through the price displacement
ventilation design software “Room Designer” [162]. The return grilles are located at the
upper corners on both side walls, with the same dimensions as in the mixing ventilation
configuration (0.91 x 0.46) m. The return grilles were designed this way to also observe

the impact of outlet location on particles dispersion.
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Figure 5-2: Displacement ventilation configuration with the blue arrows indicating air inflow into the
lecture hall from the stair riser diffusers and the red arrows indicating air outflow from the lecture hall

through the side wall outlets

The domains for the three ventilation configurations were run with unstructured tetrahedral
meshes, generated through ANSYS meshing. The lecture hall was meshed with element sizes of
6.25 cm for the ambient region, and refined grids on the occupant surfaces, air inlets and outlets.
The occupant surfaces were meshed with 2 cm element size, and the inlets and outlets were meshed
with: 2 cm and 3 cm for DV, and 0.75 cm and 3 cm for MV, respectively. The near wall cells
were refined with prism layers to ensure the y + remained < 30. The total number of elements in

the domain were then 32.5 million elements.

5.2.1.1.  Mesh Sensitivity Study
Mesh sensitivity analysis was performed for all three ventilation configurations. Steady-

state simulations without particles were run for 4 cm, 6.25 cm, and 9.77 cm cell sizes. Each mesh

57



size is a factor of 1.56 from the next mesh size. The mesh sensitivity was evaluated using the 1)
normalized temperature distributions (see equation (8)), based on the simulation specific location,
supply and exhaust temperatures, 2) the velocity distributions (in m/s) in the probe locations. The
temperature and velocity results based on mesh size were evaluated specifically at four pole
locations (see Figure 5-3). Pole 1 was oriented vertically, parallel to the y-axis, which was placed
in front of the central occupant in the lecture hall. It was not placed directly at the centre to avoid
intersection with the occupant. Poles 2 and 3 were also oriented vertically and were placed
symmetrically on the centres of each stairwell of the lecture hall. Pole 4 (in red) was oriented
horizontally, parallel to the x-axis, and ran through the middle of the upper and lower rows of

occupants.

0 3.500 7.000 (m)
1.750 5,250

Figure 5-3: Lecture Hall pole locations for mesh sensitivity analysis on both MV and DV configurations.
Poles 1,2,3 (vertical) and 4 (horizontal) measure temperature and velocity distributions over their

height/length for all three evaluated mesh sizes (9.77 cm, 6.25 cm and 4 cm).
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The following sets of plots show the mesh sensitivity results for MV and DV configurations,

evaluating the temperature and velocity results for each mesh size: 9.77 cm, 6.25 cm and 4 cm.
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Figure 5-4: Temperature mesh sensitivity results for the mixing ventilation configuration.

Figure 5-4 above shows the mesh sensitivity results for temperature in the MV
configuration. The results follow similar trends with some deviations. For instance, in pole 1, the
6.25 cm and 4 cm mesh results overlap well, except at the 9 cm height, where the peak temperature
in the 6.25 cm mesh case is larger than in the 4 cm mesh case. The 9.77 cm mesh case also does
not seem to match well. This could be due to the difference in mesh resolution, as well as higher

fluctuations near the floor, where the air drafts from the inlets and heat flux from the occupants
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vigorously mix. The average relative error between the 6.25 cm and 4 cm mesh sizes were
1%,7.6%,10% and 2.2% for poles 1-4, respectively.
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Figure 5-5: Velocity mesh sensitivity results for the mixing ventilation configuration.

Figure 5-5 above shows the mesh sensitivity results for velocity in the MV configuration.
There are large deviations in certain regions of the vertical poles (pole 1-3) which again can be
due to the stochastic mixing that occurs with the high velocity inflow of air from the ceiling inlets,
leading to different air flow patterns in each run case. Looking at the horizontal pole (pole 4) the
bigger picture of velocity distributions can be observed. The peaks and troughs in velocity are
synchronized, with the 6.25 cm mesh and 4 cm mesh having good alignment. The average relative

error between the 6.25 cm mesh and 4 cm mesh is 1.42% for pole 4.
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Figure 5-6: Temperature mesh sensitivity results for the displacement ventilation configuration.

Figure 5-6 above shows the mesh sensitivity results for temperature in the DV

configuration. The results have very good convergence, especially in the vertical poles (pole 1-3).
This is due to the low velocity induced displacement ventilation configuration that ensures a

stabilized temperature stratification. The temperatures do not mix much and remain stable through

the course of the simulation, resulting in good convergence and demonstrating mesh independence.
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Figure 5-7: Velocity mesh sensitivity results for the displacement ventilation configuration.

Figure 5-7 above shows the mesh sensitivity results for velocity in the DV configuration.
Pole 1 has good results, but some of the velocity fluctuations do not get captured well as the mesh
resolution decreases. Overall, however, the distribution patterns are synchronized. Results in poles
2-4 are very well aligned and provide confidence for mesh independency.

For all the cases, it was found that the 6.25 cm mesh performed comparatively to the 4 cm
mesh domain, while the simulation time was significantly lower with the 6.25 cm mesh, relative

to the 4 cm mesh domain, therefore all simulations were performed with the 6.25 cm cell size.
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5.2.2. Numerical Modelling Setup
The numerical modelling method was followed as described in section 3.1.2. The specific

boundary conditions and particle injection details are described below.

5.2.2.1. Boundary Conditions

The two ventilation configuration cases (MV and DV) had significantly different boundary
conditions based on the design requirements of the ventilation configurations.

Mixed:

The ceiling supply diffusers in the ceiling were modelled as velocity inlets with inlet velocities of
2.9 m/s, per slot. The inlet temperature was set to 18°C (291.15K) The return grilles were
simulated with an outflow boundary condition; hence particles were able to escape. The walls were
no-slip and adiabatic, and particles reflected from the wall, and the coefficients of restitution were
modelled by polynomial functions. The occupants in the room were modelled to produce a constant
heat flux of 64.6 W/m? and reflect particles. Reflected particles were trackable by the user defined
function unlike trapped particles, and it was seen that many particles would settle on surfaces with
the reflection boundary condition, as their deposition velocity was low, preventing them from
rebounding. (Tu Intensity= 21.2, hydraulic diameter = 0.047 m)

Displacement:

The supply diffusers located on the stair risers were modelled as velocity inlets with inlet velocities
of 0.2m/s. The return grilles were modelled as pressure-outlets. The walls and occupants’
boundary conditions are same as in the mixing ventilation case.

Table 5-1: Boundary conditions for mixing and displacement ventilation cases

Mixed Displacement
Inlet location Ceiling Stair risers
Outlet location Upper left side wall Upper side walls
Inlet velocity (m/s) 2.9 0.2
Outlet boundary condition Pressure-outlet Pressure-outlet
Ambient temperature (°C) 23.5 23.5
Inlet temperature (°C) 18 17
Occupant heat flux (W/m?) 64.6 W/m? 64.6 W/m?
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5.2.2.2.  Particle Injection Details

Particles were injected into the domain to simulate the transport of respiratory aerosols.
The particle injection was modelled with reference to an average human cough. The SARS-CoV-
2 virus can be spread through airborne routes by a variety of exhalatory activities, for instance,
coughing, breathing, sneezing, talking among other many others [3]. Coughing, singing, and
sneezing have significantly higher droplet expiratory volumes in comparison to simply talking or
breathing [50]. Additionally, coughing is a primary symptom of COVID-19 infection [109], hence
a cough is the chosen form of particle injection for this study.

Cough initial velocities range from 6 m/s to 22 m/s based on Particle Imaging Velocimetry
and Interferometric Mie Imaging studies [4,5]. The initial velocity was set to 6 m/s to simulate the
risk for a minimum momentum expulsion, thus evaluating the risk as ventilation driven rather than
cough momentum driven. The mass flowrate was set to 5.2e-6 kg/s with 20 streams to produce
4000 droplets [4]. The droplets were assigned a density of 800kg/m”3. The cough period is set to
0.4 seconds according to Gupta et al.’s data [6]. Furthermore, the source diameter was set to 0.02 m
with a cone shaped expulsion and the release angle to 22 degrees [7]. The injection temperature
was set to 307.15K (34°C) as it is being expelled from the human body [68]. The particle diameters
were modelled with a Rosin-Rammler diameter distribution, with a minimum of 1 um and
maximum of 100 um based on Duguid’s paper [45]. The particle diameter data were fitted with a
Rosin-Rammler/Weibull fit resulting in a mean of 28.83 um, and shape factor of 1.30.

The infector location was simulated at three different locations to investigate the effect of
initial source location on respiratory aerosol spread. The locations of the infected occupants are
indicated in Figure 5-8 below circled in red. The locations for the infected occupants were chosen
based on variation in position with respect to the side walls, and the rows of seating. This allows
each location to provide information for the impact of z (specific row), x (location in a row), and

y (height of the row) on particle spread.
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Figure 5-8: Top view of the lecture hall, with infection source locations circled in red for front, middle

and back infection source cases.

3.3.1. 5.2.3. Risk Assessment

The lecture hall was divided into 22 zones with equal areas, to analyze how infection risk
varies over different areas of the lecture hall (see Figure 5-9). These zones were further reduced to
only include particles in the breathing zones of occupants, where most particles can be inhaled and
cause infection. Each zone includes two rows (with elevation differences of 1 tier), hence the
breathing zone was set from the top of the head of the upper row occupant till the desk of the lower
row.

The risk of infection for the occupants were measured using a modified form of the Wells-
Riley equation referenced from Buonanno et al. [143], see equation (9) below. The function for

risk of infection (R, %) is dependent on time, and evaluated for each zone of the lecture hall.

R 9
R= (1_e IR [, (t)dt) %) (9)
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IR (m3s), represents the inhalation rate of the occupants, which is set to 1.36 x 10* m%/s
(0.49 m®/h), based on the resting inhalation rate average for males and females [143]. In this study
a unity infection term is assumed, so the quanta concentration in n(t) (quanta/m?), is equivalent
to the particle concentration (number of particles/m®) [26]. In other words, one particle will result
in one quantum of infection. The quanta concentration is integrated over time, specifically by the
residence time of each particle as it enters a zone at time T; and leaves the zone at time T.

The risk value was then quantified by accounting for the total number of particles in the
breathing zone every time step (i.e., every 1 second for the current case), for a total of 300 seconds
(5 minutes). The integral of quanta concentration from T; and T was then reflected by the particle
counter; a simple example, if the total number of particles in an occupant’s breathing zone was 10
particles from 1-100 seconds, then 20 particles entered the breathing zone, thus the total particle
count became 30 from 100-200 seconds, the counter would equal:

10(100) + 30(100) = 4000

Figure 5-9: Top view of the lecture hall, divided into zones from Al to D5.
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5.3.  Results and Discussion

5.3.1. Ventilation Performance Results

The following figures show the velocity vectors and temperature distribution contours as a
result of the different ventilation configurations. The figures demonstrate the working principles
of the mixing and displacement ventilation configurations.

The ventilation cases were designed based on different working principles. The existing
mixing ventilation design is meant to function by mixing and dilution; the old and new incoming
air is mixed uniformly to achieve the recommended ACH. This leads high velocity air to be
inserted from the inlets located in the ceiling. The high velocity air comes down and vigorously
mixes the heated/contaminated air with the new incoming air, leading to any aerosols or
contaminants becoming diluted. This air movement is clearly depicted in Figure 5-10 below. The
air is injected at 2.9 m/s, which slows down but still retains momentum as it reaches the occupants

and the floor. After the jets reach different surfaces, vortices are created that propagate air mixing.
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Figure 5-10:Velocity vectors for the mixing ventilation case, in side view
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Figure 5-11: Temperature contour for the mixing ventilation case.

The results of the mixing phenomenon can further be seen in Figure 5-11, where the
temperature contour through the middle of the lecture hall shows an almost homogeneous
distribution of temperature. There is some difference in temperature between the front and back of
the room: the front areas of the hall are around 18°C -21°C, while areas at the back are slightly
warmer (21°C-24°C). This could happen because, even though the cooler incoming air is getting
mixed and distributed within the space, some buoyancy driven effects are causing the cooler air to
gather at the front while the warmer air drifts to the back. This effect was demonstrated well by
Chen, Niu and Gao [160].

For DV configurations, the working principle is based on thermal stratification: the buoyant
rising of warmer air displaced by the incoming cooler air results in air exchange in the space. The
rising motion of air due to thermal stratification is driven by heat dissipation from occupants (and
heat dissipating equipment), hence most air will rise near occupants. This upwards air motion is
observed by the velocity vectors in Figure 5-12. There is a clear upwards motion and slight

backwards motion of the velocity vectors coming from the occupants’ heat fluxes.
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Figure 5-12: Velocity vectors for the displacement ventilation case in, side view.

The DV working principle based on thermal stratification essentially divides up a room
into a vertical temperature gradient with the coolest air pooled at the bottom and the warmest at
the top. This temperature gradient is clearly depicted in Figure 5-13, which has three layers of
varying temperature. The occupants at the lower area of the lecture hall are in a colder zone of
17°C -20°C, the upper-level occupants are at an air temperature of 20°C -23°C, and the layer above
the occupants is 23°C -26°C. The occupants are kept at suitable temperatures for thermal comfort,
but there is a clear temperature difference between upper and lower-level occupants. This effect
was explained in a simulation study paper by Niu, Chen and Gao [160], who discuss that this might
not be ideal for occupants as the lower level occupants will receive more clean air compared to
upper level occupants; when the cool air enters through the floor risers it can flow downwards,
leaving little to no ventilation for the upper level occupants. The dispersion of particles in the

lecture hall can further illustrate how the air travels in each ventilation configuration.
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Figure 5-13: Temperature contour for the displacement ventilation case.
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5.3.2. Particle Dispersion Results
The following sections present the results of particle dispersion and risk comparison for

DV and MV configurations for infection sources at the back, middle, and front of the lecture hall.

5.3.2.1.  Front Injection Case

The first set of simulations for both DV and MV configurations begins with a coughing
infectious source at the front of the room. See Figure 5-14 where the cough begins to expel at 2
seconds of simulation time. The cough jet immediately begins to spread upwards and disperse for
the MV case, while the dispersions is slower for the DV case. In both cases the heavier droplets

(droplets in the size range of 60-100 pum) start falling downwards.
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Figure 5-14: 2 seconds of simulation time for the infectious source at the front of the room for a) mixing

ventilation case, and b) displacement ventilation case

After a minute (Figure 5-15), the particle spread patterns have become considerably
different. The MV case’s particles have begun mixing with the air and recirculating over the rows
in the front corner, as well as reaching upwards near the ceiling. This introduces risk to the 5 rows
of occupants located behind the infectious occupant. It can also be noticed that some of the
particles are approaching the air outlet, in which case, any risk introduced may not remain
stagnated for too long. The particles in the DV case move more gradually as they drift backwards

and upwards.
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Figure 5-15: 1 minute of simulation time for the infectious source at the front of the room for a) mixing

ventilation case, and b) displacement ventilation case
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Figure 5-16: 2 minutes of simulation time for the infectious source at the front of the room for a) mixing

ventilation case, and b) displacement ventilation case

By 3 minutes of simulation time (Figure 5-17), most of the particles in the MV case have
either exited, or diluted and spread in small portions over the front and centre of the hall. Some
particles have also reached the standing occupant and seem to be circulating in their breathing
zone. On the other hand, the DV case looks very prone to transmission, as all the particles have
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now slowly moved into the breathing zones of the rows behind the infectious occupant. Some of
the particles are rising upwards but most are gradually moving backwards towards the air outlet.
The particles also seem to be extending to the front of the room for the DV case, but have not yet
reached the standing occupant.
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Figure 5-17: 3 minutes of simulation time for the infectious source at the front of the room for a) mixing

ventilation case, and b) displacement ventilation case
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Figure 5-18: 4 minutes of simulation time for the infectious source at the front of the room for a) mixing

ventilation case, and b) displacement ventilation case
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At 5 minutes of simulation time (Figure 5-19), most of the suspended particles in the MV
case have either escaped or deposited on surfaces. A very small proportion of particles are seen to
reach the middle and other side of the room. As for the DV case, a small proportion of the particles
have escaped, while most remain suspended in the breathing zones of the rows behind the infection

source. A small amount of the particles have also flown up to the front-centre of the hall.
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Figure 5-19: 5 minutes of simulation time for the infectious source at the front of the room for a) mixing

ventilation case, and b) displacement ventilation case

The clear differences between the two configurations particle dispersion patterns come
down to two factors: their working principles and the location of the air outlet. The working
principle of MV configurations is based on high velocity mixing of fresh and contaminated air,
which allows the particles to quickly mix, dilute and also spread to several areas. This has both
risks and benefits from an airborne transmission perspective. Even though the particles are spread
to areas very far from the initial source location, a lot of the particles are mixed and diluted with
fresh air, which will inevitably reduce the infectious dose. In addition, the vigorous mixing lets the
particles reach the air outlet which can then pull these particles out of the room. It should also be
noted that the outlet was near the source occupant which allowed for a quick exit of the particles.

In terms of DV working principles, the ventilation is based on thermal stratification, i.e.,
cold air comes in from the stair riser diffusers very slowly and then the air moves up as it heats
from the occupants’ heat dissipation, and this upwards movement should essentially displace the

old air with the new. This phenomenon seems to be happening, but the terraced style of the lecture
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hall and the placement of the air outlet at the back of the room means the particles are slowly
moving upwards and backwards exposing several occupants on the way. The aerosols are landing
right in the breathing zones of the occupants behind the source occupant. If the room had a leveled
floor design, perhaps all the particles would stay above the occupants’ breathing zones. The DV
results demonstrate that if this type of ventilation is used, susceptible occupants should remain at

the same level or below the source occupant, as the risk of “lock-up phenomenon”—where

infectious aerosols stagnate in a susceptible occupant’s breathing zone [114]—is high and can

easily cause secondary infections if the susceptible occupants’ breathing zones in the lock-up zone.

5.3.2.2.  Middle Injection Case
The following injection of particles was produced from an occupant located in the middle

of the lecture hall, see Figure 5-20.
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Figure 5-20: 2 seconds of simulation time for the infectious source in the middle of the lecture hall for a)

mixing ventilation case, and b) displacement ventilation case

Within the first minute of particle dispersion, the spread area is significantly different
between the MV and DV case, as seen in Figure 5-21. In the MV case, the air mixing spread out
the aerosols over the entire middle and some back areas of the lecture hall. In contrast, the DV

case shows a conservative spread that is gradually moving backwards.
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Figure 5-21: 1 minute of simulation time for the infectious source in the middle of the lecture hall for a)

mixing ventilation case, and b) displacement ventilation case

By 2 minutes (Figure 5-21), the particles in the MV configuration have reached around 70%
of the occupants breathing zones, while they try to exit out of the outlets on the left wall. The
majority of particles are moving towards the outlet, causing the occupants on the left to be more
exposed to any risk of infection. The occupants near the complete right wall are mostly untouched
except for a few straggler particles. Looking at the DV case, all the occupants seated behind the
source occupant are getting enveloped by the particle stream, risking extremely high exposure.

However, the rest of the room remains completely untouched.
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Figure 5-22: 2 minutes of simulation time for the infectious source in the middle of the lecture hall for a)

mixing ventilation case, and b) displacement ventilation case

By 3 minutes (Figure 5-23), in the MV case the larger particles have settled on surfaces,
while the smaller particles are on their way out. For the DV case, the smaller particle are now
slowly making their way to the outlets on the 2 corners of each wall, while the larger particles have

mostly settled on the desks of the two rows of occupants right behind the source occupant.
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Figure 5-23: 3 minutes of simulation time for the infectious source in the middle of the lecture hall for a)

mixing ventilation case, and b) displacement ventilation case
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At 4 minutes (Figure 5-24), the particles are continuing their dispersion process for both cases.
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Figure 5-24: 4 minutes of simulation time for the infectious source in the middle of the lecture hall for a)

mixing ventilation case, and b) displacement ventilation case

At the 5 minute mark (Figure 5-25), most of the smaller particles have cleared out in the
MYV case, except for a small amount that is diluted out and recirculating in the space. For the DV
case, the particles have now reached the outlets and are beginning to exit, with the back rows being

exposed in the process.
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Figure 5-25: 5 minutes of simulation time for the infectious source in the middle of the lecture hall for a)
mixing ventilation case, and b) displacement ventilation case
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Particle dispersion results have varied for an infection source in the middle of the room, in
comparison to that at the front of the room. The exposure of particles to occupants has been much
higher, and more spread out for the MV case, but the removal rate of particles has been relatively
similar. The particle dynamics for the DV case has been similar in the middle source injection site
compared to the front: where the occupants behind the source occupant have all incurred doses of
slow moving infectious particles, as the particles reach the outlets. Thus, most occupants in the
MYV case have received low doses of infectious aerosols for a short period of time, while in the DV
case a proportion of the occupants have had a relatively longer exposure to a high concentration

of infectious aerosols.

5.3.2.3.  Back Injection Case
The following injection of particles was produced from an occupant at the back of the

lecture hall, see Figure 5-26.
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Figure 5-26: 2 seconds of simulation time for the infectious source at the back of the room for a) mixing

ventilation case, and b) displacement ventilation case

For the MV case the source infection at the back of the lecture hall, within 1 minute (Figure
5-27) the particles are violently dispersed in the entire back section of the lecture hall. The particles
are seen to reach 4 rows down as well as disperse sideways towards the return grilles. The particles

in the displacement ventilation case are more conservatively spread, the particles are moving
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upwards and towards the closest return grille on the right (from readers perspective). This is
because the heat plumes and stratification induced by the displacement ventilation design

propagate the aerosols to rise above the breathing zone.
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Figure 5-27: 1 minute of simulation time for the infectious source at the back of the room for a) mixing
ventilation case, and b) displacement ventilation case
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Figure 5-28: 2 minutes of simulation time for the infectious source at the back of the room for a) mixing

ventilation case, and b) displacement ventilation case
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Figure 5-29: 3 minutes of simulation time for the infectious source at the back of the room for a) mixing

ventilation case, and b) displacement ventilation case

As time progresses, the particles in the MV configuration start dispersing further to the
front of the room in sparse amounts. While, for the DV case most particles do not escape the route
towards the right outlet, but rather stagnate above the source occupant until they are pulled out by
the outlet. Some particles in the DV configuration have found their way down the rows. In the MV
case, by 4 minutes of time, a few particles had already reached the standing occupant at the front

of the room.
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Figure 5-30: 4 minutes of simulation time for the infectious source at the back of the room for a) mixing
ventilation case, and b) displacement ventilation case
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Figure 5-31: 5 minutes of simulation time for the infectious source at the back of the room for a) mixing

ventilation case, and b) displacement ventilation case

As the simulation time reaches 5 minutes (Figure 5-31), the particles in both ventilation
settings have partially cleared out and remain in sparse concentrations. The main difference in
dispersion seen from the back injection set of simulations is that the particles reach the front of the
lecture hall for the MV case. However, for the DV case a small concentration of particles moved
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four rows down, while most particles concentrated over the source occupant, as they exited. In this
case, the DV configuration performed most optimally because, firstly, the infectious source was
located at the top of the lecture hall, so any lock-up of particles happened above and away from
anyone’s breathing zone. Secondly, the outlet was close to the infectious occupant, thus the
particles were able to quickly exhaust out, performing favorably with the working principles of
DV. The MV configuration however, was not ideal, because the exit was farther away, resulting
in the particles mixing and spreading to a large area of the lecture hall before exiting. After 5
minutes many of the particles were still not able to escape, and rather recirculated and lingered at
the back areas of the lecture hall.

The particle dispersion results above were effective to visualize the particle spread.
However, it was difficult to observe the risk of infection posed to occupants within each scenario.
A quantified risk of infection map will provide more insight as to which cases involved higher

infection risk.

5.3.3. Risk Maps

The following figures include risk maps that are representative of the spatial distribution
of infection risk in the lecture hall. The risk maps account for exposure to particles in the breathing
zones of occupants, the duration of exposure and the quantity of exposure, thus providing an
accurate representation of infection risk within the six cases studied.

The risk of infection is separated into 22 zones of equal area (see Figure 5-9). The zones are
evaluated at heights based on the breathing zones of each level of occupants in the lecture hall.
The risk value was determined with equation (9), to represent the risk of infection occupants in
each zone are exposed to. The risk maps are colored by the level of risk: green-little to no risk,
yellow-low risk, orange-medium risk, red-high risk.

Looking at the risk map for the case of an infection source at the front of the room (Figure
5-32), we see infection begins in zone A5, which has a risk value of 100% for both ventilation
configurations. In the MV case the risk gets lower looking at the zones above A5 (i.e. A4, A3, A2
and Al), while for the DV case the risk lowers too, but the reduction in risk is not as significant as
in the MV case. For instance, for MV in zones A3 and A4 the risks are 31.48% and 1.70%
respectively, while for DV they are 73.68% and 45.34% respectively. They risk zones vary by a
risk level for the two different ventilation cases. Another aspect that changes the outlook of risk
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distribution is the spread of risk through the entire map. For MV all the zones except for C5, have
a risk value above 0, which means that the infectious aerosols spread extensively through the
lecture hall, even if a very small number of particles were distributed to the far-field zones. In
contrast, for DV 9 zones in the upper right corner were untouched by particles in the breathing
zone for the 5 mins of simulated time. The risk maps are reflective of the particle dispersion
patterns seen in Figure 5-15-Figure 5-19: where the particles were diluted and widespread for
MV—represented by the widespread distribution of low risk zones, and the particles were

concentrated and moving upwards to the outlet for DV—represented by the high risk zones in

row A.

0.33% 0.19% 0.00% 0.00%

0.35% 0.23% 0.35% 0.00%
0.26% 0.00% 0.11% 0.00%

1.79% 0.10% 45.34% 0.00%
0.87% 1.51% 0.95% 0.00%

31.84% 0.53% 73.68% 0.00%
1.53% 0.99% 8.37% 4.04%

75.73% 2.86% 94.04% 0.00%
12.75% 5.29% 36.82% 8.34%

100.00% 4.17% 100.00% 0.00%
32.23% 10.86% 59.76% 4.47%

a) Mixing Ventilation: Front Source b) Displacement Ventilation: Front Source

Figure 5-32: Risk map for an infection source located at the front of the lecture hall for a) mixing

ventilation case, and b) displacement ventilation case

Looking at the risk map for the case of an infection source in the middle of the room (Figure
5-33), we see infection begins at the halfway point of zone B4 and C4, which have a risk value of
96% and 99% for MV, and 100% for both those zones in DV. The risk of infection is again
widespread for MV similar to the case of infection source at the front (Figure 5-32 a), however in
this case there are 4 more medium risk zones and 2 more high risk zones. For the DV case, there
is one more high risk zone in the middle source case (4 zones) compared to the front source case,
and the same number of medium risk zones (3 zones). There is also a similar portion of zones with
around 0% risk in DV, for both front and middle case. Overall, in the middle infection source case,
the risk was spread out and comparatively high for MV, while for DV the risk was high in the
zones behind the source occupant, but the risk was conservatively spread. This risk distribution

was reflected in the particle dispersion results as seen in Figure 5-21 to Figure 5-25, where the
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particles spread out in high concentrations for MV, while it was compactly drifting backwards for

33.35%

DV.
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Figure 5-33: Risk map for an infection source in the middle of the lecture hall for a) mixing ventilation

case, and b) displacement ventilation case

Looking at the risk map for the case of an infection source at the front of the room (Figure
5-34), we see infection begins in zone C1, which has a risk value of 100% for both ventilation
configurations. In the MV case the risk is then spread out from the back towards the middle and
left. This leads to 3 high risk zones, 4 medium risk zones and 6 low risk zones in the MV
configuration. The DV configuration however has only 1 high risk zone, 2 medium risk zones and
6 low risk zones all of which have risk values significantly lower than the MV case. This drastic
difference in risk distribution for the two cases can be explained by their working principles. In
the MV case, right as the aerosols were expelled, they were mixed and dispersed aggressively,
causing them to spread around the back areas of the lecture hall. On the other hand, the aerosols
in the DV case were slowly lifted upwards due to thermal stratification, leading the aerosols to get
“locked-up” at the height of the air outlet; thus, the particles were able to quickly exit without

dispersing in the lecture hall.
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Figure 5-34: Risk map for an infection source at the back of the lecture hall for a) mixing ventilation case,

and b) displacement ventilation case

Comparing the front, middle and back infection source locations it was demonstrated that
the front infection source was optimal for the MV configuration, and the back infection source was
optimal for the DV configuration. It was also observed that the outlet location had a significant
impact on aerosol removal rates, as the settings where the outlet was closest to the coughing
occupant had particles removed at a faster rate and limited particles spreading throughout the room.
This was evident for the front infection source case in the MV configuration (see Figure 5-14 to
Figure 5-19) and the back infection source case in the DV configuration (see Figure 5-27 to Figure
5-31).

Overall, the DV configuration is ideal if the infection source is known and can be placed
closest to the outlet to limit dispersion and exposure to other occupants. Furthermore, if the room
is terraced like a lecture hall in DV configurations, the highest locations should be dedicated for
symptomatic occupants and the lowest for vulnerable occupants. That way the thermally stratified
air flow will carry the expelled aerosols upwards, preventing any exposure to occupants’ breathing
Zones.

The MV configuration is ideal for overall reduction in infection if the infection source is
not known. This is because MV dilutes and mixes aerosols quickly and uniformly regardless of
the position of the infection source. The probability of infection to all occupants in a MV
configuration are comparatively lower to DV configurations. In DV configurations a small number
of occupants that may be in the infection source’s lock-up region get a high dosage and long period

of exposure, which can overwhelm the immune system of occupants. This is depicted in the plot
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in Figure 5-35, which shows the total number of particles (in the breathing zones) multiplied by
their residence times, from 1 to 5 minutes, for the middle injection case. The mixing ventilation
case has a lower residence time and number of particles than the displacement ventilation case 1
minute in. As the total number of particles in the breathing zone starts clearing out for both cases,
there is a gradual reduction of the “particle number x residence time”, and by 5 minutes the
difference between the particle number over their residence time for DV is 2.6 factors higher than
MV. In Figure 5-20 to Figure 5-25, the particles are seen to spread out for both cases, but for the
MYV case the particles were quickly dispersed and quickly deposited or were escaping. While, for
the DV case the particles were slowly moving towards the outlets. Therefore, the higher residence
times, and significant concentrations stagnating in the breathing zones of (the few) occupants
resulted in the higher total “particle number x residence time” for DV in the plot (in Figure 5-35).
Thus, in MV configurations the aerosols clear out rapidly, which reduce the risk of potential

infection in comparison to DV configurations.
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Figure 5-35: Total number of particles in the breathing zone for the middle source injection from 1-5

mins. The number of particles in the mixing ventilation case is shown in blue and the number of particles

in the displacement ventilation case is shown in red.
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The higher residence time of particles for DV configurations is also conducive to higher
airborne infection spread through re-dispersion. The particles tend to slowly drift towards the
outlets in a path, but as movement occurs in the lecture hall space, which often happens when
students change classes, the path of contained particles will get disturbed and spread out. This
means the high concentration of particles grouped together will then be dispersed into several areas
of the lecture hall. Several occupants in the incoming class will now also be exposed to the

infectious particles.

5.4. Conclusions and Future Work

This chapter modelled a lecture hall space from the Curtis Lecture Halls at York University
campus. Six different cases were studied, two ventilation configurations: mixing (existing) and
displacement ventilation, and three infection source locations: front, middle and back. The main
objectives were to firstly, evaluate sensitivity of infection source locations with respect to the room
and ventilation layout, and secondly identify any optimal scenarios for minimal airborne
transmission risk within lecture halls. CFD was used to simulate the ventilation and particle
dispersion, and a modified Wells-Riley risk equation was used to construct risk maps for the lecture
hall separated into multiple risk zones.

The results showed a range of risk values based on the ventilation configuration as well as
infection source locations. The results confirmed that infection source locations can be important
based on the ventilation type, location of the outlet and the design of the room. Displacement
ventilation had more magnified effects for the infection source location in comparison to the
mixing ventilation configuration, where for the DV case the infection source location at the front
exposed the most occupants to infection, and the infection source at the back quickly and
efficiently removed most of the infectious particles out. The scenarios in both ventilation types
with the infection source closest to the outlet performed the best.

The concluding decision for this study was that mixing ventilation is a better choice
compared to displacement ventilation for infection minimization in lecture hall spaces. Two
specific reasons contribute to this conclusion. Firstly, lecture hall spaces are terraced, so the
occupants have different breathing heights, which sets DV configurations at a disadvantage; DV
configurations raise the expelled contaminants above the infection source occupant causing a

“lock-up” region. This cloud of raised infectious aerosols then flows right in the breathing zones
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of the occupants sitting behind the source occupant, exposing them to a high dose of infectious
particles. DV configurations risk serious infection for the occupants behind the source occupant
since occupants get a high dose and long exposure of infectious aerosols. In comparison, MV
configurations distribute the aerosols at small concentrations all over the space, reducing the risk
of high exposure to most occupants. Secondly, lecture halls have a high turnover rate of occupants,
and it has been observed that DV configurations have a higher residence time of aerosols: as the
DV configuration slowly removes stagnated aerosols, there is a risk of re-dispersion of the path of
aerosols when occupants change classes. Thus, when the aerosols are disturbed from their flow
path, they will disperse and infect several occupants that were previously not in the lock-up zone.

Future work can consider other educational spaces such as small classrooms, labs, lounges,
and open-concept workspaces. Other novel ventilation configurations in lecture halls can also be
valuable to investigate, as well combining current ventilation configurations in lecture halls with
control measures such as plexi-glass barriers and air cleaner locations. Lecture hall spaces are
prevalent in many institutions, and as re-opening of educational spaces has become a priority, this
study will help to inform on the risks of infection transmission in these spaces. Ensuring control
measures such as masking, vaccination and social distancing within these spaces is crucial to
reducing the risk of infection, with the most important measure: ensuring proper ventilation

operation within occupied indoor spaces.
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Chapter6 A combined CFD-SIR method to model airborne

transmission in indoor environments.

6.1. Introduction

During the early months of the pandemic when measures such as masking and social
distancing, to mitigate transmission were not prevalent, it was up to the ventilation in indoor spaces
to control the airborne infection spread. Most residences and public spaces have heating,
ventilation, and air-conditioning (HVAC) systems that ensure the indoor air quality is maintained,
with regular air inflow, filtration and exhaustion. Ventilation plays a major role in airborne
transmission minimization if designed with effective removal of airborne contaminants in mind
[111]. Additionally, each indoor space is different from the occupant locations, ventilation type
and location, furniture layout and other obstructions [12] which is why one solution cannot be
applied to all settings [11]. An important aspect to further consider for airborne transmission of
viral particles is the location of the infection source with respect to the ventilation. The interaction
between the ventilation induced air pathways and the respiratory aerosols from the infection source
can have different outcomes for the airborne transmission risk in a room.

Currently infectious aerosol transport in various spaces is effectively measured through
CFD (Computational Fluid Dynamics) studies, which can incorporate various ventilation settings,
occupants heat fluxes and particle transport [18,110,147]. However, this method can be
computationally expensive and require long simulation times, especially if long-term effects (such
as several days) of infection spread need to be considered. Such long-term infection dynamics
would be valuable in infection outbreaks where the same occupants remained in areas over
multiple days with poor ventilation design, such as the COVID-19 outbreaks in the cruise ship
[100]. A long-term infection dynamics model could also be valuable in spaces where occupants
arrive daily/regularly and remain in the space for long periods of time thus propagating infection
in the space, such as in office spaces [98].

Looking at the long-term dynamics of airborne transmitted diseases and the impact of
control measures is simple when classic epidemiological models such as the Susceptible-Infected-
Recovered (SIR), or Susceptible-Infected-Susceptible (SIS) model are used. With the emergence
of the SARS-CoV-2 virus, epidemiological models have been instrumental in quantifying the
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population-scale risks of the disease. For instance, the basic reproduction numbers helped
determine whether an endemic would occur [163-165]and whether the implementation of control
measures would eradicate or at the least slow down infection [166,167]. Furthermore, a study
conducted by Aruffo et al. [168] of a theme-park showed how epidemic models can be scaled
down to investigate smaller population sizes, resulting in venue specific control measures. They
concluded that increasing cleaning rates would prevent the most infection transmission, as human-
environment transmission was the highest. However, epidemic models are generalized for a large
population with transmission rates that are all encompassing and do not reflect the intricacies of
transmission. On the other hand, airborne transmission’s complex dispersion patterns are simulated
well with CFD. Coupling CFD results to classic epidemiological models is a method that can
obtain both spatially distributed airborne transmission risk and long-term infection dynamics in a
room’s population. Noakes et al. [169] performed a similar method of airborne transmission
analysis with epidemic models, however they used the Well’s Riley equation to determine the
airborne transmission risk, the drawbacks of which have been discussed earlier in this review.
Noakes et al. [169] also discuss how such coupled models could be valuable for diseases where
the incubation times are shorter or similar to exposure times, for instance, in hospital wards where
nosocomial infections occur from highly contagious airborne diseases. Asanuma and Ito [35]
performed a study that coupled unsteady CFD results of airborne contaminant concentrations to
an SIR model through the transmission rates, resulting in optimistic results for the usability of a
CFD and epidemic model coupling method to predict airborne transmission risks in a space. The
method can then be used to further determine the variation in airborne transmission risk for a space
based on the ventilation design and occupancy zones.

The current project proposes an airborne transmission risk estimation method that
determines whether a certain ventilation and occupant layout will lead to a viral outbreak or quick
eradication within the space. This risk model evaluates the impact of ventilation designs and
infection source locations towards the long-term (several days of) risk distribution in the space. A
key measure of the airborne transmission risk is defined through a pseudo-reproduction number.
A pseudo-reproduction number mimics the “basic reproduction number” seen in epidemiological
models, but it differs from the basic reproduction number because it is a measure of the simulated
long-term effects of infection transmission dynamics in a small population in an indoor space,

rather than a measure of infection transmission dynamics in a large-scale population. The method
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will involve an initial CFD simulation coupled with a zone-specific Wells-Riley risk equation will
output parameter values for the identification of various risk zones, as well as transmission rates
among those risk zones. After which, these parameters will be used in a classic Susceptible-
Infected-Removed (SIR) differential equations model to,
)] determine the risk and severity of outbreaks that are caused by airborne transmission and,
i) identify possible measure that can be taken to minimize airborne transmission risk in the

space.

6.2. Methodology

The mathematical model implemented within this study is a Susceptible-Infected-Removed
(SIR) model, which incorporated host heterogeneity. Host heterogeneity was considered with
respect to occupants identified to be within high risk, medium risk and low risk zones in the
domain. The host heterogeneity was based on varying risk zones which allowed the model to
incorporate spatial heterogeneity of airborne transmission risk in a domain. The domain was a
square (6 x 6) m room sectioned into 9 separate zones for risk evaluation. Three cases were
considered:

1) Original-with 2 air outlets at the back of the room and with full occupancy,

2) Extra Outlets-with 4 air outlets distributed symmetrically at the back and front of the room

with full occupancy, and

3) Removed Occupants-with 2 air outlets at the back of the room and the front 3 zones of

occupants vacated (see Figure 6-1 below for all the three case’s layouts).
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Original Case

Figure 6-1: Layout of the domains for the three cases: original case, extra outlets case and removed

occupants case. The red arrows indicate the location and direction of air outlets and the blue heads

Extra Outlets Case

' Air outlet

Occupant

Removed Occupants

Case

indicate occupants. The domain is separated into 9 zones with the dotted lines.

The progression of the study began with the risk distribution results of the original case

with the air outlets at the back and full occupancy. From those results it was noted that the front

zones accumulated more particles thus becoming high risk zones. Based on the original case

results, control measures were implemented to see the effects they had on the risk distribution

infection progression. Two different control measure were implemented:

a. Adding extra outlets in the front of the room- it was evident from the results that the zones

closest to the air outlets had the lowest concentration of particles in the breathing zone. Thus,

a control measure of changing the ventilation layout by installing additional outlets in the front

would reduce the high risk and medium risk zones to be low risk zones in the front of the room.

b. Removing occupants from the front of the room- considering the front of the room had higher

risk of infection, vacating occupants from those zones would provide an overall lower pseudo-

reproduction number for the room.
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6.2.1. Assumptions
The following assumptions are considered in the model:

1) The cases are assumed to take place during the early months of the pandemic, hence
masking and social distancing are not included.

i) The particle dynamics results for an hour are stretched to assume the same conditions apply
for 30 days, which results in a long-term pseudo-reproduction number.

iii) The occupants do not travel between different risk zones, i.e., the occupants do not change
from being in the high-risk zone to medium or low risk zone, an occupant will remain in
the same risk zone for the duration of the simulation.

iv) The transmission rates are average rates of an infectious individual affecting a susceptible
individual from different/same zones; the transmission rates of two different pairs of high
risk to low risk zones can vary but an average between the two will be assumed.

v) The simulation is run for 100 seconds (which is when most particles clear out) then
multiplied by six to assume the scenario of particle expulsion is repeated every ten minutes
for an hour of evaluation.

vi) The incubation time for the Coronavirus disease is approximately 5 days which is the
average time taken for an individual infected with COVID-19 to become symptomatic
[170]. After the individual becomes symptomatic, they are removed from the space at a

rate of 0.2 removals/day.

6.2.2. Flow Diagram

The following figure (Figure 6-2) demonstrates the flow diagram for the model. The
subscripts H, M and L indicate high, medium and low risk zone occupants. The first set of boxes
represent the occupants that are susceptible in the high, medium, and low risk zones indicated as:
SH, Sm, Si, respectively. When the susceptible occupants become infected, they then enter their
respective infected classes in the high, medium, and low risk zones indicated as: In, Im, Ii,
respectively. Finally, the removed class: R, representing all infected individuals that leave the
space (assumed to be quarantined once symptoms appear). B represents the infection transmission
rates of occupants from the Susceptible class to the Infected class, and y represents the removal
rates of occupants from the Infected class to Removed class. The subscripts on B represent the

susceptible and infection source risk groups, respectively.
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Figure 6-2: SIR flow diagram for high, medium and low risk zones. The solid blue arrows indicate the
progression of occupants in different risk zone from their respective Susceptible class to the Infected class
and finally to the Removed class. The dotted arrows represent the infection transmission routes from

Infecteds of each risk zone to Susceptibles of each risk zone.

The arrows indicate the infected occupants from each risk zone able to infect the
susceptible occupants in each of the three risk zones: the red arrow indicates infection from
infected occupants in the high risk zones, yellow represents infection from infected occupants in
medium risk zones and green represents infection from occupants in the low risk zones. The
parameters for the transmission rates corresponding to each arrow has not been indicated in the
flow diagram below, refer to the contact matrix (see matrix (1)) below for all the transmission
routes.

6.2.3. Equations and Parameters
6.2.3.1. Ordinary Differential Equations (ODE)

The transmission rates for the various cases were put into a contact matrix accounting for
the 9 permutations of transmission rates (see below). The diagonal of the matrix (By, Bum, BiL)
are the transmission rates for infectious classes infecting susceptible classes within the same risk

zones. The first row of the contact matriX, (Byu, Bum, Bur) are the transmission rates from
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infectious classes of high, medium and low (will be referred to as “X” from now on), respectively,
infecting susceptible occupants in the high risk zone. The second row, (Byu, Bum, Bui) are the
transmission rates from x infectious classes infecting susceptible occupants in the medium risk
zone. From the third row, (B.u, Bim, Bri) are the transmission rates from x infectious classes,
infecting susceptible occupants in the low risk zone. The matrix is not symmetric, as the high risk
occupants will most likely infect the most occupants while low risk occupants the least, hence the

first column will dominate the matrix.

Burn  Bum  BuL (10)
B = [.BMH Bum .BML]
B  Bim B

The following equations (see equation (11) to equation (16)) are the ordinary differential
equations representing the change in the susceptible and infectious populations in the three risk
groups. The transmission rates are multiplied by the respective infected proportions of occupants
from each risk zone, which is summed to represent the overall g1 for each susceptible host type.
Then the BI terms are multiplied with the proportion of susceptibles, S, in the x risk group which
is the number of susceptibles in x risk group over the total number of people N in the room. The y
term is the removal rate, which is set to 0.2 for all cases, based on the average time taken for
COVID-19 infected individuals to develop symptoms (incubation period). The assumption is that

once occupants become symptomatic, they are removed from the room.

ds 11
d_tH = —(Bunly + PumIy + BurlL) Su (1)
as 12
d_;w = —(Buuly + Bumly + BurlL)Su ( )

ds,, (13)

T —(Bruly + Brmly + Brill)Sy
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(14)

dl
d_: = (Bunly + Bumiy + Burly) Sy —viy
dl 15
d_;fw = (Buuly + BumIm + Burl)Su — vy (15)
dl 16
d_; = (Bruly + Brmly + Brill)SL — Vi (16)
(7

dR
P vig +viy + vi,

The eigenvector (see below) can then be derived from the Jacobian matrix, and the respective
values, I, I, I; will represent the distribution of infections caused by each risk zone in the slaved
region only.

I (18)

Eigenvector = | I,
I

6.2.3.2. Pseudo-Reproduction Number
The pseudo-reproduction number can be calculated by, first deriving the Jacobian matrix for the

infection ODEs:
Buunu — v Bumnu BuLny (19)
J=| Buunwm Bumny — ¥ Burnm
Bruny, BLuny, Brn, —y

Further calculating the respective pseudo-reproduction numbers, R§, which represents the number

of secondary infections caused by a primary infection from x risk zone, as seen in equations (20)-

(23) below.
RH — (Buunu + Buunm + Bruny) (20)
"=
)4
RM — (Bumny + Bumnm + Brune) (21)
M=
)4
RL — (Burng + Burnm + Brine) (22)
L=
Y
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After finding the respective pseudo-reproduction numbers contributed by x risk zones, the effective
pseudo-reproduction number can be calculated as the summation of R¥ - I from each x risk zone,

as seen in equation (23) below:

R, = RJIi + Ry Iy + RyIP (23)

6.2.4. Computational Fluid Dynamics (CFD) Setup

The CFD domain was designed as a (6 x 6) m room, divided into 9 zones. Each zone has 4
occupants each, consisting of a total of 36 occupants (see Figure 6-3 below).

I
|
|
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|
|
|
|
|
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|
|
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|
|
|
|
|
|
|
|
|
|

s o e L T

Figure 6-3: The CFD domain in top view, with equal sized zones 1 to 9 divided by the dotted lines. High,

medium and low risk will be based on these zones.

In terms of the ventilation design, the room was designed with 6 air inlets on the ceiling
with KFD-KLD 1000-2 linear slot diffusers, that have an effective area of 0.0191 m? [15]. The
assigned boundary condition is a velocity inlet with 1.9 m/s of air flowing in. The air outlets are
located at the bottom two corners at the back of the room with dimensions (40 x 25) cm, assigned

as pressure outlets (see Figure 6-4 below of the domain in isometric view with indicated inlets and
outlets).
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6.2.4.1.Meshing

The domain is meshed with unstructured tetrahedral cells with element sizes of 5 cm. The inlets
are refined to have element sizes of 0.95 cm. Prism layers are added to the domain walls with
default settings, ensuring a maximum of 15 layers and a growth rate of 1.2. There were a total of

6.26 million elements and 1.3 million nodes in the domain.

6.2.4.2.Numerical Modelling Setup

The general setup followed the same methodology as described in section 3.1.2. To
simulate airborne transmission 9 particles with diameters of 1 um were injected from the centers
of each zone, for a total of 99 particles tracked in the domain. The total number of particles is
small, which raises concerns in terms of statistical significance of the particle distributions in the
domain, but due to the large amount of data needed to process and considering the limited time,
the simulation resorted to a small population of particles. The particles were injected in a single
stream at 0.02 m/s in the z-direction for a period of 1 second (simulated time), after which the
particles were tracked for a span of 100 seconds. The mass flow rate of the particles was 1x10°
20 kg/s. The contact matrix is calculated through the allocation of particles in the various zones of
the domain. The particles are spread all over the domain, but only particles suspended or entered
in the breathing zone—in this case +60 cm (y-axis in Figure 6-4) from the manikin shoulders—
are considered. These particles are then further filtered out based on their location in x and z
coordinates, to determine which zone they are located in (see Figure 6-3 for the separate zones).
The particles are tracked based on the source zone they are released (injected) from, and so the
distribution of particles over time with respect to their source injections are plotted for each zone

to identify the high, medium, and low risk zones as well as derive parameters for the contact matrix.

99



‘ Air inflow

- =
n{!!mhw
0

Figure 6-4: CFD domain in isometric view with 9 inlets indicated with blue downwards pointing arrows

and 2 outlets indicated with red arrows in the negative direction of the z-axis. The cuboids with cubed
heads are the simplified geometry for the occupants.

6.2.5. Risk Modelling
The risk of infection for the occupants were measured using a modified form of the Wells-Riley
equation acquired from Buonanno et al.[143], see equation (24) below. The function for risk of
infection (R, %) is dependent on time, and evaluated for each zone of the lecture hall.
T (24)
R=|1-exp (—IRjn(t)dt) (%)

T;

IR (m®/s), represents the inhalation rate of the occupants, which is set to 1.36 x 10 m%/s
(0.49 m®/h), based on the resting inhalation rate average for males and females [143]. In this study
a unity infection term is assumed, so the quanta concentration in n(t) (quanta/m?®), is equivalent
to the particle concentration (number of particles/m®) [26]. In other words, one particle will result
in one quantum of infection. The quanta concentration is integrated over time, specifically by the
residence time of each particle as it enters a zone at time T; and leaves the zone at time T.

The risk value was then quantified by accounting for the total number of particles in the

breathing zone every time step (i.e., every 1 second for the current case), for a total of 100 seconds.
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The integral of quanta concentration from T; and T was then reflected by the particle counter. The
total risk for an hour is then calculated by assuming particle expulsion events occur every
10 minutes during an hour of exposure, thus the time integrated quanta concentrations are

multiplied by 6 then inserted into the risk equation.

6.2.6. Contact matrix derivation

In order to derive the contact matrix, the risk distributions are referred to. The evaluation
of high, medium and low risk zones is based on the quanta retention from particles generated in
the source zones. Thus, if particles stagnate in the zones they were injected in, those zones have
poor ventilation and are considered high risk zones; and, if particles are quickly removed from
their source zones, they are considered low risk zones with effective ventilation. The risk zones
will be based on relative risk distributions. In this specific case, zones with greater than 25% risk
are considered high risk, zones with risk between 12.5% and 25% are considered medium risk and
less than 12.5% are considered low risk. These values were derived based on the occupancy in
each zone (of 4). Thus, a high risk zone will cause a transmission rate of 1 or higher, medium risk
will result in a transmission rate between 0.5 and 1 and low risk will contribute to a risk less than
0.5. The values for transmission rates of each zone from its own injection, as well as from other
zones can then be derived.

Table 6-1: Risk ranges and number of Infecteds for low, medium and high risk zones.

Risk Zone Range (%) Number of Infected Individuals
(Susceptibles x Risk%)
Low Risk Less than 12.5 Less than 0.5
Medium Risk Between 12.5 and 25 Between 0.5 and 1
High Risk Greater than 25 Greater than 1

Referring to assumption ii, that stated the transmission rates are average rates of an infectious
individual affecting a susceptible individual from different/same zones. Hence for Sy, :
1. the particles from all the low risk zones in each high risk zone is summed,
2. then the total of all particles from low risk zones in high risk zones is divided by the total
number of high risk zones,
3. multiplied by 6—to account for the risk during an hour of exposure with particle expulsion

every 10 minutes.
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4. Then the value is inserted into equation (24)—to derive the total risk percentage of risk
from low risk zone Infecteds to high risk zone Susceptibles.

5. This risk value is multiplied by the total number of Susceptibles in each zone (which is 4)
to finally result in a transmission rate—that conveys the number cases that can result in a

4 occupancy zone.

6.3. Results and Discussion

6.3.1. Particle Distributions

The particle distribution results are acquired from the CFD simulations and filtered to
include the particles only in the breathing zone as they are the main contributors of infection. The
particles dispersed, settled, stagnated, or exited from the room and that is reflected through the
particles integrated over their residence times. This data collection method for particle distribution
is preferred as in airborne transmission scenarios, the concentration of particles, as well as
residence time of particles are both contributors towards higher infection risk; a small
concentration of particles exposed to occupants for a long period of time can have a similar risk of
infection as a large concentration of particles exposed for a short period.

Referring to the particle distribution histogram in Figure 6-5, the particles concentrations
integrated over their residence times for each of the 9 zones in the room are demonstrated (as
labelled in the y-axis). From here forth the particle number multiplied over the residence time will
simply be referred to as “particle concentrations.” As described in the CFD methodology, the
particle distribution data is collected based on their source injection x, y, and z coordinates,
therefore, the x-axis is labelled in accordance with their source zone. All three cases of particle
distributions are included in the histogram to allow for comparison. The blue bars indicate particle
distribution results for the original setup case, the red bars indicate the results for the case with
extra outlets added at the front and the yellow bars indicate the case with occupants removed from
the front of the room.

For most of the zones, excluding zone 1, 7 and 9 (for the extra outlets case) the dominant
particle concentrations are from the zone’s own particle source. Zones 1 and 7 are the closest to
the air outlets which explains why their particle concentrations from their source injections are

relatively low; the particles were quickly exhausted out and did not linger in the breathing zone.
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Also, zones 1 and 7 have more particles from neighboring zones in comparison to the other zones,
which is also explained by the location of air outlets, as particles are attracted towards and carried
out by the airflow pathways induced by the air outlets. Identifying some high risk zones, zone 3
and 9 for the original case, and zone 4 for the removed occupants case, have particle concentrations
of 500 to 600 tracked from their own sources. This means that after the particles were injected out,
they lingered in the breathing zone for a while. These are examples of high risk zones as the

occupants in those zones (for the specific cases) were at a high risk for infection.
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Figure 6-5: Histograms for particle distributions in each zone for all three cases: original setup, adding

extra outlets and removing occupants from zones 3,6 and 9.

The results from each case tell a story for how the particles dispersed in the room. Looking
at the original case first, we see zones 3 and 9 at the bottom with the highest concentration of
particles. The zones upwards slowly reduce in particle concentrations, with zones 1 and 7 where
the air outlets were located with the least height of particle concentrations. On the other hand,
zones 1 and 7 have a high diversity of particle sources as zone 1 has particles from 1 (own source
particles), 2 and 4, while zone 7 has particles from zones 5, 7 (own source particles) and 8. This
leads to the inference that the particles could not escape from the front zones (3, 6 and 9) and

remained there, while the particles from the middle zones were close enough to the outlets that
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they were pulled into zones with the outlets (zones 1 and 7) and some of them were able to escape.
Zone 4 had a relatively high particle concentration, which may be because the pull from the two
outlets (in zones 1 and 7) were symmetrical thus a resultant zero net force was created for the
particles in zone 4.

The extra outlets case has similar patterns to the original case with diverse sources
injections for particles in the zones adjacent to outlets (in this case, zones 1, 3, 7 and 9). However,
the main and valuable takeaway from the extra outlets case is that the control measure of adding
extra outlets in the front of the room reduced the particle concentrations by 42.8% for zone 3, 40%
for zone 6 and 93% for zone 9, all of which are quite significant. Another difference between the
original case and extra outlets case is the particles in the middle zones, specifically zone 5 and 8,
which have a higher particle concentration than the original and removed occupants case. This
could have been caused by the equal pull from opposite outlets, which keeps the particles stagnated
in the middle.

In terms of the removed occupants case, the results are similar enough to the original case.
This is expected as the ventilation layout has not changed, so the particle concentration differences
between the original and removed occupants case in zones 1, 2, 4, 5, 7 and 8 (zones where particles
were injected and occupied for the Removed Occupants case) should only be because of stochastic
effects in turbulence. If the occupants in the domain were simulated to produce heat fluxes, there
would be changes due to the difference in heat flux with reduced occupants, but since the energy
equation was neglected for simplicity and simulation time reductions no heat flux changes need to
be considered for the differences in results. The only significant difference is that there are no
visible particle concentrations for zones 3, 6 and 9. There is a very small particle concentration
(with a value of 7 from injection 4) in zone 9 for the removed occupants case, which resulted from
the air circulation in the room due to turbulence effects.

6.3.2. Risk Zones

The particle concentrations from each zone’s own particles were then converted into risk zones to
determine the risk of infection in the zones, as well as to translate the results into transmission
rates for the epidemiological model. The following images (Figure 6-7-Figure 6-8) show the risk
of infection in each zone based on Buonanno et al.’s modification of the Wells-Riley risk equation

(see equation (24)). As discussed in the methodology, risk group identification is based on three
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ranges: risk values of 0-12.5% are considered low risk zones and the risk value is coloured in green
in the figures (Figure 6-6 to Figure 6-8), risk values of 12.5-25% are considered medium risk zones

and are coloured in yellow and risk values greater than 25% are considered high risk zones and

are coloured in red.

Original Case Risk Zones

4.47% 27.44% 8.88%
Zonel Zone 4 Zone 7
28.73%
Zone 2 Zone 5 Zone 8
36.47% 32.63%
Zone 3 Zone 6 Zone 9

Figure 6-6: Risk values for zones 1-9 in the Original setup case.

Figure 6-6 shows the risk distribution in each zone for the original case. The case consists
of 2 low risk zones, 3 medium risk zones and 4 high risk zones. Zones 1 and 7 are identified as
low risk zones because as seen in Figure 6-5 above the particle concentrations for their own source
injections were very low and the particles exited those zones quickly and efficiently. Zones 3 and
9 are identified as high risk zones, which aligns with the particles concentration results seen in
Figure 6-5, where the particles could not escape and stagnated in high concentrations. The particle
retention in zones 2, 3, 4 and 9 were significant enough to increase the risk of infection above 25%

thus considered to have a high risk of infection to occupants.
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Extra Outlets Case Risk Zones

8.73% 9.33%
Zone 1l Zone 4 Zone7
25.88%

Zone 2 Zone 5 Zone 8

2.74%
Zone 3 Zone 6 Zone 9

Figure 6-7: Risk values for zones 1-9 in the Extra Outlets case.

Figure 6-7 shows the risk distribution in each zone for the extra outlets case. This case
consists of 3 low risk zones, 5 medium risk zones and only 1 high risk zone. This a significant
improvement in risk compared to the original case (Figure 6-6), as the high risk zones (zone 2, 3,
4 and 9) are now medium or low risk zones. Also, the highest risk was 36.47% for the original
case, but it is only 25.88% for the extra outlets case. The extra outlets case has 3 low risk zones
which are the zones adjacent to air outlets, signifying the impact of the air outlets. Zone 3 which
is also adjacent to an air outlet may not have reduced to a low risk zone but has reduced from a
high risk zone (36.47%) to a medium risk zone (22.86%). One issue that should be pointed out is
that zone 5 which was a medium risk zone in the original case is now a high risk zone in the extra
outlets case. As explained in the histogram results, the symmetry of air outlets on all four corners
(in zones 1, 3, 7 and 9) result in a net zero airflow for the middle zones, especially the centre of
the room, which lead to particles stagnating in zone 5.

Figure 6-8 shows the risk distribution in each zone for the removed occupants case. This
case has 5 low risk zones, 3 medium risk zones and 1 high risk zone. This is much improved from
the two cases above (the original and extra outlets case). There are three low risk zones (zone 3, 6
and 9) with 0% risk, which is expected as there were no occupants or particle sources in those
zones, so the zones remained untouched by particles. Comparing to the original case (Figure 6-6)
which had the same ventilation layout, the risk zones are similar, except for zone 2, which was a

high risk zone in the original case but is a medium risk zone in the removed occupants case. There
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was some improvement in risk due to stochastic effects. However, zone 4 worsened in the removed
occupants case in comparison to the original case where the risk increased from 27.44% to 39.61%.
This suggests that a control measure may be necessary for zone 4, such as placing an air cleaner

or vacating occupants in that zone.

Removed Occupants Case Risk Zones

6.24% 39.61% 7.76%
Zonel Zone 4 Zone7
Zone 2 Zone 5 Zone 8

0.00% 0.00% 0.00%
Zone 3 Zone 6 Zone 9

Figure 6-8: Risk values for zones 1-9 in the Removed Occupants case.

Vacating occupants in certain zones of a room may look promising, but it is not always
feasible, especially in places where space is limited, and many people need to be accommodated.
In those cases, an alternative option could be to place occupants that are masking, vaccinated or
have immunity in those zones, which would have similar effects to removing occupants entirely
and reducing the overall risk. Those occupants are less likely to contribute to infection or get
infected.

In all the cases seen above, there is a lack of symmetry, which is because of the stochastic
effects of turbulence. This demonstrates that airborne risk distribution is not necessarily
predictable, and these models provide an estimate of the risk. Thus, CFD is valuable in reducing
the margins of error, but there could still be several other factors and stochastic patterns that can

impact the airborne disease spread.

6.3.3. Epidemiological Model
The following step in the method was to translate the risk values above into transmission

rates. Thus, the risk values with identified risk zones were converted to transmission rates with the
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steps described in the contact matrix derivation. This process was completed for all three cases

and all nine permutations of the contact matrix, resulting in the following contact matrices for the

original, extra outlets and removed occupants cases:

ﬁMH BMM ﬁML
,BLH ,BLM BLL

Parameter 1: Contact Matrix for the Original case.

[.BHH Bum BHL] [1.28 0.19 0.0057
ﬁ: =

043 0.32

Bur  Bum  Pumi 0.07 0.83
By Bim  PLL 0.053 0.46

Parameter 2: Contact Matrix for the Extra Outlets case.

[.BHH Bum BHL] [1.03 0.052
ﬁ: =

Bun Bum Bur 0.0054 0.74
Pn P  PuL 0.099 0.27

Parameter 3: Contact Matrix for the Removed Occupants case.

Bun Bum  Bur 1.58 0.77
| -|

0.025 0.71 0.0044

0.27 ]

0.0046

0.016 ]
0.29

0.0033

0.013 ]
0.061

The diagonals for all three cases are the transmission rates for Infected Individuals infecting

Susceptibles in the same risk zones. The values align well with the ranges determined in Table

6-1, which confirms the derivation method for the contact matrices. The transmission rates above

are then used in the ODEs in equation (11)-(17) to result in the SI plots below. The Sl plots are

shown for 30 days, assuming 1 event occurs per day. The initial number of susceptibles is based

on the risk maps from Figure 6-6-Figure 6-8, for instance the Original case has two low risk zones,

therefore the initial number of Susceptibles in the low risk zones are 2 x4 = 8 susceptible

occupants. The infected occupant is not taken from the number of occupants in the room but is

assumed to be an extra occupant.
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Original Case Sl plots
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Figure 6-9: Original Case Sl plots for high, medium and low risk zones.

Figure 6-9 shows the progression of Susceptibles becoming Infected for the Original case
in each risk group. In the high risk zones, by 4 days half of the susceptibles have been infected. To
infect of the Susceptibles the medium and low risk zones took around 9 and 5 days respectively.
The high risk zone Susceptibles became infected quickly because of the exposure from high risk
zones, which was evident from the transmission rate (8yy) of 1.28. The low risk zones were also
quick to develop infection because many particles were being transmitted from the high and
medium risk zones to the low risk zones. This also explains why the Susceptibles in the medium
risk zones were slower to get infected; the transmission rates from other risk zones to medium risk

zones were comparatively low.
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Extra Outlets Case Sl plots
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Figure 6-10: Extra Outlets Case Sl plots for high, medium and low risk zones.

Figure 6-10 shows the progression of Susceptibles becoming Infected for the Extra Outlets
case in each risk group. In the high risk zones, by 8 days half of the susceptibles have been infected,
while the medium and low risk zones both took around 6 days. The high risk zone performed better
for “infection half-life” (i.e. time of infection for half the population), mainly because of the size
of the population; since there was only 1 high risk zone in the domain the total of high risk
Susceptibles were only 4. On the other hand, the low risk Susceptibles were quick to become
infected because of the high number of medium risk zones whose transmission rate towards low

risk zones was comparatively high (8., was 0.46).
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Figure 6-11: Removed Occupants Case Sl plots for high, medium and low risk zones

Figure 6-11Figure 6-10 shows the progression of Susceptibles becoming Infected for the

6.3.3.1.Pseudo-Reproduction Numbers

Removed Occupants case in each risk group. By 2.5 days half of the susceptibles have been
infected in the high risk zones, while the medium and low risk zones took 6 and 8 days respectively.
In this case there was only 1 high risk zone, but the transmission rate from high risk zone Infecteds
to high risk zone Susceptibles was significant (85 was 1.58), which lead to more than double the
infection rate compared to the Extra outlets case, for the same number of high risk zones. The

medium and low risk zones had slower rates of infection in comparison to the high risk zone.

With the derived transmission rates, the resultant pseudo-reproduction numbers can be

calculated for the Original case and the implemented control measures. Table 6-2 lists the pseudo-
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reproduction numbers for the Original case, Extra Outlets case and Removed Occupants case. The
effective pseudo-reproduction numbers are included as well as the pseudo-reproduction numbers
due to infections from each risk zone.

Table 6-2: Pseudo-reproduction numbers for the Original case, adding extra air outlets and removing
occupants from the front zones. R, is the effective pseudo-reproduction number, RE, RY, RL are the
pseudo-reproduction numbers from the high, medium, and low risk zones respectively.

Case R, R RY! R§
Original 3.71 3.36 1.96 0.32
Extra Outlets 3.02 0.86 3.10 0.51
Removed Occupants 2.82 1.50 2.94 0.12

The resulting pseudo-reproduction numbers are within the bounds of the reproduction
numbers seen for earlier variants of COVID-19 in literature of [2-5]. Both control measures have
resulted in improved pseudo-reproduction numbers from the Original case. The pseudo-
reproduction number for the Extra Outlets case is reduced from the Original case by 18.6%. The
control measure of installing extra outlets is proven to be effective by reducing transmission from
high risk zones (R¥) by 74% from the Original case. However, the medium and low risk pseudo-
reproduction numbers increased for the Extra Outlets case by 58% and 59% respectively, from the
Original case. From the risk maps (Figure 6-6 and Figure 6-7), it was observed that the reduction
in the high risk zones needed to be compensated by the medium and low risk zones, which resulted
in an increase in pseudo-reproduction numbers for those zones.

The pseudo-reproduction number for the Removed Occupants case has reduced from the
Original case by 24%, and reduced from the Extra Outlets case by 6.6.%. A reduction is also seen
in the pseudo-reproduction numbers from the high and low risk zones between the Original and
Removed Occupants cases: there is a 55% reduction in the high risk zone’s pseudo-reproduction
number and a 63% reduction in the low risk zone’s pseudo-reproduction number. However, the
medium risk zone’s pseudo-reproduction number increased by 50%. Regardless of the increase in
the medium risk’s pseudo-reproduction number, the overall contribution was still most optimal
with the smallest overall pseudo-reproduction number for the Removed Occupants case. This was
due to the small number of risk zones, thus leading to fewer susceptible occupants. Three of the
risk zones were completely vacated (zones 3, 6 and 9) with no risk of infection or transmission,

which lead to an overall reduction in infection transmission for the Removed Occupants case.
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According to the pseudo-reproduction numbers the optimal control measure is then to
reduce occupancy in high risk zones of the room. Measures such as vaccination, masking and
placing occupants that have gained natural immunity in high risk zones is an alternative to vacating
occupants, as it would have the same effect; occupants that are masking or have immunity are less
likely to get infected or transmit infection. On the other hand, adding extra outlets may also be
effective if placed strategically. As seen from the results, the zones adjacent to air outlets reduced
in risk significantly, but the middle zones increased in risk because of the equal pull from the
outlets on both sides resulting in particle stagnancy. Increasing the number of outlets and/or
placing outlets close to high risk regions is useful for minimizing infection risk, but changing the
ventilation layout in existing buildings may be unfeasible. In those cases, installing air cleaners
are a good replacement for air outlets, as air cleaners can remove infectious particles from the air.
Air cleaners are also a cheap and easy to install method which has been recommended by ASHRAE

[43] to minimize the airborne transmission risk when placed in appropriate zones.

6.4. Conclusion and Future Works

The objective of this study was to develop a method that can predict the airborne
transmission risk in an indoor space, to then evaluate the long-term infection dynamics through
the population within that space. The method was intended to output an all-encompassing pseudo-
reproduction number, which can help determine the overall airborne transmission risk in a space.
Furthermore, implementing the method on different cases can identify minimum risk
configurations, or point to the most effective control measures for a specific indoor space. The
method couples particle dispersion data acquired from CFD studies to classic epidemiological
models. The coupled method results in an airborne transmission risk analysis that considers both
the intricate aerosol dispersion pathways, and the long-term effects of these dispersion patterns on
a space’s population.

For the method, CFD studies of the particle dispersion were conducted in the domain with
particles sources in each zone. The particle locations and residence times were then converted to
zone specific risk values with a modified Wells-Riley risk equation derived by Buonanno et al.
[143]. The risk values were then used to identify high, medium and low risk zones, as well as
translate the risk values into transmission rates for a host heterogenous contact matrix. The

transmission rates connected the CFD data to the SIR epidemic model, which finally resulted in
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the pseudo-reproduction numbers. The method was applied to a domain which was a (6 x 6) m
room (in area), with 36 occupants separated into 9 equal zones in the room. The method was
applied to three different cases: with two air outlets at the back of the room and full occupancy
(Original case), with four air outlets located symmetrically at the back and the front of the room
with full occupancy (Extra Outlets case), and lastly, with two air outlets at the back of the room
and reduced occupancy (Removed Occupants case). The Extra Outlets and Removed Occupants
cases were designed to consider the effects of control measures based on the results of the Original
case.

All three cases resulted in varying risk distributions and pseudo-reproduction numbers. The
pseudo-reproduction numbers were 3.71, 3.02 and 2.82 for the Original, Extra Outlets and
Removed Occupants cases, respectively. Evidently, it was concluded that the Removed Occupancy
case performed most optimally. The Removed Occupancy case’s optimal performance is two-fold:
it was assumed that the occupants in the three frontal zones were completely vacated, which meant
that there were three less sources of infection, as well as 12 fewer susceptible occupants in the
room that could get infected. Thus, the overall risk of infection reduced through the transmission
rates and through the total number of occupants (N). This solution can equally be applied to
occupants that have either gained immunity (through vaccination or infection) or are masking and
following infection safety recommendations. The control measure of using extra outlets was also
seen to be effective, as it reduced the risk of infection in the zones adjacent to the outlets. However,
the measure also increased risk in certain zones because of the improper placement of the outlets.
The four outlets were placed symmetrically and opposite to each other, which created a ventilation
dead zone in the middle and lead to particle stagnancy in the middle zones. This issue can also be
encountered when placing air cleaners in a built environment. The issue can be avoided through
proper ventilation layout planning and preliminary CFD studies to ensure the ventilation works
effectively to ensure thermal comfort for occupants and reduce the risk of particle stagnation.

In terms of future work, validation with past outbreaks and experimental validation of
particle dispersion can increase confidence for this methodology. Other aspects that were neglected
or simplified in the current study were the transient nature of risk and the thermal comfort of
occupants. In this study, it was assumed that the risk zones determined from the initial analysis

and remained at steady state after that. However, risk zones can change based on occupants’
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removal, and changes in occupants’ behaviours. The heat flux and thermal comfort of occupants
were not considered to simplify the ventilation design.

The method presented is a new approach to airborne transmission risk modelling that
combines the two dominant methods of risk modelling seen in literature for airborne transmission:
CFD and epidemiological models. CFD studies look at micro-scale physics of infectious aerosol
transport, while epidemic models look at long-term infection dynamics in a population. This
method is a first attempt of combining CFD and epidemic models for airborne transmission risk
analysis (specifically in indoor environments) with the potential for several modifications to adapt
to different conditions. Amid the COVID-19 pandemic, this method can provide useful
information regarding the potential for outbreaks in indoor environments, the zones contributing
to high transmission rates and control measures that will be most effective at reducing the risk of
infection. The risk of airborne transmission is often random and can be impacted by many physical,
environmental and host factors, hence this method is a gross estimation of airborne transmission

risk.
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Chapter 7 Summary, Conclusion and Future Works

This thesis study set forth with three main objectives, firstly to further understand how
airborne transmitted infection propagates in indoor environments. Another important objective that
followed, was then to find methods to minimize airborne transmitted infection, thus reducing the
effects of COVID-19 through airborne routes. The focus was on determining the impacts of
ventilation layout and infection source locations (with respect to the room and ventilation layout)
on the airborne transmitted infection risk in indoor spaces. A final objective was to find a method
for ease of comparison between different ventilation layouts or control measures, to decide on the
most optimal layout for airborne transmission risk reduction.

The study began by determining the sensitivity of ventilation layout, by analyzing the CFD
results of particle dispersion and particle history (deposited on surfaces, escaped or suspended in
air) in a small office when an outlet was added to the ceiling. Three different configurations were
investigated: the existing layout, an overhead outlet added with respect to the occupant, and an
outlet added further away from the occupant. The results demonstrated that the particle dispersion
patterns can change significantly based on the existence and location of the outlet. Any ventilation
component changes the airflow patterns in the space, and the particles are carried with respect to
those changes. Particles can coagulate, deposit or disperse widely based on the ventilation induced
airflow patterns.

The study proceeded to study the impact of ventilation type and infection source location.
A lecture hall was simulated for two different ventilation types: mixing ventilation and
displacement ventilation, and three different infection source locations. The spatially and
temporally varying infection risk based on the particle distributions were quantified with a zonal
Wells-Riley model risk map. The results showed mixing ventilation with source infections in the
front of the room to perform most optimally with rapid dilution and removal of particles. The
configuration with displacement ventilation and infection source location at the back of the room
also performed ideally, with quick and contained removal of expelled particles. Overall, the results
indicated that an infection source located near the air outlets provides the best-case scenario, as
particles are quickly removed from the space without significant dispersion to other occupants.
Furthermore, mixing and displacement ventilation had very different particle distribution results,
which is explained by their unique working principles. Displacement ventilation contained the

expelled particles and carried the particles upwards and backwards which lead to high exposures
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of particles right in the breathing zones of susceptible occupants seated behind the infection source.
Mixing ventilation on the other hand, dispersed the particles extensively, but also diluted them,
thus reducing infectious dose exposures to most occupants. It was concluded that mixing
ventilation is more appropriate for lecture hall settings.

A CFD-SIR coupled risk model was then developed to incorporate the findings: that
ventilation layout and infection source location can impact the distribution of infection risk in a
space. The objective was to develop a method to determine the airborne transmission risk in an
indoor space, to then evaluate the long-term infection dynamics through the population within that
space. The model included steps to divide the evaluated indoor space into multiple zones, with
infection sources in each zone. CFD studies were run on the domain to determine the resultant
particle dispersion patterns for the ventilation layout. The particle dispersion and accumulation
results were discriminated by their source injections to identify high, medium, and low risk zones.
The results also indicated which zones contributed particles towards their neighboring zones. The
average particle accumulation results from respective zones were translated into transmission rates
to be modelled into an epidemic SIR model. Pseudo-reproduction numbers were then acquired
from the SIR model. The model was applied to a square domain with 36 occupants, for three
different scenarios: with two outlets at the back of the room, with four outlets separated equally in
the front and back of the room, and with two outlets and reduced occupancy; the resultant pseudo-
reproduction numbers were 3.71, 3.02 and 2.82, respectively. The model evaluated the risk of
infection in a room with long-term infection dynamics considered, resolved the dependency of
infection source location and quantified the risk of infection considering the ventilation layout and
additional control measures. Further work is required to validate the model and apply it to other
settings. The model may be long and cumbersome, with areas of further improvement, but
currently it provides a method to easily compare between different control measures, considering
several factors boiled down to a simple pseudo-reproduction number.

Considering the work done in this thesis, it can be concluded that if the viral stability can
be retained for more than 3 hours [64], expelled aerosols can travel significantly further than 2 m
in distance, as particles dispersed extensively for both the office space and lecture hall settings in
less than 5 minutes. It was also noted that the ventilation layout and configuration can significantly
impact the pattern by which the expelled aerosols are transported within the space. This means

HVAC and building designers need to be concerned with the most optimal layouts to minimize the
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dispersion of airborne particulates when planning the ventilation design. Additionally, the risk of
airborne transmitted infection can drastically change based on the infection source location with
the respect to the room and the ventilation layout. So, when simulating and planning for ventilation
layouts to reduce airborne transmitted infection, several different areas for infection source
location should be considered.

In terms of suggested ventilation types, mixing ventilation is a safe bet when there is lack
of resources to evaluate different ventilation configurations, as it is less dependent on infection
source location in comparison to displacement/stratified ventilation setups. However,
displacement ventilation can be very beneficial in a levelled floor setting (all occupants have the
same breathing height) with air outlets in the room. If super spreaders can be identified in the
space, such as the speakers in the room, symptomatic occupants (in hospital waiting rooms),
unvaccinated occupants and occupants not practicing masking or other hygiene measures, can be
located near the room’s air outlets and far from the air inlets. This ensures the air in the room has
a clean-to-dirty airflow pathway. But most important to note that, there is no “one-solution-fits-
all” technique for minimizing airborne transmission in all spaces, which is why future work is

crucial.

7.1. Future Work

Validation is important for any CFD study to ensure that the results can be extrapolated
towards real events. In the case of this thesis study, the temperature distributions, the airflow
pathways, and the particle transport patterns needed to be validated. A thorough validation study
was conducted with Yin et al.’s experimental data of an isolation ward [128]. However, several
components could have been lost in translation with third-party data, as well as applying the
methodology to a whole new domain. During the thesis study experimental work was unfeasible
with limited lab access, and frequent lockdowns during the pandemic. For future work, an in-lab
validation study will be more useful, as the sources of error can easily be identified, and the
simulation domain can be validated (instead of methodology translation from a validation domain
to a different simulated domain).

In terms of research progress, many other public indoor spaces should be simulated and
studied to evaluate the factors contributing towards high risk of airborne infection transmission.

The current thesis study was limited to an office space and lecture hall. Evaluating the effects of
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ventilation type and infection source location in more indoor spaces would add or further confirm
conclusions claimed within this thesis. More control measures such as air cleaner and plexi-glass
barriers would have added value to the study. Indoor spaces where outbreaks occurred during the
pandemic should also be investigated as retrospective studies; places such as call-centers, meat
packing plants and other highly congregated spaces can be simulated, to identify the main
contributors to such outbreaks. The developed CFD-SIR risk model can also be applied to these
spaces to identify the best control measures to be implemented. Further work can be done to
identify any novel ventilation strategies and other control measures that are effective at removing
expelled aerosols and contaminants in indoor spaces.

This study is concluded with the hope that research will be continued, to gain progress in
the fields of indoor air and airborne transmission minimization techniques. The history of
negligence towards airborne transmission pathways and the lack of research to prevent airborne
transmitted infection led to the controversy, ill-preparedness and misinformation seen during the
COVID-19 pandemic. This research study and the work done by other researchers since the SARS-
CoV-2 virus emerged, has emphasized one important fact, that we are not ready for another
infectious airborne transmitted disease anytime soon. Significant work needs to be done towards
research, design, standardization and regulation of building air and airborne transmission control
measures. This work is very much needed for a future that is more prepared for emerging airborne

transmitted diseases.
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