
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Journal of Loss Prevention in the Process Industries 69 (2021) 104336

Available online 5 November 2020
0950-4230/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Modeling aerosol transmission of SARS-CoV-2 in multi-room facility 
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A B S T R A C T   

The versatile and computationally attractive FATE™ facility software package for analyzing the transient 
behavior of facilities during normal and off-normal conditions is applied to the problem of SARS-CoV-2 virus 
transmission in single-and multi-room facilities. Subject to the justifiable assumptions of non-interacting virus 
droplets, room-wide spatially homogeneous virus droplet aerosols and droplet sedimentation in accordance with 
Stokes law; the FATE code tracks the virus aerosol from a human source through a facility with a practical 
ventilation system which reconditions, filters, and recycles the air. The results show that infection risk can be 
reduced by 50 percent for increased facility airflow, 70 percent for increased airflow and the inclusion of a HEPA 
filter on recirculated ventilation air, and nearly 90 percent for increased airflow, inclusion of a HEPA filter, and 
wearing a mask. These results clearly indicate that there are operational changes and engineering measures 
which can reduce the potential infection risk in multi-room facilities.   

1. Introduction 

The global health pandemic of 2020 caused by SARS-CoV-2, the virus 
that causes COVID-19, has challenged many individuals and organiza
tions to re-think everyday tasks. As the world begins to return to normal, 
business, companies, and organizations are re-evaulating their pre
paredness for minimizing the spread of infection as customers and em
ployees return. One critical feature that is vital for a safe return to 
normal is an understanding of how SARS-CoV-2 is transmitted within a 
facility. The World Health Organization (2020) released a scientific 
brief, noting that research on the topic is still ongoing, that transmission 
occurs by:  

1. Contact and droplet transmission  
2. Airborne (aerosol) transmission  
3. Fomite (contaminated surfaces) transmission 

This paper contributes to the body of knowledge regarding airborne 
transmission of SARS-CoV-2 by aerosol virus particles within a building 
containing interconnected, well-mixed regions. The analysis performed 
in this paper, using Fauske & Associates, LLC FATE software program, 
suggests that there are actions that businesses, companies, and organi
zations can take to reduce the potential transmission between in
dividuals by reducing the amount of virus aerosols within the building. 
It is noted that this paper does not touch upon the topics of social 

distancing and frequent hand washing which are important aspects of 
reducing the spread of the virus. While these topics are important for 
droplet and surface transmission, they are considered outside the scope 
of this paper focused on aerosol transmission. Aerosol transmission by 
inhaling indoor air loaded with uniformly distributed virus aerosols is 
considered. The paper focuses on a constant aerosol generation, through 
normal breathing, resulting in a quasi-steady state viral load within the 
facility. Aerosol transmission in the near field close to the viral shedding 
human source or sporadic aerosol generation through coughing or 
sneezing is not evaluated as part of this effort. 

2. Model overview 

2.1. FATE overview 

The FATE (Flow Aerosol Thermal and Explosion) Facility software 
package is a versatile program for analyzing the transient behavior of 
facilities and systems during normal and off-normal conditions. It has 
traditionally been used for modeling fire and smoke transport, hydrogen 
production and migration, as well as predicting pressure and tempera
ture behavior of nuclear waste during packaging, drying, transport, and 
storage. 

A unique feature of FATE is its ability to characterize and track 
aerosols including deposition from settling, impaction, and filtration. 
This feature has typically been used to quantify the potential hazard to 
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personnel and the public from the hazardous aerosol particulate 
released under off-normal conditions. This is done by tracking the 
transport of aerosol particles from a source (accident location) through 
the facility and into the environment while accounting for any settling, 
impaction, or filtration which may occur. While the FATE software 
package has been historically used to model industrial hazards (chem
ical and radiological) it is generic enough that it can model biological 
aerosols, such as SARS-CoV-2. The following two sub-sections provide a 
description of the applicability of FATE’s aerosol modeling for biological 
scenarios. 

2.2. Criteria for spatially homogeneous aerosol assumption 

Two room-air-mixing mechanisms that can potentially support a 
spatially homogeneous virus droplet aerosol are (i) natural-convection- 
driven mixing due to the walls of the room being warmer or colder than 
the bulk room air and (ii) mixing due to a ventilation system that sup
plies outside air to the room through an inlet vent and removes room air 
through an exhaust vent. 

One can use a Lagrangian approach to follow the motion of a droplet 
of a given size in the room environment. If the droplet trajectory is such 
that it travels around the room before falling out as it passes over the 
floor, then droplets of this size tend to form a spatially homogenous 
aerosol. The calculation of droplet trajectories requires knowledge of the 
room-air-flow pattern. An alternative and roughly equivalent approach 
to a criterion for a spatially homogeneous aerosol is to calculate the time 
tcirc it takes for the mixing mechanism to circulate (pump) one room-air 
volume. Then the criterion for a spatially uniform virus droplet aerosol 
takes the form 

tcirc≪tsed (1)  

where tsed is the time it takes for a virus droplet to traverse the height H 
of the room by gravitational settling: 

tsed =
H
vsed

(2) 

In Eq. (2), vsed is the droplet sedimentation velocity. 
There is an inconsistency to the criterion given by Eq. (1) in that the 

left-hand-side pertains to very small droplets that follow the airflow 
streamlines, whereas the right-hand-side pertains to droplets that are 
large enough to be uninfluenced by the room air flow and follow a nearly 
vertical path to the floor of the room. This is the rough nature of the 
criterion, but the requirement that the droplet circulation time be much 
smaller than the settling time should help to neutralize the 
inconsistency. 

2.2.1. Natural convection 
Cheesewright (1968) measured the velocity profiles across the width 

of a turbulent natural convection boundary layer on a vertical surface. 
From his measurements one can show that the volumetric flow of air Qnc 
(in m3 s− 1) “pumped” by the turbulent boundary layer is 

Qnc = 0.0931 W νGr0.4, (3)  

where Gr is the Grashof number: 

Gr=
gΔTH3

Tν2 (4) 

In Eqs. (3) and (4), W is the width of the boundary layer (or perimeter 
of the room), H is the height of the boundary layer (or room height), ν 
and T are the kinematic viscosity and temperature of the room air, 
respectively, g is the gravitational constant, and ΔT is the temperature 
difference between the walls and the room air. 

It follows that for natural convection air pumping, the air circulation 
time in a room of volume V is 

tcirc =
V
Qnc

, (5)  

and, therefore, the criterion for a spatially homogeneous aerosol is (see 
Eqs. (1) and (2)) 

Vvsed
HQnc

≪1 (6) 

The sedimentation velocity vsed in Eq. (6) of a droplet of diameter 
d may be accurately estimated using the following equation (Epstein, 
2002): 

vsed =
νRe
d

(7)  

where Re is a Reynolds number function of a dimensionless parameter ω, 
which is the ratio of the Stoke’s law droplet settling velocity to the ve
locity ν/d that appears in Eq. (7). Specifically, 

ω=
d3ρlρg
18μ2 , (8) 

and Re is related to ω by  

Re=
ω

[1 + 0.2268ω0.5216]
0.7669 (9) 

In Eq. (8), μ and ρ are the viscosity and density of the room air, 
respectively, and ρl is the density of the droplet. 

Table 1 lists values of V vsed/(HQnc) as a function of the virus- 
containing droplet diameter d for ΔT = 1.0, 5.0 K; for a room of di
mensions V = 680 m3, H = 3.66 m, W = 54.5 m, and air temperature T =
293 K. The remaining pertinent parameter values are ρl = 103 kg m− 3, ρ 
= 1.21 kg m− 3, μ = 1.82 × 10− 5 kg m− 1 s− 1 and ν = 1.51 × 10− 5 m2 s− 1. 
The predicted natural-convection-driven volumetric air flow rates (see 
Eqs. (3) and (4)) used in the construction of Table 1 are 

Qnc = 0.672m3s− 1, for ​ ΔT = 1.0K (10)  

Qnc = 1.278m3s− 1, for ​ ΔT = 5.0K (11) 

It is clear from Table 1 that, according to the criterion presented here 
(Eq. (6)), it is difficult to justify the spatially homogeneous aerosol 
assumption for droplet sizes greater than approximately 10 μm. 
Coughing and sneezing yields droplets that are 50 μm or larger (Asadi 
et al., 2019). However, the size of the droplets generated during 
breathing and normal speech are much smaller, about 1.0 μm, and these 
droplets most certainly satisfy Eq. (6) for a spatially homogeneous 
aerosol in a naturally-convected room atmosphere. Given the intent to 
prevent transmission of the virus prior to human vectors presenting 
detectable symptoms such as coughing or sneezing, or when they remain 
asymptomatic but contagious, this paper provides a meaningful analysis 
of the spatially homogeneous aerosol. 

2.2.2. Forced air ventilation 
Suppose air enters the room with a velocity uo through a circular air 

inlet vent of radius Ro. Assuming the vent is located in the ceiling, from 
the theory of momentum jets the room air flow rate Qvent pumped by the 
intake flow rate Qo is 

Table 1 
Spatially Homogeneous Aerosol Factor V vsed/(HQnc) as a Function of Aerosol 
Droplet Diameter d.  

d (μm) vsed (m s− 1) Vvsed

HQnc
(ΔT = 1.0 K)  

Vvsed

HQnc
(ΔT = 5.0 K)  

1.0 2.99 × 10− 5 8.27 × 10− 3 4.35 × 10− 3 

5.0 7.48 × 10− 4 0.206 0.109 
10.0 2.98 × 10− 3 0.823 0.433 
20.0 1.17 × 10− 2 3.23 1.70  
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Qvent =Qo + 2πEoRoHuo (12) 

where the last term is the flow rate of room air entrained by the 
intake ventilation jet. The parameter Eo in Eq. (12) is an empirical 
entrainment coefficient of value approximately 0.08. The room air cir
culation time is 

tcirc =
V

Qvent
(13) 

It follows then, from Eqs. (1) and (2), that the condition for the ex
istence of a spatially homogeneous aerosol is 

Vvsed
HQvent

≪1 (14) 

Consider the 680 m3 room of the previous example connected to a 
ventilation system that supplies four room volume air changes per hour; 
that is, Qo = 0.756 m3 s− 1. The radius of the inlet vent is taken to be Ro =

0.4 m (0.503 m2) and, therefore, the air enters the room with velocity uo 
= 1.5 m s− 1. From Eq. (12), the ventilation flow circulates the room air 
at the rate 

Qvent = 1.86m3s− 1 (15) 

This circulation flow rate is of the same order as Qnc predicted for a 
sealed room with circulation flow due to natural convection (see Eqs. 
(10) and (11)). Thus, for the room air ventilation system parameters 
selected, ventilation flow is capable of supporting a spatially homoge
neous aerosol generated by normal speech, but not an aerosol produced 
by coughing and sneezing. 

It is noted that the combination of an outlet vent and the fact that a 
human generated aerosol is extremely sparse (see next section) may 
prevent a spatially homogeneous aerosol from forming regardless of 
whether or not Eq. (14) is satisfied. Depending on the position of the 
human source, the aerosol droplets may be transported directly to the 
outlet vent before they can circulate around the room. A Lagrangian 
droplet trajectory analysis may be the only way of determining if a 
spatially homogeneous aerosol is possible for a given human source 
location within a ventilated room. 

2.3. Aerosol sedimentation in the FATE software 

In FATE the deposition rate of aerosol is calculated one of two ways 
depending on the aerosol mass concentration. When the aerosol con
centration is sufficient or there are large aerosol generation sources, 
coagulation is significant, and sedimentation is accounted for based on 
the correlation method developed by Epstein et al. (1986 and 1988). 
Correlations implicitly account for particle size distribution. The cor
relation method is accurate as long as substantial coagulation occurs 
before significant droplet sedimentation takes place. Dilute aerosols of 
slowly agglomerating droplets fail to satisfy this requirement. In math
ematical terms, the correlation method breaks down when the droplet 
source rate ṁd (kg s− 1) obeys the inequality (Epstein et al., 1986). 

ṁd <
∼

10− 2V
(
gK3

oρ5
l

μH8

)1/4

(16)  

where Ko is a Brownian collision coefficient equal to approximately 2.96 
× 10− 16 m3 s− 1 for room temperature air. For the example room problem 
treated earlier, the right-hand-side of Eq. (16) is 1.75 × 10− 7 kg s− 1. A 
typical human aerosol source rate is orders of magnitude below this 
value, say, ṁd ∼ 10− 13kgs− 1. Clearly, droplets emitted during breathing, 
coughing, etc., when spread out over the volume of a typical room, 
result in non-interacting droplets. 

Another way of considering the possibility of virus droplet collisions 
is to estimate the mean free path λ between droplets. A simple solution 
for λ can be obtained for a monodisperse virus droplet aerosol under 
steady-state conditions. In this special case all the aerosol droplets 

deposit at the same velocity vsed. Equating the mass rate of aerosol 
generation ṁd to the mass rate of deposition yields 

ṁd =
π
6
d3ρlNvsedA (17)  

where N is the aerosol droplet number density (droplets per spatial 
volume) and A is the floor area for droplet deposition (A = V/H). The 
mean free path λ between droplets is related to N as follows:  

4
3
πλ3 =

1
N

(18) 

Eliminating N between Eqs. (17) and (18) and solving the result for λ 
yields 

λ=
d
2

⎛

⎝ρlvsedV
ṁdH

⎞

⎠

1/3

(19) 

Once again returning to our example room, V = 680 m3 and H =
3.66 m. A 10 μm droplet deposits on the floor of the room with velocity 
vsed = 2.98 × 10− 3 m-s− 1 (see Table 1). Inserting these parameter values, 
together with the typical human aerosol mass generation rate ṁd =

10− 13kgs− 1, into Eq. (19) gives  

λ= 0.88m (20) 

Indeed, the separation distance between droplets is so large that 
droplet collisions cannot occur. For 1.0 μm droplets vsed = 2.99 × 10− 5 

m s− 1 and λ = 1.91 × 10− 2 m. At first glance this mean free path seems 
small enough for droplet collisions to occur. But this is not the case since 
the mean free path is more than four decades larger than the droplet 
diameter (λ/d = 1.91 × 104). The probability of one droplet colliding 
with another droplet is virtually zero. 

When the aerosol concentration is not significant and droplets are 
non-interacting, the aerosol is said to be sparse and the deposition rate 
can be determined from Stoke’s law for particle settling velocity. In 
FATE the user can invoke the sparse aerosol model. Using the sparse 
aerosol model the deposition rate is determined assuming a log-normal 
aerosol size distribution. The user inputs the geometric mean and geo
metric standard deviation factor of the aerosol source. The code tracks 
its transport, settling, and evolving log-normal size distribution. 

3. SARS-CoV-2 inputs and assumptions 

The airborne viral emission rate of SARS-CoV-2 estimated by Buo
nanno et al. (2020), and described here, is used. The droplet size and 
concentration in exhaled air for different activities (i.e. breathing, 
whispered counting, voiced counting, and unmodulated vocalization) 
were measured by Morawska et al. (2009). In this study a particle size 
distribution with four channels was considered as shown in Table 2. The 
total volume of droplets in a cubic centimeter of exhaled air is estimated 
by the product of droplet number density and volume of a sphere with 
the diameter of the droplet. The last column in Table 2 shows the droplet 
volume density. 

Table 2 
Droplet Concentration (cm− 3) of the Aerosol Modes during each Expiratory 
Activity (Morawska et al., 2009) (the last column is added by this paper).  

Expiratory 
activity 

D1 

(0.80 
μm) 

D2 

(1.8 
μm) 

D3 

(3.5 
μm) 

D3 

(5.5 
μm) 

Aerosol 
concentration in 
exhaled air, mL 
cm− 3 

Voiced counting 0.236 0.068 0.007 0.011 1.39 × 10− 12 

Whispered 
counting 

0.110 0.014 0.004 0.002 3.36 × 10− 13 

Unmodulated 
vocalization 

0.751 0.139 0.139 0.059 8.89 × 10− 12 

Breathing 0.084 0.009 0.003 0.002 2.92 × 10− 13  
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Adams (1993) reported inhalation rates for five different activity 
levels as shown in Table 3. 

For the virus aerosol source, a SARS-CoV-2 emitter with the inhala
tion rate of light exercise and the expiratory activity of speaking 
(considered as the mean value between unmodulated vocalization and 
voiced counting, 5.14 × 10− 12 mL cm− 3) is considered. The corre
sponding virus aerosol source rate is 7.09 × 10− 6 mL h− 1. Assuming the 
density of water, 1000 kg m− 3, the mass source rate of the virus aerosol 
is 2.0 × 10− 12 kg s− 1, an input to the FATE model. The geometric mean 
and standard deviation of 1.51 μm and 2.01 are assumed for the droplet 
size distribution in this paper. 

The half-life of SARS-CoV-2 in aerosols is estimated to be 1.1–1.2 h 
with 95% credible interval of 0.64–2.64 h (van Doremalen et al., 2020). 
A half-life of 1.1 h is assumed in this paper. Deactivation of airborne 
virus is represented in the FATE model using a pair of purge flows in 
each region that removes aerosols at the rate equivalent to the virus 
deactivation rate. For a room with a free volume of 135.9 cubic meter, 
the volumetric purge flow rate that will remove aerosols with a half-life 
of 1.1 h is given by ln(2)/(1.1 × 3600) x 135.9 m3/s, or 0.0238 m3/s. 
The purge flow junctions are not shown in Figs. 1 and 4. 

For the individuals of interest, an inhalation rate of 0.4 m3 h− 1, or 
111 cm3 s− 1 is assumed in this paper. Inhalation dose is given by the 
product of breathing rate, exposure duration, and airborne pathogen 
concentration. 

Pujadas et al. (2020) reported the SARS-CoV-2 viral load measured in 
1145 symptomatic patients. The overall mean log10 viral load was 5.6 
copies per mL (SD 3.0), and median log10 viral load was 6.2 copies per 
mL. Riediker and Tsai (2020) surveyed data on the number of viral 
copies present in sputum and swab samples of individuals with 
COVID-19. Specifically, they used 1000 copies per mL to represent a low 
emitter, 106 copies per mL to represent a typical emitter, and 1.3 × 1011 

copies per mL to represent a high emitter. A viral load of 1 × 109 copies 
per mL is assumed in this paper. 

The infectious dose for SARS-CoV-2 is currently not known. A study 
by Watanabe et al. (2010) used animal studies and modeling of SARS 
spreading in an apartment complex in China to estimate the infectious 
dose for SARS-CoV-1 to be 280 viral particles to cause disease in 50% of 
the population. In this paper 50 viral particles are assumed to cause 
disease in 63% of the population. That is, according to the Wells-Riley 
equation (Riley et al., 1978), the infection risk (R, %) is given by 

R = 100
(
1 − e− N/50) (21)  

where N is the total number of viral particles deposited in the respiratory 
tract. 

4. Single-region model with short stay time 

4.1. Model overview 

The simpliest model to predict the possibility of aerosol virus 
transmission to an individual is a single-region model, shown in Fig. 1. 
In this simplified model there is a single air inlet (Junction J4) from the 
outside atmosphere and a single air outlet (J5) to the atmosphere, which 
represent all air flow into and out of the room, respectively. The indi
vidual of interest, for virus transmission, is represented by two regions 
and three junctions. The first junction (J1) represents a protective mask, 

if included, to filter and reduce the aerosol particles breathed in by the 
individual. The first region (Air Gap) represents the small gap between 
the mask, if worn, and the respiratory tract. The second junction (J2) 
represents the respiratory tract of the individual where virus particles 
can settle and attach to respiratory tissue leading to a potential infection. 
The second region represents the individual’s lung with the final junc
tion representing the individual’s exhale. It is assumed in this model that 
all virus aerosols inhaled settle or attach in the respiratory tract (J2) and 
pose a risk of infection. 

Since this model is focused on aerosol transmission within an 
enclosed space, the position of the source relative to the individual of 
interest is not a critical input; therefore, it has been neglected. The 
relative positioning of the source and individual of interest would be 
more critical for other means of virus transmission. 

4.2. Results and discussion 

In the single-region model, the virus emitter and the individual of 
interest occupy a 20-foot-square room with 12-foot ceiling, giving it a 
free volume of 4800 cubic feet or about 135.9 cubic meter. The emitter 
leaves after one half hour. The individual of interest stays in the room for 
another half hour. The room is ventilated at a rate of four air changes per 
hour (ACH), which is 320 cfm or 0.15 cubic meters per seconds. All the 
supplied air is from outside; no air is recirculated. The individual of 
interest wears a mask. The mask is assumed to provide 70% filtration 
efficiency. It is noted that mask efficiency is a range that depends on 
several factors (material, filter medium, the proper usage, etc.) which 
can impact the ultimate dose. In this analysis the dose is inversely pro
portional to the assumed filtration efficiency. Four cases are analyzed: 1. 
with no ventilation and no mask, 2. with ventilation but with no mask, 3. 
with no ventilation but with mask, and 4. with both ventilation and 
mask. 

Fig. 2 shows the time history of aerosol mass distribution for case 4, 
with both ventilation and mask. Initially the mass of airborne aerosol 
increases linearly due to the constant aerosol production. The rate of 
increase slows down as the aerosol depletion increases due to gravita
tional settling, ventilation purge, and virus deactivation. The mass of 
aerosols deposited on the respiratory tract of the individual of interest 
continues to rise after the emitter leaves the room. 

The rates at which the aerosols deposit on the mask and on the res
piratory tract of the individual of interest are proportional to the mass of 

Table 3 
Inhalation rates for different activity levels (Adams, 1993).  

Activity Inhalation rate, m3 h− 1 

Resting 0.49 
Standing 0.54 
Light exercise 1.38 
Moderate exercise 2.35 
Heavy exercise 3.30  

Fig. 1. Single-region model setup.  
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airborne aerosol. Clearly, a significant fraction of aerosols that could 
have ended up in the respiratory tract of the individual of interest is 
deposited on the mask, showing the effectiveness of wearing a mask in 
reducing the dose to the individual. At the end of 1 h, the individual of 
interest receives 5.78 × 10− 13 kg of viral aerosols, or 5.78 × 10− 10 mL. 
Since there are 109 virus particles in 1 mL, the individual receives 0.58 
virus particles. The corresponding infection risk based on the Wells- 
Riley equation is 1.1%. The results for all four cases are summarized 
in Table 4. 

The effectiveness of various measures taken to reduce the virus 
transmission is shown Fig. 3. As expected continuously purging the room 
atmosphere with outside air and wearing a mask are effective measures 
for reducing infection risk. 

5. Multi-region model with long stay time 

5.1. Model overview 

Expanding upon the simplified model, the next logical step is to 
evaulate the possibility of virus aerosol tranmission in an interconnected 
multi-region scenario, shown in Fig. 4. In this model, two regions are 
interconnected; through a doorway (J1) and through a shared ventili
ation system (J8 through J14). 

The virus aerosol source is located within Room 1. Dose and infection 
risk for each of the three individuals of interest are considered. The in
dividual in Room 1 (individual 1 of interest) and the individual in Room 
2 (individual 2 of interest) are in the building with the emitter, the virus 
aerosol source, for the first 8 h. They leave the building after 8 h and the 
2nd shift individual in Room 1 (Individual 3 of interest) enters Room 1 
and stays for the next 8 h. 

Realistic modeling of the ventiliation system is critical to modeling 
the aerosol transport between the two rooms. The system represents a 
majority of ventiliation systems which recondition, filter, and recycle 
the air rather than pulling fresh air directly from the atmosphere and 
exhausting air from within the region. This recirculation is done through 
junction 14 (J14) in Fig. 4. Half of the ventilated air (makeup air) is 
pulled in from the outside atmosphere (J8). An equivalent amount of air 
is exhausted from the regions through junction (J13). The remaining 
junctions in the ventilation system represent the air inflow (J9 and J10) 
from the inlet duct where fresh air is mixed with the recirculated air and 
air outlfow (J11 and J12) to the outlet ducts. 

Three identical individuals are included in order to quantify the 

potential virus aerosol transmission in the system. The modeling for the 
individuals is identical to the simplified model with junctions J3, J6, and 
J16 representing the respiratory tracts, where virus can settle and attach 
leading to the potential for infection, of the three individuals of interest 
in Rooms 1 and 2. 

5.2. Results and discussion 

In the multi-region model, the virus emitter and the individual 1 of 

Fig. 2. Time history of aerosol mass distribution for case 4.  

Table 4 
Summary of dose and infection risk results for single region model.  

Case Ventilation Mask HEPA Dose 1, kg (Risk 1, %) 

1 no no n/a 3.71 × 10− 12 (7.1) 
2 yes no n/a 1.58 × 10− 12 (3.1) 
3 no yes n/a 1.11 × 10− 12 (2.2) 
4 yes yes n/a 5.78 × 10− 13 (1.1)  

Fig. 3. Infection risks for single-region model.  

Fig. 4. Multi-region model setup.  

Fig. 5. Time history of aerosol mass distribution for case 6.  
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interest are in Room 1 (679.6 cubic meter). The individual 2 of interest is 
in Room 2 (135.9 cubic meter). After 8 h, the virus emitter, individua1 1 
of interest, and individual 2 of interest leave the building and the 2nd 
shift individual (individual 3 of interest) enters Room 1 and stays for the 
next 8 h as shown in Fig. 4. 

Both rooms share a ventilation system. The rooms are ventilated at a 
rate of four air changes per hour (ACH), with half of the air recirculated. 
Four cases are analyzed: 5. with no ventilation and no mask, 6. with 
ventilation and no mask, 7. with a HEPA filter on the recirculated air and 
no mask, and 8. with both a HEPA filter and mask. 

Fig. 5 shows the distribution of aerosol mass for case 6, with venti
lation and no mask. The aerosol removal rates by gravitational settling 
and by ventilation are nearly identical. The aerosol removal by virus 
deactivation is significant, albeit smaller than the gravitational settling 
or by ventilation. Although the aerosol source is in Room 1, the aerosols 
are transported to Room 2 by the recirculated air through shared 
ventilation ducts and the individual 2 of interest in Room 2 receives 
appreciable dose. 

After the virus aerosol emitter leaves the building, the aerosol con
centrations decay exponentially. Individual 3 of interest, who enters 
Room 1 after the emitter leaves the building, is exposed to the room 
atmosphere loaded with virus aerosols and receives a small but non- 
negligible dose. At the end of 16 h, the three individuals of interest 
have received 6.88 × 10− 12 kg, 2.08 × 10− 12 kg, and 2.48 × 10− 13 kg of 
viral aerosols, with corresponding infection risk of 12.9%, 4.1%, and 
0.5%, respectively. The results for all four cases are summarized in 
Table 5. The effectiveness of various measures taken to reduce the virus 
transmission is shown in Fig. 6. As expected, ventilation, with HEPA 
filters for recirculated air, and wearing masks reduce the infection risk. 
Without HEPA filters, the recirculated air can spread virus aerosols to 
other rooms sharing the same ventilation system. 

6. Conclusions and future research 

A mechanistic model is developed to quantify airborne transmission 
and infection of SARS-CoV-2 using the facility modeling code FATE. The 
model is applied to single-region and multi-region settings. Some key 
information about the pathogen such as the infectious dose of SARS- 
CoV-2 is not known. Some input such as the viral load varies greatly 
between individual emitters. Hence, the infection risks reported in this 
paper are valid for specific inputs assumed and should not be taken 
literally. On the other hand, the model can be used to quantify the 
effectiveness of various measures taken to reduce the airborne trans
mission of the virus as the model can be easily modified to represent 
different confinement settings and ventilation networks. 

As expected, the FATE model shows that for a single room continu
ously purging the room atmosphere with outside air and wearing masks 
are effective measures for reducing infection risk. For a multi-room fa
cility, ventilation, with HEPA filters for recirculated air, together with 
wearing masks reduces the infection risk. Without HEPA filters, the 
recirculated air can spread virus aerosols to other rooms sharing the 
same ventilation system. The FATE model is easily modified to accom
modate alternate system design or performance characteristics to 
quantify the benefit of system modifications in reducing infection risk. 
Hence, the virus loading always responds in expected ways to the model 
input parameters air changes per hour (ACH) and virus half life, which 
appear as linear droplet removal rate terms in the governing equations. 
The utility of the model is that the expected trends, that is the effects of 
these parameters on virus loading and infection risk, can now be 
quantified. 

The analysis presented here provides a narrowly focused scope on 
the potential risk infection from a quasi-steady state virus aerosol gen
eration through breathing. Several mitigation strategies were also pre
sented to reduce the infection risk within the facility. Future research on 
this topic will continue to expand the knowledge basis on virus aerosol 
transmission within a facility and provide additional guidance on miti
gation strategies. As more data becomes available on the SARS-CoV-2 
virus (aerosol size distributions, interaction within the respiratory 
tract, virus half-life, etc.) the analysis inputs will be based on distribu
tions improving the independency of the analysis from the specific in
puts currently assumed. The scope of the analysis can be expanded to 
include sporadic aerosol generation through mechanisms of coughing 
and sneezing. Future research on the local flow field and inertia of virus 
droplets flowing around the head will improve the physical prediction of 
the infection risk due to an individual inhaling virus loaded air within 
the facility. 
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