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ABSTRACT
The infection risks of Biden, Wallace, and the audience by Trump and the first lady were assessed during the first presidential debate. The
debate scene was established numerically, and two cases, i.e., only Trump being infected and both Trump and the first lady being infected, were
set up for risk analysis. The infection probabilities at different positions were assessed by using the Wells–Riley equation with consideration
of the effects of air distribution and face mask. It was concluded that (1) the infection risks of Biden and Wallace were lower due to the
reasonable distance from Trump, with the maximum probability of 0.34% at 40 quanta/h for both Trump and the first lady being infected;
(2) the infection probabilities in the audience area were lower for the long distance from the debate stage, with the maximum probability of
0.35%. Wearing masks resulted in a notable decrease in the infection probability to 0.09%; and (3) there was a certain local area surrounding
Trump and the first lady with a relatively greater infection probability. The preliminary analysis provides some reference for protection of the
next presidential debate and other public events.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0032847., s

I. INTRODUCTION

The outbreak of Coronavirus Disease 2019 (COVID-19) has
attracted global attention, with a total of more than 34 × 106 cases
confirmed.1 Countries have taken preventive and control measures
to deal with the impact of COVID-19.2 Unfortunately, however, on
October 2, the U.S. president Trump announced he and the first lady
had tested positive for coronavirus and were beginning their quar-
antine and recovery process.3 On September 29, Trump held a tele-
vised presidential election debate with Biden. According to sources,
the debate strictly followed the epidemic prevention standards, and
all participants wore masks and kept a social distance.4 Although
Biden and Trump did not have close contact with each other during
the debate, the two presidential candidates and the debate moder-
ator Wallace did not wear masks during the whole process, which
inevitably drew people’s attention to the risk of Biden and Wallace
being infected with COVID-19.5,6

The confirmed transmission routes of COVID-19 are droplet
transmission and contact transmission. In recent years, numer-
ous studies have focused on the transport mechanism of the

respiratory droplets.7,8 In particular during the COVID-19 epi-
demic, more research focused on this topic. Dbouk and Drikakis9

numerically analyzed the transport, dispersion, and evaporation of
saliva particles from a human cough. Pendar and Páscoa10 investi-
gated the distribution of saliva droplets during sneeze and cough and
recommended a safe distance of around 4 m during a sneeze. Das
et al.11 investigated the evolution of droplets under different con-
ditions of temperature, humidity, and wind flow and revealed that
the determination of the distance of a healthy individual from an
infected person under still air and flowing air relied on different sizes
of droplets. Dbouk and Drikakis12 and Verma et al.13 further inves-
tigated the effect of masks on airborne droplet transmission and
indicated that wearing masks protected the wearer from the droplets
from other people, while face shields and a mask with an exhalation
valve were insufficient to prevent the droplet transmission. Some
researchers are concerned more about the fecal–oral transmission
of COVID-19. Li et al.14 analyzed the impact of toilet flushing on the
spread of virus aerosol particles and found that 40%–60% of par-
ticles reached above the toilet seat to lead to virus spread. Wang
et al.15 analyzed the particle movement from urinal flushing and
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found that the particles could reach 0.84 m in 5.5 s, a higher climbing
speed than the toilet flushing process.

Recently, studies have shown that COVID-19 may be transmit-
ted through air (or aerosol) especially in a poor ventilated space,16–18

which is like other viruses, including influenza, severe acute res-
piratory syndrome (SARS), tuberculosis, and measles. Efficient air
distribution is crucial to the containment of the virus through air-
borne transmission.19 During the debate, Biden and Wallace kept a
certain distance from Trump, and there was no direct contact during
the whole process, and therefore, the infection risks through direct
droplets and contact were reduced. The risk of airborne transmis-
sion became the focus of attention. The Wells–Riley equation is a
classic model based on the concept of the quantum of infection and
reflects the exponential behavior of airborne infections in confined
spaces.20–22 A quantum indicates the number of infectious droplet
nuclei required to infect susceptible persons.20 This equation has
been used to analyze the outbreaks of measles and TB. In this study, a
numerical model of the presidential debate scene was established to
simulate the airflow distribution and pollution transmission, and the
infection probabilities of people at different positions were assessed
by using the Wells–Riley equation. The main objective is to assess
the risk of infection from Trump, a confirmed infected person, to the
people at different positions in a specific debate hall and ventilation
conditions based on the route of airborne transmission, enhanc-
ing people’s awareness of the risk of infection in specific indoor
spaces.

II. METHODOLOGY
A. Calculation method of the infection probability

Based on the assumptions of a well-mixed air space and steady-
state conditions, the Wells–Riley equation is as follows:20,21

P =
C
S
= 1 − e−Iqpt/Q, (1)

where P is the infection probability, C is the number of new infec-
tions, S is the number of susceptible people, I is the number of
infectors, q is the quantum generation rate by an infected person
(quanta/h), p is the pulmonary ventilation rate (m3/h), t is the total
exposure time (h), and Q is the room ventilation rate (m3/h).

The actual indoor air is not well mixed. The air temperatures,
velocities, and species concentrations among positions are notably
different. The non-uniformity factor needs to be included in the
probability model. The difference in the quantum concentration
between positions essentially reflects the virus dilution ability of the
room ventilation to different positions, which is characterized by
the so-called “dilution ratio (DR),” defined as the ratio of the quan-
tum concentration in the exhaled breath of infectors to that at the
susceptible position,

DR =
E0

E
=

q
pE

, (2)

where E0 is the quantum concentration in the exhaled breath of
infectors (quanta/m3) and E is the quantum concentration in the
inhaled breath of the susceptible person (quanta/m3).

The number of quanta inhaled by a susceptible person is

Ept =
qt
DR

. (3)

FIG. 1. Geometric model of the presidential debate scene.

The infection probability is modified as

P = 1 − e−qt/DR. (4)

Taking the effect of wearing masks into account, Eq. (4) becomes

P = 1 − e−qt(1−ηI)(1−ηs)/DR, (5)

where ηI , ηs are mask efficiencies for the infected person and suscep-
tible person, respectively.

The introduction of the DR is more convenient for risk analysis
in the non-uniform indoor environment. The DR could be calcu-
lated by simulating the transport and distribution of the tracer gas
released from the exhaled breath of the infected person. CO2 is a
commonly used tracer gas and is also produced by the human body
and released through the exhaled breath along with the virus. There-
fore, it is a good biomarker of the exhaled breath for risk assess-
ment.22 In this study, the tracer gas CO2 was used to calculate the
DR by simulating the distribution of concentration.

FIG. 2. Air supply inlets installed above the debate stage.

Phys. Fluids 32, 115125 (2020); doi: 10.1063/5.0032847 32, 115125-2

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 3. Velocity result for three types of grids.

B. Case setup
The geometric model of the debate scene was built up, as shown

in Fig. 1.
Because of the limited information, some assumptions were

made on the setting of parameters. The modeling space of the hall
was dimensioned as 20 m (length) × 20 m (width) × 12 m (height).
The traditional all-air air conditioning system was assumed to be
adopted to provide ventilation. The fresh air rate was assumed to
be 10 l/s per person according to the conventional design practice.

The total air supply rate was assumed to be 6 ACH. No clear air
supply inlets and air return outlets were found from the pictures of
the site layout, and therefore, the common air distribution of top
air supply and top air return was assumed to ventilate the space. A
total of 11 air supply inlets (0.4 × 0.4 m2) and four air return outlets
(0.6 × 0.6 m2) were distributed in the ceiling. The air supply veloc-
ity was set to 3.73 m/s. According to relevant information, two air
supply ducts and inlets (Fig. 2) were temporarily installed above the
debate stage, which was supposed to enhance the dilution effect of
ventilation on the debate stage. Both air supply inlets were placed
2.65 m above the heads of Trump and Biden. The size of each air
inlet was 0.6 × 0.6 m2, and the air supply velocity was 2 m/s. Never-
theless, the total air supply rate was in line with the common design
scope. The air supply temperature was 22 ○C. The total heat release
from the audience (Fig. 1) was set to 19.8 kW. The heights of Trump
and Biden were set to 1.85 m, while those of the seated Wallace and
the first lady were set to 1.3 m and 1.2 m, respectively. The heat
release of each of them was set to 75 W. The heat from other poten-
tial sources and walls was ignored. According to Wallace, “Trump
never approached him and was at least 10 feet away.”6 A distance of
3.4 m from Trump in the horizontal direction was set for Wallace.
From the live video of the debate, it was estimated that the actual
distance between Trump and Biden was greater than 3 m although
the distance between their debate tables might be 8 feet. Therefore,
a distance of 4 m between Trump and Biden was set. Considering

FIG. 4. Airflow fields at different planes: (a) across the section of Trump (X = 8 m); (b) across the section of Wallace (X = 10 m); (c) across the section of Biden (Y = 12 m);
(d) across the section of Trump and Biden (Z = 2.1 m).
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FIG. 5. CO2 distribution at the respiratory level: (a) Trump and Biden (Y = 3 m); (b) Wallace (Y = 2.15 m); (c) audience (Y = 1.05 m).

the adverse conditions, the removal effect of the filter on the virus
carrying particles in the air handling unit was neglected. During
the debate, only Trump, Biden, and Wallace were allowed not to
wear masks, while the other people were required to wear masks.
Therefore, case 1 was that only Trump released the virus. However,
Wallace noticed that at the end of the debate, the first lady did not
wear a mask. Since the Trump family and his team did not wear
masks during the debate, the first lady might not wear a mask dur-
ing the whole debate process. Therefore, case 2 was that both Trump
and the first lady released the virus simultaneously. The exposure
time was 1.5 h, i.e., the debate time. The pulmonary ventilation rate
of the infected person was set to 0.3 m3/h. The nose was simplified
as an opening with a diameter of 0.01 m. The CO2 concentration in
the exhaled air was 40 000 ppm.22 Three quantum generation rates,
i.e., 14 quanta/h, 27 quanta/h, and 40 quanta/h, were set to calculate
the infection probability.18 Because the efficiency of the masks varied
between the audience, an average efficiency of 75% was assumed.

C. Numerical procedure
An indoor zero-equation model specifically for indoor airflow

simulations was used to account for the indoor turbulent flow.23

The Boussinesq model was adopted to consider the buoyancy effect.
The finite volume method was used to discretize the Reynolds-
averaged Navier–Stokes equations and mass conservation equations.
The body force weighted scheme for pressure and the second-order
upwind scheme for momentum, temperature, and CO2 concentra-
tion were adopted as the discretization scheme. A semi-implicit
method for a pressure-linked equation (SIMPLE) algorithm was
adopted, and momentum equations were solved on non-uniform
staggered grids.24 A linear under-relaxation iteration was applied to
ensure convergence. The air supply inlets were defined as an opening
with a uniform velocity distribution, and the air return outlets were
defined as the pressure outlet. In the simulation, CO2 was only a
tracer gas for predicting the exhaled pollutants of an infector, where
the background concentration was set to 0. Because of the existence
of the air recirculation in the all-air air conditioning system, the con-
centration of the tracer gas in the supply air was not 0. Assuming
that one air handing unit supplies air to the hall and all the air from
multiple air return outlets flows back to the same air handling unit,
the concentrations of the tracer gas in the supply air were calculated
as 0.83 ppm for case 1 and 1.67 ppm for case 2 based on the mass
conservation relationship. The grid independent test was conducted
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for case 1 and case 2. In case 1, the model room was discretized using
187 173 (coarse), 361 989 (medium), and 586 853 (fine) hexahedral
grids, respectively. The velocities in line (X = 10 m, Y = 3 m) were
compared for three types of grids, as shown in Fig. 3.

The velocities for 361 989 grids and 586 853 grids were close
to each other, while there was a slightly greater discrepancy of
187 173 grids from 586 853 grids at some positions. Therefore,
the results from 586 853 (fine) grids were used for analysis. In
case 2, there were two infected persons, and 913 392 finer grids
were adopted to yield reliable results. For both cases, the areas
adjacent to the openings, heat source, and CO2 source were
refined to accurately reflect the details of air parameters in these
locations.

III. RESULTS AND DISCUSSION
A. Case 1: Virus was released from Trump

The airflow field in case 1 is shown in Fig. 4.
The airflow could effectively reach the locations of Trump

and Biden [Figs. 4(a) and 4(c)]. For Trump, the exhaled virus
might be delivered by the airflow to an adjacent area to cause pol-
lution, while for Biden, the upper airflow was expected to pro-
vide protection from the virus. The air supply jet path above
Wallace bent toward the debate stage [Fig. 4(b)]. There was
no clear airflow from Trump to Biden and Wallace [Figs. 4(b)
and 4(d)].

The concentration distributions of CO2 are shown in Fig. 5. The
DRs at the concerned positions are listed in Table I.

At the respiratory levels of Trump, Biden, Wallace, and the
audience, the CO2 concentrations were much lower in most of the
space. This was because the total ventilation rate for virus dilution
was higher in the large space. The relatively greater concentrations
occurred in the area around the left side of Trump (Fig. 5). The

TABLE I. DRs at various positions in case 1.

Location DR

Biden 37 736
Wallace 36 036

Location A [Fig. 5(c)] 18 223
Distance from Trump in the left
audience area [line 1 in Fig. 5(c)]

6 m 32 787
8 m 31 923

10 m 31 797
12 m 31 847
14 m 31 949

Distance from Trump in the right
audience area [line 2 in Fig. 5(c)]

6 m 38 132
8 m 37 736

10 m 36 934
12 m 36 364
14 m 35 398

DRs at the positions of Biden and Wallace as well as in the audi-
ence area were more than 30 000, indicating an overwhelming dilu-
tion capacity of virus. The DR at location A (1.5 m, 1.05 m, 6 m)
[Fig. 5(c)] was 18 223, and the dilution effect of ventilation was
reduced.

Based on the DRs, the infection probabilities at positions of
Biden, Wallace, and location A are shown in Fig. 6. The infection
probabilities in the audience area are shown in Fig. 7.

The infection probabilities of Biden and Wallace were in the
range of 0.06%–0.16% and 0.06%–0.17%, respectively, at different
quantum generation rates (Fig. 6). There was a lower risk to be
infected. The infection probability at location A close to Trump
ranged from 0.12% to 0.33%, higher than those of Biden and Wal-
lace. The audience area was far away from the debate stage, and
the infection risk was lower. In the condition that the audience
did not wear masks, the infection probabilities in the left audience
area were as lower as 0.18%–0.19% at the distance of 6 m–14 m
from Trump even at 40 quanta/h [Fig. 7(a)]. The infection prob-
abilities in the right audience area were 0.16%–0.17% [Fig. 7(c)].
There was no significant difference in probability between the audi-
ence at different locations. During the debate, all the audience were
required to wear masks, and therefore, in this condition, the infec-
tion probabilities could be further reduced to 0.05% and 0.04%,
respectively, in the left and right audience areas at 40 quanta/h
[Figs. 7(b) and 7(d)]. Wearing masks provided powerful protection
against virus for the audience. In a word, the infection probabilities
for Biden, Wallace, and the audience were lower due to the sufficient
ventilation.

B. Case 2: Virus was released from both Trump
and the first lady

When the virus was released from both Trump on the debate
stage and the first lady in the first row of the right audience area,
the CO2 distributions are shown in Fig. 8. The DRs at the concerned
positions are listed in Table II.

In the condition that two infectors existed in the hall, the CO2
concentrations increased as a whole (Fig. 8). The DRs at the con-
cerned positions decreased, indicating the dilution effect of ven-
tilation was reduced. The virus release from the first lady had a
great influence on the front area. The DR at location B (15.5 m,
1.05 m, 6 m) was 3591, much lower than those at the other positions
(Table II).

FIG. 6. Infection probabilities of Biden, Wallace, and location A.
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FIG. 7. Infection probabilities in the audi-
ence area: (a) left audience area, without
mask; (b) left audience area, with masks;
(c) right audience area, without mask; (d)
right audience area, with masks.

FIG. 8. CO2 distribution at the respiratory level: (a) Trump and Biden (Y = 3 m); (b) Wallace (Y = 2.15 m); (c) audience (Y = 1.05 m).
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TABLE II. DRs at various positions in case 2.

Location DR

Biden 19 324
Wallace 17 699

Location A [Fig. 8(c)] 13 378
Location B [Fig. 8(c)] 3 591

Distance from Trump in the left
audience area [line 1 in Fig. 5(c)]

6 m 17 621
8 m 17 621

10 m 17 467
12 m 17 316
14 m 17 241

Distance from Trump in the right
audience area [line 2 in Fig. 5(c)]

6 m 17 699
8 m 17 621

10 m 17 467
12 m 17 391
14 m 17 316

On the right of the first lady in the first row
1 m 16 260
2 m 17 241
3 m 17 391

The infection probabilities at positions of Biden, Wallace, loca-
tion A, and location B are shown in Fig. 9. The infection probabilities
in the audience area are shown in Fig. 10.

Compared with only Trump being infected, both infections
of Trump and the first lady resulted in the increased infection
probabilities to 0.11%–0.31% for Biden and 0.12%–0.34% for Wal-
lace. However, because both Biden and Wallace kept a certain
distance from Trump and the first lady, the infection risks were
still lower. The infection probability at location B achieved 1.66%
at 40 quanta/h, which was a relatively higher risk with respect
to those at the other positions. The audience in the local area
surrounding location B would experience a certain infection risk.

FIG. 9. Infection probabilities of Biden, Wallace, location A, and location B.

The existence of two infectors indeed doubled the infection prob-
ability in the audience area, with the values of 0.34%–0.35% for
those without wearing masks at 40 quanta/h. Therefore, the effect
of wearing masks in this case was remarkable, with the probabili-
ties reduced to 0.09%. Even at location B, the infection probability
could be reduced to 0.42% when the person in this location wore
a mask. The local area surrounding the first lady was the potential
high-risk area. During the debate, the Trump family and his team
sat together without wearing masks. The infection probabilities of
persons seated on the right side of the first lady in the first row were
0.37%, 0.35%, and 0.34%, respectively, at the distances of 1 m, 2 m,
and 3 m from the first lady at 40 quanta/h [Fig. 10(e)]. Thanks to
the fact that the exhaled virus from the first lady did not accumu-
late in the surrounding areas, the infection probability in the local
area close to the first lady was not significantly higher than that in
the other audience area far from the first lady. If the Trump family
and his team wore masks, the infection probability could be reduced
to 0.09%.

C. Discussion and recommendations
From analysis of the infection probability of COVID-19, it is

found although Biden and Wallace were on the same debate stage
as Trump and did not wear masks, their infection probabilities were
lower due to the suitable distance from Trump. Increasing the dis-
tance between people is recommended especially in the confined
space. The infection probabilities in most of the space were much
lower for both case 1 and case 2 because of the great fresh air rate
in the large space to effectively dilute the virus. Therefore, providing
as much fresh air as possible based on the existing ventilation and
air conditioning system or opening windows to increase the natu-
ral ventilation rate are recommended for virus dilution. For several
important positions, it is an effective way to achieve the local pro-
tection by installing localized air supply inlets near the positions
to deliver fresh air to the person, or adding an air cleaner close
to the person to deliver the filtered recirculation air supply. Wear-
ing masks are always the recommended solution to virus protection
from both perspectives of preventing the droplet transmission and
air (aerosol) transmission. Numerous infected cases happened when
people did not wear masks, which reminds us that it is necessary
to wear masks especially in the crowed places. Recently, Biden and
Wallace have tested negative for COVID-19, which is consistent with
our prediction results. Although the possible reason for no droplet
transmission and contact transmission cannot be excluded, at least
the air (aerosol) transmission is verified to be a potential transmis-
sion route to some extent especially in the confined space. Trump
and Biden may have a new presidential debate in the following days,
and it is hoped that the analysis and recommendations in this study
can provide some reference for the follow-up risk prevention and
control.

Due to the limited information about the hall structure, related
dimensions of facilities, air terminals, etc., some assumptions and
simplifications have to be made, which sacrifices a certain accuracy
of the results. However, we tried to make the main factors related
to the prediction of infection probability such as the relative dis-
tance between persons reasonable based on the available informa-
tion. Therefore, the analysis results are expected to provide guidance
for the risk assessment of the similar events.
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FIG. 10. Infection probabilities in the audience area: (a) left audience area, without mask; (b) left audience area, with masks; (c) right audience area, without mask; (d) right
audience area, with masks; (e) on the right of the first lady, without mask; (f) on the right of the first lady, with masks.

IV. CONCLUSIONS
The infection risks of persons at different positions by Trump

and the first lady during the first presidential debate were assessed by
using the revised Wells–Riley equation. The main conclusions are as
follows:

(1) The infection probabilities of Biden and Wallace were lower
due to the reasonable distance from Trump, with the max-
imum probability of 0.17% at the generation rate of 40
quanta/h. In the condition that both Trump and the first
lady were infected and did not wear masks, the maximum
infection probability increased to 0.34%.

(2) The infection probabilities in the audience area were lower
because of the long distance from the debate stage. The

maximum infection probabilities were 0.19% and 0.35%,
respectively, for only Trump being infected and both Trump
and the first lady being infected. Wearing masks resulted in
a notable decrease in the infection probabilities to 0.05% and
0.09%.

(3) There was a certain local area surrounding Trump and
the first lady with a relatively greater infection probability.
Although the overall probability was still low under the suf-
ficient dilution of ventilation in the large space, it is recom-
mended to wear masks to reduce the risk of infection.

For the next presidential debate and other public events, there
are some recommendations according to the results of this study:
(1) the air conditioning system operates in the all fresh air mode to
ensure the maximum dilution of virus; (2) adding more air supply
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inlets above the debate stage makes the inlets close to the debaters
and moderator to enhance the protection; (3) the recommended
distance between debaters and the moderator is more than 4 m
according to the results; and (4) wearing masks is mandatory for the
audience due to the limited distance between each other.

ACKNOWLEDGMENTS
This study was supported by the National Natural Science

Foundation of China (Grant No. 51878043), Tsinghua University
Spring Breeze Fund (Grant No. 2020Z99CFZ025), and Fundamental
Research Funds for the Central Universities (Grant No. FRF-TP-20-
001A3). The authors would like to thank Professor Xudong Yang
from Tsinghua University for his contribution to the modification of
the Wells–Riley equation. The authors would also like to thank the
editor and reviewers for their valuable efforts to polish this paper.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1WHO, WHO Coronavirus Disease (COVID-19) Dashboard, https://covid19
.who.int/, 2020.
2Q. Cui, Z. Hu, Y. Li, J. Han, Z. Teng, and J. Qian, “Dynamic variations of the
COVID-19 disease at different quarantine strategies in Wuhan and mainland
China,” J. Infect. Public Health 13(6), 849–855 (2020).
3See https://video.foxnews.com/v/6196895665001#sp=show-clips for Trump an-
nounces he and the first lady have tested positive for coronavirus; accessed 2020.
4See https://www.foxnews.com/politics/cleveland-officials-11-coronvirus-cases-
debate for Cleveland officials link 11 COVID-19 cases to pre-debate planning and
set-up; accessed 2020.
5See https://www.foxnews.com/politics/biden-mask-mandate-trump-covid-
positive for Biden makes new push for mask mandate after Trump tests positive
for COVID; accessed 2020.
6See https://www.foxnews.com/politics/trump-coronavirus-positive-test-chris-
wallace-debate for after Trump’s positive coronavirus test, Chris Wallace says he
will get tested; accessed 2020.
7Q. He, J. Niu, N. Gao, T. Zhu, and J. Wu, “CFD study of exhaled droplet trans-
mission between occupants under different ventilation strategies in a typical office
room,” Build. Environ. 46(2), 397–408 (2011).

8J. K. Gupta, C.-H. Lin, and Q. Chen, “Transport of expiratory droplets in an
aircraft cabin,” Indoor Air 21(1), 3–11 (2011).
9T. Dbouk and D. Drikakis, “On coughing and airborne droplet transmission to
humans,” Phys. Fluids 32, 053310 (2020).
10M.-R. Pendar and J. C. Páscoa, “Numerical modeling of the distribution of
virus carrying saliva droplets during sneeze and cough,” Phys. Fluids 32, 083305
(2020).
11S. K. Das, J. Alam, S. Plumari, and V. Greco, “Transmission of airborne virus
through sneezed and coughed droplets,” Phys. Fluids 32, 097102 (2020).
12T. Dbouk and D. Drikakis, “On respiratory droplets and face masks,” Phys.
Fluids 32, 063303 (2020).
13S. Verma, M. Dhanak, and J. Frankenfield, “Visualizing droplet dispersal for
face shields and masks with exhalation valves,” Phys. Fluids 32, 091701 (2020).
14Y.-Y. Li, J.-X. Wang, and X. Chen, “Can a toilet promote virus transmission?
From a fluid dynamics perspective,” Phys. Fluids 32, 065107 (2020).
15J.-X. Wang, Y.-Y. Li, X.-D. Liu, and X. Chen, “Virus transmission from urinals,”
Phys. Fluids 32, 081703 (2020).
16G. A. Somsen, C. van Rijn, S. Kooij, R. A. Bem, and D. Bonn, “Small droplet
aerosols in poorly ventilated spaces and SARS-CoV-2 transmission,” Lancet
Respir. Med. 8(7), 658–659 (2020).
17L. Morawska, J. W. Tang, W. Bahnfleth, P. M. Bluyssen, A. Boerstra,
G. Buonanno, J. Cao, S. Dancer, A. Floto, F. Franchimon, C. Haworth, J. Hogeling,
C. Isaxon, J. L. Jimenez, J. Kurnitski, Y. Li, M. Loomans, G. Marks, L.
C. Marr, L. Mazzarella, A. K. Melikov, S. Miller, D. K. Milton, W. Nazaroff, P.
V. Nielsen, C. Noakes, J. Peccia, X. Querol, C. Sekhar, O. Seppänen, S.-I. Tanabe,
R. Tellier, K. W. Tham, P. Wargocki, A. Wierzbicka, and M. Yao, “How can
airborne transmission of COVID-19 indoors be minimised?,” Environ. Int. 142,
105832 (2020).
18H. Dai and B. Zhao, “Association of infected probability of COVID-19 with
ventilation rates in confined spaces: A Wells-Riley equation based investigation,”
Build. Simul. (published online 2020).
19J.-X. Wang, X. Cao, and Y.-P. Chen, “An air distribution optimization of
hospital wards for minimizing cross-infection,” J. Clean. Prod. 279, 123431 (2021).
20E. C. Riley, G. Murphy, and R. L. Riley, “Airborne spread of measles in a
suburban elementary school,” Am. J. Epidemiol. 107(5), 421–432 (1978).
21C. B. Beggs, C. J. Noakes, P. A. Sleigh, L. A. Fletcher, and K. Siddiqi, “The
transmission of tuberculosis in confined spaces: An analytical review of alternative
epidemiological models,” Int. J. Tuberc. Lung Dis. 7(11), 1015–1026 (2003).
22S. N. Rudnick and D. K. Milton, “Risk of indoor airborne infection transmission
estimated from carbon dioxide concentration,” Indoor Air 13, 237–245 (2003).
23Q. Chen and W. Xu, “A zero-equation turbulence model for indoor airflow
simulation,” Energy Build. 28, 137–144 (1998).
24S. V. Patankar, Numerical Heat Transfer and Fluid Flow (Hemisphere Publish-
ing Corporation, Washington, DC, 1980).

Phys. Fluids 32, 115125 (2020); doi: 10.1063/5.0032847 32, 115125-9

Published under license by AIP Publishing

https://scitation.org/journal/phf
https://covid19.who.int/
https://covid19.who.int/
https://doi.org/10.1016/j.jiph.2020.05.014
https://video.foxnews.com/v/6196895665001#sp=show-clips
https://www.foxnews.com/politics/cleveland-officials-11-coronvirus-cases-debate
https://www.foxnews.com/politics/cleveland-officials-11-coronvirus-cases-debate
https://www.foxnews.com/politics/biden-mask-mandate-trump-covid-positive
https://www.foxnews.com/politics/biden-mask-mandate-trump-covid-positive
https://www.foxnews.com/politics/trump-coronavirus-positive-test-chris-wallace-debate
https://www.foxnews.com/politics/trump-coronavirus-positive-test-chris-wallace-debate
https://doi.org/10.1016/j.buildenv.2010.08.003
https://doi.org/10.1111/j.1600-0668.2010.00676.x
https://doi.org/10.1063/5.0011960
https://doi.org/10.1063/5.0018432
https://doi.org/10.1063/5.0022859
https://doi.org/10.1063/5.0015044
https://doi.org/10.1063/5.0015044
https://doi.org/10.1063/5.0022968
https://doi.org/10.1063/5.0013318
https://doi.org/10.1063/5.0021450
https://doi.org/10.1016/s2213-2600(20)30245-9
https://doi.org/10.1016/s2213-2600(20)30245-9
https://doi.org/10.1016/j.envint.2020.105832
https://doi.org/10.1007/s12273-020-0703-5
https://doi.org/10.1016/j.jclepro.2020.123431
https://doi.org/10.1093/oxfordjournals.aje.a112560
https://doi.org/10.1034/j.1600-0668.2003.00189.x
https://doi.org/10.1016/s0378-7788(98)00020-6

