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Abstract

COVID-19 pandemic has started a big challenge to the world health and economy during recent years. Many efforts were
made to use the computation fluid dynamic (CFD) approach in this pandemic. CFD was used to understanding the airborne
dispersion and transmission of this virus in different situations and buildings. The effect of the different conditions of the
ventilation was studied by the CFD modeling to discuss preventing the COVID-19 transmission. Social distancing and using
the facial masks were also modeled by the CFD approach to study the effect on reducing dispersion of the microdroplets
containing the virus. Most of these recent applications of the CFD were reviewed for COVID-19 in this article. Special
applications of the CFD modeling such as COVID-19 microfluidic biosensors, and COVID-19 inactivation using UV radia-
tion were also reviewed in this research. The main findings of each research were also summarized in a table to answer criti-
cal questions about the effectiveness levels of applying the COVID-19 health protocols. CFD applications for modeling of
COVID-19 dispersion in an airplane cabin, an elevator, a small classroom, a supermarket, an operating room of a hospital, a
restaurant, a hospital waiting room, and a children’s recovery room in a hospital were discussed briefly in different scenarios.
CFD modeling for studying the effect of social distancing with different spaces, using and not using facial masks, difference
of sneezing and coughing, different inlet/outlet ventilation layouts, combining air-conditioning and sanitizing machine, and
using general or local air-conditioning systems were reviewed.

1 Introduction

In late 2019, the COVID-19 virus outbreak began in Wuhan,
China, causing the world to face, in a short time (by early
2020), a significant virus infection-related epidemic leading
to an acute respiratory syndrome that could end in death
if not treated properly [1]. The virus-caused global pan-
demic has not only affected people’s lives severely all over
the world but has also damaged the countries’ economies.
Like many other infectious diseases (e.g., flu), this virus can
transfer through the air and affect the world's population;
so far it has killed thousands of people. Different countries
have thought of different mechanisms to control this virus
[2]. According to the WHO, the coronavirus is transferable
through coughing/sneezing respiratory droplets larger than
5 pm [3, 4]. Researches have also been done on whether the
transfer is possible through smaller particles in the air [5].
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Growing evidence found in airborne particles by detecting
the RNAs of the SARS-CoV-2 virus plus studies on how
many hours it can survive in the air show that through-the-
air-transfer is quite possible [6, 7]. The upper respiratory
tract evidence of asymptomatic people infected with the
COVID-19 virus has raised the hypothesis that these peo-
ple’s respiratory microparticles due to their normal activi-
ties (e.g., talking) can greatly cause the virus to spread in
the air [8, 9]. Considering the very high air-transferability
of the virus, the healthcare personnel, who are in constant
direct/indirect contact with infected patients, are at high risk
and, hence, measures are to be taken to properly ventilate
the air inside the hospitals’ infectious wards to protect them
[10-13]. The rapid disease spreading has caused some cit-
ies to begin, in response to the lack of medical centers, to
build temporary hospitals for the centralized treatment of
patients with acute respiratory syndromes [14]. Such hos-
pital spaces need special exhausts in their air conditioning
systems to evacuate the harmful air produced by patients
[15]. Unlike other particles, as pathogens are very small
with diameters not more than 100 nm, they move under the
influence of air particles and, hence, their movement paths
are hard to analyze. Computer science advances solved
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this problem using a computational fluid dynamics (CFD)-
based method and developed it well over the years. The CFD
solution of nonlinear Navier—Stokes equations enables very
complex fluid flows to be simulated in different conditions
and regions [16—18]. CFD is also applied in biological and
environmental fields; in early 1994, a new FORTRAN code
was developed to simulate the airborne particles [19] and
in later decades, many research studies were done, based
on this method, for air/environment pollution and emission/
transmission of pathogens. In the last two years, more than
50 published papers have used CFD simulations to study
the SARS-CoV-2 transfer in various conditions/spaces ena-
bling researchers to theoretically model various pathways
of sneezing-/coughing-/talking-caused respiratory particles
and how they dispersed in open/closed spaces to study the
virus behavior more effectively [20-22].

In 2020, Peng et al. [23] reviewed researches on patho-
gens’ transmission based on CFD methods (checked by vari-
ous models/algorithms) and studied the factors that caused
them to spread in different environments and the air-flow
effects on the spreading.

Later, Saqr et al. [24] studied the reproducibility crisis of
the COVID-19 virus by dynamic CFD calculations and used
a weighted scoring model to propose a new reproducibility
index (0 < RiCFD < 1) for the virus simulation that was
depended on three reproducibility criteria consisting of 10
elements.

An effort has been made in the present study to summa-
rize the research works for using the CFD approach in the
last two years on studying the COVID-19 pandemic from
different aspects. CFD applications for different COVID-
19 problems including airborne virus dispersion, respira-
tory droplets modeling in sneezing and coughing, ventila-
tion layouts, and facial masks were reviewed. Also, special
applications of CFD simulations containing COVID sensors,
human respiratory tracts, and the UVC virus inactivation
have been summarized. There is not any article to review
all these aspects of COVID-19 using CFD modeling during
these years. Different useful applications of CFD cases for
COVID-19 are summarized in Table 1. The main conclu-
sions of each research are reported in a column of this table.
Some of them are very important to understand the limi-
tation of COVID-19 health protocols including the social
distancing and using facial mask and ventilation types, etc.

2 Airborne Virus Dispersion

The main point to start analyzing the potential role of res-
piratory aerosols in the distribution of infection is to raise
the knowledge about the size distribution of aerosols, the
mechanisms of respiratory particles production, and the

@ Springer

sites of particles production [50]. The airborne dispersion
of respiratory particles and droplets under different indoor
conditions and ventilation layouts has been investigated to
evaluate individuals' cross-infection in confined environ-
ments [51-53].

Before the pandemic of COVID-19, several kinds of
research were conducted to investigate the dispersion of
respiratory droplets from human beings in different envi-
ronments, using CFD simulation methods [54-56]. Gupta
et al. [55] developed a CFD model to predict the transmis-
sion of respiratory droplets of an index traveler in an aircraft
cabin. They studied the number of particles inhaled by a
traveler because of the exhalation particles from another
traveler through regular breathing, 100 coughs, and 30 min
talking over a four-hour flight in the confined cabin. Their
measurements show that the number of particles inhaled in
the coughing case is higher, thus in case of being infected,
the fellow passenger can transmit the high amount of infec-
tious droplets to the index passenger. Next year, Gupta et al.
[54] used a CFD model to measure the spatial distribution of
respiratory particles under the condition similar to the previ-
ous study [55] with an influenza outbreak case. The results
indicate that using the N95 respirator masks can dramati-
cally decrease the risk of virus transmission. Zhang et al.
[57] used CFD numerical simulation method to analyze the
distribution of droplets discharged by cough in a confined
conference room. They highlighted that ventilation could
speed up the discharging of respiratory droplets, but the
cough particles are more likely to be distributed by the air-
flow. In order to detect contaminants in an environment of a
confined room, Zhang et al. [58] developed a CFD model to
determine the optimal location for virus sensors to be placed.
They found that the best place for a sensor is in the middle
of the room ceiling, and it can detect the contaminants more
accurately if the sensor was acutely sensitive and if the dis-
charge time was higher.

Since the outbreak of COVID-19, scientists has focused
most of their attention on the investigation of respiratory
droplets produced by people who are infected by this virus.
Bhatia and Santis [25] simulated dispersed droplets which
are exhaled by a single breath of an index patient placed
inside a 10 m? cabin area, using the k —® ST turbulence
model conducted in ANSYS Fluent to provide an insight
into visualizing droplets. The results show that about 75%
of droplets disperse within the cabin for up to 2 m axially
behind the infected person by mixing with the airflow dur-
ing 20 s. This exposes the passenger sitting behind the index
patient to the risk of infection by dispersed droplets. Shao
et al. [26] have assessed the risks of transmitting the airborne
virus by asymptomatic individuals exhale in a confined ven-
tilated space through CFD simulation. Simulation has been
conducted under three practical settings that were indicated
in Fig. 1: (1) elevator, (2) small classroom and (3) small
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Fig. 1 Particle concentration
profiles based on a user-defined
function of inhaling risk (/,;4)
of virus-contaminated particles
and its average value (/,;;)
using the CFD technique at
three various closed places
with different ventilation sce-
narios including a an elevator
with three possibilities, b a
classroom with two ventilation
situations, and ¢ a supermarket
with two ventilation options
(Reprinted with permission
from [26] Copyright (2021)
Elsevier)
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(c) Two different ventilation scenarios in a supermarket

supermarket, with different scenarios. The [, metric for
assessing the risk of COVID-19 transmission is based on the
number of particles produced by an individual's exhalation
in a specific space during a simulation time and as a result,
1.5 1s the upper limit of the particles which contains virus
and can be contacted by a person. In other words, this num-
ber is related to being at the risk of infection [59]. Simula-

tion results show that although ventilation helps to reduce

the amount of contaminated air, it can lead to the spread of
the airborne virus to a larger space. According to the RNAs
samples related to SARS-CoV-2 collected from air vents in
hospitals, it can be concluded that ventilation can increase
the deposition of contaminated particles on surfaces [6].
These particles which are deposited on the surface can form
a very resistant layer of virus that protects viruses from envi-
ronmental changes and leads to long-lasting contamination
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[60]. These results indicate that ventilation is not sufficient
to reduce the number of contaminated particles (both round
and faceted). Wearing a mask and determining a proper
placement for occupants (in a gym, cabin, etc.) can lessen
the risk of infection by the airborne virus.

Li et al. [20] investigated the influence of ventilation on
the respiratory droplets from medical staff and patients in a
simulated operating room, using CFD techniques. The CFD
model of Zhai et al.’s research [61] was rebuilt to predict
the behaviors of the droplets transport in the operating room
environment. The equation which governs the air momentum
was written in Eq. (1) [62]:

Yo="n M

where 717 is the mass flow rate of air (kg/s), p is the density
of inlet air (kg/m3), A, is inlet effectiveness area (mz), and
U, is the inlet momentum flux (m/s). The results reveal that
ventilation has a positive effect on reducing the risk of cross-
infection between all of the staff and patient, localized venti-
lation should be used in the operating room that can directly
suck the respiratory particles of the individuals.

Abuhegazy et al. [27] used CFD simulation to study the
surface deposition of airborne viruses and aerosol transports
in a realistic classroom including a teacher and nine students
with air conditioning systems and windows. A drag model of
Stokes—Cunningham was used to define the particle trajec-
tory and as a result, the motion equation of the particles was
written in Eq. (2):

dv,-_ f
dt  ©.C.

pc
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where f is the drag factor [63], 7, is the reaction time of
particles, u; is the flow velocity, and Cc is the factor of Cun-
ningham correction [64]. The simulation results indicate
that the aerosol distribution in the class environment is not
uniform and is significantly affected by the layout of the air
conditioning systems. Additionally, the source location of
the exhaled particles has a considerable effect on aerosol
transport. The student in the middle of the classroom could
transmit more of the exhaled particles to others, compared
with the students in the corners. Opening the windows is
another factor that reduces the number of particles transmit-
ted between occupants.

It has been speculated that the air-conditioning can pro-
duce the airflow which blows large droplets of contaminated
air [65]. In this regard, Birnir et al. [28] used a distribu-
tion model of respiratory aerosols and breathing droplets
by Lagrangian turbulent airflow which is exhaled by an
infected person in a restaurant in Guangzhou, China [66].
The restaurant including three tables and three families was
simulated, where a member of one of the three families was
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considered infected; air-conditioners' airflow with blowing
of 0.25 m/s were also set [67]. The results indicate that the
concentration of SARS-CoV-2 in the cloud of respiratory
droplets can enhance the infectious levels overtime when the
air recirculates in the space. It has been shown that in less
than 15 min, the concentration of droplets inhaled by each
person is what it could be if they were sitting exactly next to
the patient and it would be more than four times in one hour.

Borro et al. [29] studied CFD simulation of a patient’s
cough in 2 different cases in a hospital (Case 1 and Case
2). Case 1 (Fig. 2) was a simulation model in a waiting
room, considering three different scenarios; Scenario A: a
waiting room with no active HVAC system, Scenario B: a
waiting room with an HVAC system that produces nominal-
flow rate, and Scenario C: a waiting room with an HVAC
system which produces double-flow rate. Case 2 (Fig. 3)
is a children’s recovery room including two hospitalized
patients whose body temperatures are 31 °C (according to
Gao et al.’s work [68]). The simulations were performed
based on two different scenarios; without (Scenario A) and
with (Scenario B) Local Exhaust Ventilation (LEV) system
exactly above the index patient’s face (in two scenarios there
is an HVAC system in the room). The results of the simula-
tion highlight that the HVAC system provides significant
space for diffusing the droplets generated by an individual’s
cough in a closed waiting room (Case 1). Additionally, dou-
ble airflow of HVAC considerably enhances the motion of
turbulent air which results in spreading the contaminated air
and airborne virus in a larger space. The simulation results
in the recovery room (Case 2) indicate that the HVAC sys-
tem can easily cause the airflow to be distributed within
the space of the room, in the absence of an LEV system,
resulting in air contamination dispersion. Using the LEV
unit above the face of the patient can protect the exposure
of airborne virus generated by patient's cough.

Researches have indicated that SARS-CoV-2 can be
spread through exhalation and as a result, the main sources
of contamination are sneezing, coughing, or touching the
surfaces which are infected by the virus [69]. It has led
to defining a social distance to prevent the virus from
spreading. However, the policy of social distancing does
not consider the impact of relative humidity (RH) and
wind on the dispersion of infected droplets from patient’s
exhalation [70] and neglects the cloud of sneeze droplets
which can be thrown for up to 27 feet (8 m) [71]. Feng
et al. [30] simulated a confined space including two virtual
humans and set two different distances to separate them (6
feet and 10 feet), using a model identical to Zhao et al.’s
study [72], by ANSYS Fluent Meshing 19.2. The results
indicate that wind can affect the transporting of droplets
and this depends on the pattern of the airflow. The current
social distancing policy cannot protect individuals from
SARS-CoV-2 exposed by the ambient wind. Moreover,
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A

(e) Scen.a‘riOUC, ZD top view‘

Fig.2 Contour plots of virus mass fraction and distribution of the
droplets in different colors based on the droplet diameter for a wait-
ing room of a hospital with 6 men and six children in different forms
including 2D top and 3D side views of Scenario A (no HVAC), B
(active HVAC with slow flow rate), and C (active HVAC with fast

High RH increases the condensation impact which helps
the size of the droplets to grow while transporting by the
airflow. Blocken et al. [31] studied a CFD simulation for
investigating the distance in which two individuals could
transfer the aerosol droplets to each other. The distance

(d) Scenario B, 3D side view

(f) Scenario C, 3D side view [ug)

Droplet
diameter
1.000e-04

(b) Scenario A, 3D side view

2.154e-05

4.642e-06

1.000e-06
(m]

Mass
fraction
1.000e+00

1.000e-02

1.000e-04

1.000e-06

flow rate) at time =230 s. The air velocity streamlines started from the
four inlet diffusers on the top of the room are also illustrated. One
person is a virus spreader and located in the middle. (Reprinted with
permission from [29] Copyright (2021) Elsevier)

of 1.5 m and beyond was examined in this case. They
performed a simulation of droplets movement generated
by exhaling when a person walks or runs nearby another
individual, without considering external wind. The results
show that when two people walk or run behind each other,
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(a) Scenario A, Time=1s

(c) Scenario A, Time=5 s

(e) Scenario A, Time = 60 s

Fig.3 The 3D contour plots of virus mass fraction and distribution
of the droplets in different colors based on the droplet diameter for
the recovery room of a hospital for Scenario A (without local ventila-
tion), and B (with local ventilation) at different times of t=1, 5 and

the trailing person (i.e. trailing person is in line at the back
of the leading person) is largely exposed to the leading
person's droplets when being in the slipstream.

Nouri et al. [35] studied the impact of air conditioning
machines on the combination of the infectious particles and
aerosol disinfectant in a cabin of an elevator, using CFD sim-
ulation by Ansys Fluent 2019R3 software. This simulation
provided precise properties for the airflow of the particles
which are produced by natural exhalation, the size and shape
of the respiratory droplets, and the concentration of them in
the confined cabin. The results highlight that the diameters
of most respiratory droplets are less than 50-90 pm and only
around 2% of them are larger than this range. Using aerosol
disinfectant combined with AC, it is possible to reduce the
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(f) Scenario B, Time = 60 s

60 s. The air velocity streamlines started from the inlet diffusers are
also illustrated on the top of the room and the rectangle on the left
bottom of the room is related to the air exit channels. (Reprinted with
permission from [29] Copyright (2021) Elsevier)

number of infected particles by COVID-19 and control the
disease.

Clifford [32] developed a CFD modeling approach to
study airborne virus transmission exposure risks and to
investigate the respiratory aerosol expelled from a human
subject. Results indicate that CFD simulation is a successful
method to compare different analyses of aerosols transmis-
sion. It is also successful in providing appropriate run times
to measure several configurations. Furthermore, it is shown
that social distancing noticeably decreased the exposure
risks since it allows expelled droplets to be considerably
dispersed and diluted.

Ren et al. [33] presented a theoretical analysis to investi-
gate the effectiveness of physical barriers in mitigating the
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risk of cross-infection and controlling the aerosols spreading
in an office environment, using CFD simulation. The results
highlight that a 60-cm-high barrier should be located above
the desks to influentially stop virus dispersion. The height
of the workstation's barriers close to outlets is required to
be at least 70 cm. With a well-designed ventilation mode,
these physical barriers can reduce the infection rate by 70%.

Mirzaie et al. [34] developed a 3D turbulence model to
study the airflow and used a Lagrangian analysis to track
the respiratory particles in a simulated confined classroom.
They investigated the influence of 3 different airflow speeds
of ventilation (3, 5, 7 m/s) and the effect of using partitions
in front of individuals’ seats on the amount of reduced infec-
tion and droplets concentration. It is found that although
increasing the ventilation airflow speed leads to increasing
the particles’ velocities, this can cause the droplets to be
trapped by the partitions in much less time. Furthermore,
without barriers, the individuals are prone to be infected
by the virus carrier; the closer to the infected person, the
greater the risk of virus transmission. The droplet concentra-
tion above the closest seat to the virus carrier was measured
to be 3.8 x 107® kg/m® if the ventilation speed is 3 m/s.

Lohner et al. [36] summarized the numerical pathogen
transmission models in a confined environment via CFD
codes, presenting partial differential equations. Subse-
quently, five different situations were investigated, indicat-
ing the following results:

(a) When the pathogen is distributed through a sneeze in
a subway car, the large particles (more than 0.1 mm) will
fall on the floor after 1 s, while the airflow is able to stop
the small particles (0.1 mm) promptly. However, the smaller
droplets could travel farther away with the exhaled cloud of
the sneezing person. (b) In an airplane cabin, the clouds of
sneeze are limited to 2-3 seats/rows. (c) Using three high-
powered UV lamps on three different sides of a classroom,
the infected particles exposed to UV radiation could be suc-
cessfully deactivated. (d) The infection rate in a subway train
station is approximately R =1, meaning that each infected
individual could infect one other pedestrian on average. (e)
In a corridor with pedestrians, the large particles would fall
on the floor after only 2 s, while the smaller droplets could
be noticeably dispersed in the space. This helps the pathogen
propagate all over the corridor, leading to extensive virus
distribution.

3 Modeling of Sneezing and Coughing

A diseased carrier plays an essential role in diffusing the
infected droplets by sneezing and coughing. Therefore, sci-
entists have paid growing attention to the mechanism of
pathogens spreading. Asymptomatic carriers also potentially
and unintentionally spread pathogens by sneezing, because

asymptomatic people do sneeze more often than they cough
every day [73, 74]. Calculations can predict and analyze the
required time for drying the respiratory droplets and are nec-
essary for studying the effect of ambient temperature, parti-
cle volume, contact angle, and lifetime duration of pathogens
under different conditions [75].

The fluid dynamic of cough and sneeze airflow had been
investigated many times by the pandemic of COVID-19 [76,
77]. Researches have shown that sneezing and coughing drop-
lets are the primary sources of virus transmission due to the
fact that the particles expelled during these activities are much
higher and denser than talking and breathing droplets; their
size is also much greater [78, 79]. Comparing men and women
in terms of travel distance of their respiratory aerosols, it was
shown that during the coughing process, produced droplets
from females could move away for 0.16-0.55; this figure is
0.31-0.64 m for males [77]. Moreover, the maximum sneeze
propagation distance was found to be 0.6 m for individuals,
with the airflow velocity of 4.5 m/s [76]. It also has been
found that that individuals with influenza transmit infectious
respiratory particles when coughing, speaking, breathing, and
sneezing. Moreover, when people are infected, they generate
a greater volume of aerosol droplets during cough than when
they are healthy [80].

Chao et al. [59] compared respiratory particles generated
through coughing with those of speaking by experimenting on
11 human subjects precisely in the front of their mouth. Their
measurements showed that the average velocity of cough-
ing air jet was 11.7 m/s, compared with 3.1 m/s for speak-
ing. Also, the concentration of particles from coughing and
speaking turned out to be 2.4-5.2 cm™ and 0.004-0.223 cm >,
respectively. Gupta et al. [56] used CFD simulation to char-
acterize expelled airflow of cough. The same team [81], next
year, studied the flow dynamics of respiratory airflow from
breathing and talking by experimenting on 25 healthy human
subjects. Comparing the results of the two studies [56, 81],
it was found that the peak flow rate during coughing (6 I/s
for 100 coughs) was higher than that of breathing and talking
(0.7 I/s and 1.6 I/s, respectively). However, the total volume of
the air generated by breathing and talking (1600 1 and 1400 1,
respectively) was much higher than coughing (120 1 for 100
coughs) over 2 h, since the process of talking and breathing in
nature is continuous, while the process of coughing is impul-
sive and not permanent.

In order to measure the drag forces (D) between respiratory
particles and airflow Lohner and Antil [10.100@cn] presented
an equation Eq. (3):

2
D=%~cd'%p|v—vp‘(v—vp) 3)
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where d is the diameter of particles, c, is the drag coefficient,
p is the density of air, v is the velocity of air, and v, is the
velocity of particles.

Dbouk et al. [37] used the “OpenFOAM” code of Com-
putational Fluid Dynamics [82] to investigate the diffusion,
transmission, and evaporation of airborne droplets generat-
ing by a human cough. They applied an ejection process
of respiratory particles to simulate a real cough by humans
and utilized a three-dimensional Eulerian—-Lagrangian model
in order to consider the relative humidity, particle phase-
change, droplets evaporation, and interaction between drop-
lets and air. The simulation results illustrate that wind speed
in outdoor conditions can considerably affect the distance
in which infected particles move away. Without the impact
of wind, the droplets will fail to travel more than 1 m and
most of them will fall to the ground. Hence these particles
may not endanger the individuals at this distance. However,
the saliva droplets are able to move away up to 6 m when
the wind speed is 4-15 km/h. Thus, it can be concluded that
2 m social distancing would not be sufficient, depending on
different situations.

Busco et al. [38] proposed a CFD approach and experi-
mental-numerical methods to simulate a human sneeze
which helps them predict the infected particles and aerosol
diffusion. The results indicate that sneezing is the thickest
cloud of moist air and saliva mixture. Without the speed of
the wind, the impact of sneeze clouds is 2—4 times greater
than clouds produced by cough. Moreover, the number of
sneezes during allergy season would raise the risk of patho-
gen spreading by asymptomatic carriers. Investigating the
effect of ambient temperature and humidity, it is found
that in a dry environment, the evaporation rate of droplets
increases, which results in diffusing more airborne particles
in dry conditions. Hence, in the humid and warm environ-
ment, the deposition of droplets on the surface hypotheti-
cally would rise.

Portarapillo et al. [39] showed that CFD simulation is
capable of quantifying the risk indexes for transmitting the
infected particles. Using a CFD model of near-field sneeze
particles, they build zones of the SARS-CoV-2 effect to
detect the safe distance. The results point out that because
of gravity, the majority of droplets, the dimension of which
is larger than 5—10 pm, fall on the surface after 1 s. However,
the smaller particles remain suspended, and the distance of
the effect zone is measured to be 120 cm further away from
the subject after 1 s.

4 Ventilation Layouts
Indoor ventilation and ventilation layouts significantly

affect the rate of infection transmission from patients to
non-patients [83]. It is very considerable to pay attention
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to the minimum ventilation rate required for reducing the
amount of contamination from airflow [15]. Using numeri-
cal CFD simulation, Villafruela et al. [84] examined differ-
ent ventilation layouts in a room affecting the dispersion
of exhaled airflow discharged by human breathing. They
indicated that the numerical model is able to accurately
predict the distribution pattern of respiratory flows and
the characteristics of exhaled contaminants in a confined
environment.

Ren et al. [40] investigated three strategies in which
different ventilation layouts are provided in a confined
space as an inpatient ward with two patients, by modify-
ing a CFD code (OpenFOAM v1906) [85] to simulate the
breathing droplets in 3-D turbulent flow (Fig. 4). “Strategy
I” includes a ward with an outlet and inlet ventilation on
the same sidewall which produces a large air motion in
the space. In “Strategy II”, the outlet and inlet ventilation
are located on the opposite sidewalls which direct the air
motion in about half-space. For “Strategy III”, the ward
includes one inlet ventilation located on the ceiling and
two outlet ventilations located on the sidewall. This kind
of layout has little effect on the airflow of coughing. To
study the diffused flow of particles, an Eulerian—Lagran-
gian model was used for the simulation which has consid-
ered air as a continuum phase and particles as a discrete
phase. The model of the particles was considered spheri-
cal, with no mass and heat transferring, since the respira-
tory droplets were small compared to the length of the
ward. The density of each particle was 993 kg/m> and the
measured diameters of them ranged from 3 to 750 pm [59,
86]. Therefore, the droplets were modeled using Eq. (4):

du,,
mp'?=FD+FB+FG “
where the m,, is the mass of each particle, u, is the velocity
of each particle, Fy is the buoyancy force, Fg is the gravita-
tional force, and the F}, is the drag force. The drag force can
be defined as follows (Eq. 5):

F =3/4£&-C(u—u)|u—u‘ 5
b ?, d, b P P 5

where d,, is the diameter of each particle and Cp, is defined
in Eq. (6):

1 e
&(1 + %) Re, < 1000

CD =< Re, (6)
0.424; Rep > 1000

The term Fy + Fg can be calculated by Eq. (7) where the
g value (gravitational acceleration) is 9.81 m/s~2.
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Fig.4 Contour plots of 3-D turbulent flow of three ventilation layouts
strategies I, 11, and III on several cross-planes. a Velocity and b tem-
perature profiles for strategy I, ¢ velocity and d temperature profiles
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for strategy II, and e velocity and f temperature profiles for strategy
III, respectively (Reprinted with permission from [40] Copyright
(2021) Elsevier)

The results highlight that the droplets with diameters
smaller than 20 pm can be carried by the main flow and as
a result outlet ventilation can remove most of them. The
removal percentage of these particles in “Strategy II”, is
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Fig.5. 2D profile of turbulent
kinetic energy (m?/s?) for differ-
ent scenarios: a air-conditioning
alone, b combination of sanitiz-
ing machine and air-condition-
ing. (Reprinted with permission
from [41] Copyright (2020)
Elsevier)
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(a) Front view of four hospital beds (four squares) when the air-conditioning
system is working alone.
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(b) Side view of four hospital beds (that cover each other and only one
headmost bed can be seen as a rectangle) when the air-conditioning system
and sanitizing machine are working simultaneously.

86.1-88.7, in “Strategy II”, is 83.4-85.4 and in “Strat-
egy III” is 64.3-67.3. Thus, “Strategy I’ can remove the
smaller particles more efficiently. For larger particles, the
breathing droplets cannot move for a long time along with
the main flow and fall onto different surfaces. Ventilation
using “Strategy III” can remove 18.1% of larger particles
which is the most efficient strategy for removing the larger
ones and ventilation with “Strategy III”” does not affect
removing them. Bhattacharyya et al. [41] studied the effect
of conditioned air generated from air-conditioning (AC)
vent in order to combine with aerosol sanitizer to degrade
COVID-19 virus in a hospital isolation room, using the
SST k — e model of CFD technique. Figure 5 illustrates
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the contour plot of the turbulent kinetic energy. Figure 5a
shows AC vent working (without mixing by sanitizer) and
Fig. 5b illustrates sanitizing machine and AC vent work-
ing at the same time. It is clear that the AC vent generates
a strong turbulence field inside the room which could be
efficient for spreading sanitizer in the space of a confined
isolation room to minimize the amount of virus.

Anghel et al. [42] used the FEM method of CFD simu-
lation to study the effect of heating, ventilation, and air-
conditioning (HVAC) in an intensive care unit on the
spreading of the infected particles by COVID-19 in the
space. They investigated 3 different Scenarios; Scenario
I: infected patient in the right side of the unit (patient’s
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bed is close to a window, and HVAC is in the middle of
the room), Scenario II: infected patient on the left side
of the unit (patient’s bed is not close to a window, and
HVAC is in the central part of the room), Scenario III:
infected patient in the middle of the unit (patient’s bed
is close to the window and inlet grid is exactly above the
patient). The results underline that in scenario II, it can be
observed that the respiratory droplets are spreading more
than in the other two scenarios. Thus, selecting a proper
outlet and inlet ventilation position plays an essential role
in controlling the virus dispersion. Furthermore, to control
the disease and optimize the ventilation efficiency: (a) the
air supply should be increased in order to bring outside
air into the room as much as possible, (b) the ventilations
should be working from 2 h before bringing the patient
into the unit to 2 h after the unit usage time with a high
speed, and (c) the ventilation should not be switched off
at all. Instead, they could be working at a lower speed rate
in the absence of people.

Ahmadzadeh et al. [43] investigated the impact of air-
conditioning on the particles transmission discharged dur-
ing speaking and coughing in a classroom environment,
using the Euler-Lagrange model of CFD simulation to
track the transport of droplets and RANS equations to cal-
culate the airflow field. The results show that it is possible
to noticeably reduce the airborne pathogens by situating
the infected person's seat close to the air-conditioning and
an open window. Moreover, regarding the cough results,
they mention that the worst situation happens when the
infected person sits in the corner of the classroom.

Other models also have been developed to theoretically
investigate the effect of ventilation. Sun et al. [87] used
the Wells-Riley model [88, 89] to analyze the effect of
social distance and ventilation rate on the risk of infec-
tion by COVID-19 in confined rooms, including train, bus,
restaurant, etc. The results indicate that the highest infec-
tion risk among the public transportations is related to
the public bus since the distribution of air and the rate of
fresh air in the environment is lower compared to the other
public vehicles and the density of occupancy is higher.
The minimum rate of ventilation which is requested for
the least infection probability increases over time and a
targeted social distancing can considerably reduce this
required rate.

5 Facial Mask

The new pandemic requires effective solutions which call
for experts in different fields [90, 91]. Due to the diffi-
culty of controlling social distance in some environments,
it requires personal equipment to protect individuals, and
wearing facial masks plays a vital role in this regard [92].

Dbouk and Drikakis [44] investigated the facial mask's
role in limiting the number of transmitted droplets using
OpenFOAM with a combination of porous and turbulence
model and simulated the escaped respiratory droplets with
and without a surgical facial mask. The results demon-
strate that although wearing a surgical mask can largely
prevent the breathing droplets from diffusing, many par-
ticles can still pass through the mask and move away for
more than 1.2 m. This could be the reason why doctors and
nurses can become infected even when they use a facial
mask. Hence, using a suitable mask is essential for them
to block more particles from the mouth and reduce the risk
of cross-infection.

Khosronejad et al. [45] carried out a CFD simulation
to investigate the particles transmission by human cough
in the environment with and without using facial masks
under both outdoor and indoor conditions. The simulation
results illustrate that if a person uses no mask while cough-
ing under indoor conditions, the particles can move up to
2.62 m away, and the large-size particles settle down on
the ground. Additionally, smaller particles tend to remain
suspended in the air for a few minutes, which results in
being inhaled by individuals or being sucked by ventila-
tion. Thus, a facial mask helps the particles travel shorter
distances, which is about 0.48 m by using a medical facial
mask. For outdoor conditions, the small-size particles
while coughing can move away for a very long distance in
the direction of the wind or even the breeze, after a short
time, regardless of whether a mask is worn. This happens
since there is an upward movement of saliva particulates,
even by using a facial mask, and the breeze can cause them
to move forward several meters away.

Alenzi et al. [46] designed a reusable facial mask that has
a disposable filter and, as a result, can reduce the material
requirement by 75% compared to a traditional facial mask.
CFD numerical study was used in this work for simulation
of airflow which passes through the mask filters. Wearing
this novel facial mask reduces the probability of inhaling the
virus-infected particles since it isolates the area in front of
an individual's mouth through a square-wave form design.
This causes air to enter the facial mask only from the left
and right-side filters. This facial mask also has a transparent
frame, letting others see the lip so they can lip-read.

Leonard et al. [47] studied the effect of the surgical
facial mask on respiratory particles' behavior during high-
velocity nasal insufflation (HVNI), using the CFD simula-
tion by ANSYS fluent. A COVID-19 patient lying on a bed
was modeled in a confined room with two outlet ventila-
tion on the ceiling and two inlet ventilation on the walls.
The simulation results indicate that 88.8% of the total res-
piratory particles released through the nasal insufflation
are captured by the facial mask or deposited inside the
mask. The results also demonstrate that a surgical mask
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can filter approximately 96.5% of weighted particles. Only
2.97% of the particles that have escaped from the mask
during HVNI can travel a long distance, and the rest of
them settling within 1 m away from the patient's face.

6 Other Applications
6.1 Virus Inactivation by UVC

Using the UV lamps has been considered for the inactivation
of viruses in the absence of vaccines or antiviral drugs over a
hundred years [93]. Recent advances in UV lamp technology
have led to the generation of short wavelengths UVC. Thus
the low-dose UVC light could be suggested to disinfect the
air (207-222 nm) [94-96]. Unlike the conventional UVC,
which has been used for years to decay the microorganism,
but is carcinogenic, recent evidence has indicated that the
use of far-UVC is safe for humans [97, 98].

Buchan et al. [48] used a high-fidelity fluid dynamics
model to investigate the effect of far-UVC radiation on the
inactivation of coronavirus and disinfection of a ventilated
room, representing a care facilities environment in a hospital
including one inlet and one outlet ventilation on the ceiling,
the room was occupied by a bed on which a patient lays. The
model illustrates that by combining the high ventilation and
far-UVC, the required time for 99% removal in viral count
reduces from 24 to 11.5 min. The results also show that the
room environment's disinfection rate increases by 50-85%
if UVC is used. According to these results, it is suggested
that far-UVC lighting can be applied to reduce the transmis-
sion of SARS-COV-2, especially in spaces that do not have
adequate ventilation.

6.2 Microfluidic Virus Biosensor

Biosensors are pathogen detection systems that are highly
sensitive, inexpensive, and easy to use. These systems
can be considered as one of the best solutions to reduce
death in epidemic diseases [99] and for this purpose,
scientists have developed microfluidic integrated bio-
sensors in where a microfluidic channel is connected to
electrical chips to analyze the response results. Targeted
molecules can enter the microfluidic channel which has
a biosensor and have chemical reactions with the ele-
ments of biological cognition [100]. To design suitable
microfluidic-integrated biosensors for COVID-19, a new
numerical model was developed by Shahbazi et al. [49]
to solve the equations of full Navier—Stokes based on
CVFEM with diffusion, convection, and the reaction of
targeted molecules. Figure 6 shows four steps of designing
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a microfluidic-integrated biosensor. Step 1, shows the
study of the virus and its origins, which is vital for step
2 to prepare a perceptual design of integrated biosensor.
Step 2, demonstrates a schematic view of the microfluidic
channel which is provided with a biosensor. In step 3, the
convection, diffusion, buffer fluid flow, and the reaction of
targeted molecules are simulated by a numerical model.
In the last step, optimization of design is accomplished,
based on analysis. Two-dimensional Navier—Stokes equa-
tions represented in Eqgs. (8)—(10) can be solved for simu-
lating the flow of buffer fluid.

ou [6u 6\1]
it - — | =0

7o TPlox T ox ®)
ou ou ou dp 0*u  d*u
ZruE v E = S+

Por " ox T oy T Tox (ﬁZ dy? ©)
ov ov v dp 0%v 9%y
B T H7] [

Por T ox Ty T Ty (kZ dy? (10)

where v is the velocity in the y-direction and u is the velocity
in the x-direction, while y is the molecular viscosity and p
is the density. An equation can be generated by Fick’s law
(Eq. 11) to model the kinetics of biological species (Eq. 12).

F=-D Ve (an
oc =
E+U.VC=V-(DVc)+S (12)

where D is the coefficient of diffusion, S is a term that is
considered zero in this equation and c is the of the targeted
molecules’ concentration. Using the mechanism of Lang-
muir—Hinshelwood [101], the kinetics of heterogeneous
biosensors can be modeled (Eq. 13).

CO(bmax - b) — kb 13)
where b is the bound analyte surface concentration [102], k,,,
is the rate of adsorption, koﬁis the dissociation rate of the
sensor, b, is the binding site density on the sensor and c0
is the inlet concentration. The results show that the biosensor
position has a considerable impact on efficiency; a proper
position can decrease the time of detection by 50%.

7 Conclusion

In recent years, the use of CFD simulations has played an
essential role in solving complex fluid and predicting tur-
bulent flow behavior in many case studies. In this article,
we reviewed different CFD simulations which are exactly
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Fig.6 Illustration of a 4-step
procedure for developing a
microfluidic biosensor for detec-
tion of COVID-19 virus using
the CFD approach. (Reprinted
with permission from [49]
Copyright (2021) Elsevier)
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related to the COVID-19 pandemic in recent years (2020 and
2021). These include simulation of airborne virus disper-
sion, modeling of sneezing and coughing, comparing ven-
tilation layouts, the effect of using/not using a facial mask,
modeling of the virus inactivation by UVC radiation, and
simulation of microfluidic virus sensor.
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The main results that can be found from the applica-
tion CFD modeling in COVID-19 are summarized as the
following:

e The current outdoor social distancing cannot protect indi-
viduals from COVID-19 because of the impact of wind;
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the saliva droplets are able to move away up to 6 m under
the influence of wind.

¢ Although ventilation leads to the spread of the airborne
virus to a larger space, it still helps to reduce the amount
of infected air by sucking the respiratory particles pro-
duced by disease carriers.

e Aerosol disinfectant combined with air-conditioning
(AC) decreases the number of infected particles due to
the fact that AC can help disinfectant to spread in a larger
space.

e The cloud produced by sneezing can be more concen-
trated than the coughing cloud.

e To optimize ventilation efficiency, we should raise the
rate of air change and the use of outdoor air filters. Air
recirculation also should be reduced.

e A facial mask helps the particles travel shorter distances
and captures 88.8% of the total respiratory particles and
96.5% of weighted particles.

e By using UVC light, the room’s disinfection rate
increases by 50-85%.

e To decrease the detection time of the virus biosensor a
proper position is required.
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