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A B S T R A C T   

The effect of indoor airflow has been confirmed on the diffusion and transmission of droplets generated when 
talking or sneezing by a person with a viral respiratory infection such as COVID-19. The present study to 
investigate the effect of airflow in an indoor environment (a classroom) on the distribution and transmission of 
droplets emitted from speaking and cough by an infected person. A numerical analysis to investigate the 
persistence and deposition of particles on the surfaces of desks and the faces of residents (teacher and students) 
under various scenarios, including the opening of windows. This study puts forward two types of conditions 
while the teacher is speaking and the cough of some students for the distribution of pathogenic particles. 
Computational Fluid Dynamics used to conduct the study, using the Euler-Lagrange approach to capture the 
transport of the particles, and the RANS equations to compute the airflow field in the classroom. The results 
indicate the significant effect of air conditioning and open window close to the infected person in reducing 
environmental pathogens. Moreover, the concentrations of virus particles increase greatly near the output; 
hence, the presence of people in these areas increases the risk of contracting the disease. Furthermore, when all 
the windows are closed, due to the low output capacity, the particles spread in all areas of the domain and 
increase the risk of infection. Therefore, it is recommended that the window be open in indoors environment 
especially the window next to the speaker.   

1. Introduction 

Once again, a severe respiratory infectious disease called COVID-19 
caused by acute respiratory syndrome (SARS-CoV-2) has affected the 
health, economy, and security of human societies in the 21st century. 
COVID-19 is a disease that has affected out lives in almost the past year, 
mainly in-group activities. One example is education, from elementary 
school to college. Ensure safe conditions for students and professors is 
vital to resume activities in the classrooms. A viral disease is more 
prevalent than the previous common diseases of the century, such as 
SARS in 2003, and the Middle East respiratory syndrome coronavirus 
(MERS-CoV) in 2013, and has affected all countries (Shi et al., 2020). Its 
common symptoms include fever, cough, myalgia, and fatigue (Zu et al., 
2020). According to the World Health Organization, more than ninety 
million people worldwide have been infected with the disease and about 
two million have died. The disease was first reported in Wuhan, China 
(Zhu et al., 2020). Its rate of transmission is much higher in indoor and 
enclosed environments than in outdoor environments. In general, the 
risk of transmission of respiratory diseases in indoor environments is 

affected by the following four factors: 1) virus particle size character
istics, 2) airflow pattern, 3) virus type, and 4) specific characteristics of 
the host (Kohanski et al., 2020). Several physical factors play an 
important role in airborne transmission. These can be divided in (a) the 
geometry of the classroom and its boundary conditions, and (b) source of 
the particles and its location in the space. According to researches, the 
virus (SARS-CoV-2) is transmitted from an infected person to a healthy 
person in two direct ways, (a) directly: including respiratory activities of 
the infected person such as breathing, talking, sneezing, and coughing, 
(b) indirect: contact with surfaces and equipment infected with the virus 
(Jayaweera et al., 2020). Understanding and recognizing respiratory 
droplets sizes and their dispersion is essential for assess the mechanisms 
and control of disease transmission through droplet-borne and airborne 
routes (Liu et al., 2017). The behavior of particles resulting from these 
respiratory activities in the environment depends on their sizes, some of 
which are larger (>5 μm) and are called droplets, and most of them 
deposited by their gravity before they have a chance to evaporate. Some 
other smaller particles (<5 μm), called aerosols, evaporate rapidly as 
they enter the environment and remain suspended in the air. Further
more, these aerosol particles are most likely to contaminate healthy 
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people indoors because larger droplets are trapped in the upper airways 
but these tiny particles enter the lower respiratory tract through inha
lation and lead to lung infections. The particle sizes generated from 
breathing, coughing, sneezing and talking showed healthy individuals 
generate particles between 0.01 and 500 mm, and individuals with in
fections produce particles between 0.05 and 500 mm (Gralton et al., 
2011). It is known; these suspended particles are transported with the 
airflow in the indoor environment such as classrooms, public trans
portation, buildings, gyms, so on (specifically in low ventilation envi
ronments), and are the most prevalent cause of people suffering from 
these particles (Buonanno et al., 2020). As a result, predicting the 
release and distribution of droplets from the affected person’s respira
tory activities indoors can play an important role in reducing and 
breaking the chain of the disease. 

The mortality rate of this disease is estimated between 2% and 3% 
and most of these statistics are related to the elderly and those with 
underlying diseases (Bhattacharyya et al., 2020). New mutations in the 
virus (SARS-CoV-2) and its unknown features have become a global 
concern; hence, different countries have adopted policies to confront 
this invisible enemy such as quarantining cities, controlling the move
ment of people, preventing large gatherings, wearing masks in different 
places, heavy fines for violators, and reducing the capacity of public 
transportation systems. A social distance of 1.5–2 m is a policy adopted 
by the World Health Organization to control the progression and 
epidemic of this disease. This recommendation is regardless of consid
ering the effects of relative humidity and ambient temperature (Diwan 
et al., 2020). However, numerical and experimental modeling has 
indicated that virus particles during coughing and sneezing can travel a 
distance of 7–8 m in real conditions (Bourouiba, 2020). The use of 
facemasks and observance of distance has been one of the first preven
tive measures recommended by the World Health Organization and 
governments (Chan, 2020). Wears the facemask, serves primarily a dual 
preventive purpose to protecting oneself from getting viral infection and 
protecting others. Therefore, if everyone wears a facemask in public, 
especially indoors with poor ventilation, it offers a double barrier 
against COVID-19 transmission (Abboah-Offei et al., 2021). However, 
some research suggests that aerosols pass through high performance 
filters (Leung et al., 2020). Therefore, it is important to study the 
movement and transmission of pathogens resulting from respiratory 
activities indoors and in spaces with mechanical ventilation such as 

medical centers, educational centers, and public transportation systems 
to improve air distribution and reduce the risk of infection in healthy 
people. 

Several studies conducted on the dissemination of pathogenic par
ticles indoors under different conditions and examined appropriate 
strategies to minimize transmission of the virus from infected people to 
others, reduce the shelf life of particles in the environment, and improve 
flow patterns. For instance (Bhattacharyya et al., 2020), examined the 
airflow pattern and the effectiveness of mixing air conditioning with 
disinfectant aerosol particles to kill COVID-19 in an isolated room. In 
their study, they found that turbulence in the room could be an efficient 
way to disperse disinfectant particles in more space of the room and it 
directly related to the loss of coronavirus-carrying particles. In another 
study (Liu et al., 2020), examined the temporal-spatial characteristics of 
bio-aerosol particle dispersion and their deposited in a bio-laboratory 
level 3 and concluded that the concentrations of the particles after in
jection into the environment reached a steady state after 400 s. They also 
stated that about 70% of all biological aerosol particles settle on sur
faces, equipment, and walls. As well (Jankovic, 2020) modeled the 
movement of particles inside the building and concluded that small 
pathogenic particles (aerosols) remain suspended in the air for a long 
time due to their lower mass and the presence of turbulent flow can help 
particles remain in the room air. He also found that one-way airflow was 
effective in purifying the room of pathogenic particles. In a study by 
(Hang et al., 2015), they examined the effect of opening and closing time 
between a room contaminated with pathogens and a clean room in the 
transmission of infectious particles in the air. They concluded that the 
difference in temperature and the existing concentration gradient 
caused a two-way buoyant flow of the stimulus and the transfer of 
polluted air through the doors. They found that the longer the door was 
open or the lower the rate of air change, the more pathogens transferred 
to a clean room, thereby increasing the time required to remove the 
particles. Furtheremore, (Zhang et al., 2019) numerically and experi
mentally investigated the distribution of aerosol particles in a room with 
air conditioning. In their model, they used both displacement and 
mixing ventilation systems. Their results indicated that in the presence 
of displacement ventilation, the temperature, and relative humidity of 
the source air had less effect on the number of airborne particles and the 
number of particles leaving the room compared to the ventilation rate 
and airflow distribution patterns. They also concluded that 

Nomenclature 

CFD Computational fluid dynamic 
DPM Discrete phase model 
DRWM Discrete random walk model 
LES Large eddy simulation 
RANS Reynolds-averaged Navier-stokes 
RH Relative humidity 
S Student 
Vent Ventilation 
Win Window 
Latin letters 
mp Particle mass (kg)
V Volume (m3)

VP Particle volume (m3)

u Fluid velocity (m/s)
up Particle velocity (m/s)
u’

i Fluctuating eddy velocity (m/s)
P Pressure (Pa)
x Fluid location (m)

xp Particle location (m)

Fp Force on the particle (N)

Fdrag Drag force (N)

Fgravity Gravitational force (N)

Fa Additional force (N)

Fsaff Saffman force (N)

Fpressure Pressure gradient force (N)

dp Particle diameter (m)

CD Drag coefficient 
Rep Particle Reynold’s number 
g Gravitational acceleration (m/s2)

sgn Sign function 
Greek letters 
ε Turbulence dissipation rate 
αP Volumetric fraction of particles 
τ Fluid shear stress (Pa)
ρ Fluid density (kg/m3)

ρP Particle density (kg/m3)

μ Dynamic viscosity of fluid (Pa.s)
ζ Normal random number  
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displacement ventilation (DV) has a significant effect on minimizing the 
disease risk in comparison with mixed ventilation. Another air-borne 
transmission study for optimization an air distribution of a general 
three-bed hospital ward by changing the position of inputs and outputs 
carried out by (Wang et al., 2021). They evaluated two parameters, total 
maximum time (TMT) and overall particle concentration (OPC), to 
reflect the particle mobility and probability to cause cross-infection 
respectively. Results show that a bottom-in and top-out air distribu
tion proposal is recommended to minimize the cross-infection. 

The use of models based on computational fluid dynamics (CFD) is a 
well-known way to study and model airflow and performance of indoor 
ventilation systems. Many researchers have used this model for example: 

(Borro et al., 2021) modeled the role of HVAC systems in the diffusion of 
the contagion through CFD simulations of cough at the waiting room. 
The results show that HVAC airflow remarkably enhances infected 
droplets diffusion in the indoor environment within 25 s from the cough 
event, despite the observed dilution of saliva particles containing the 
virus. Moreover (Jacob et al., 2019) to optimize the ventilation strategy 
towards contaminant suppression in the isolation room and model for 
various orientation of air supply and exhaust vents of the isolated room 
was developed, and simulation was carried out using in-house CFD 
solver. They suggest that immune-suppressed patients should be kept 
near the air supply and infectious patients near the exhaust. This model 
is a very powerful and efficient tool for investigating fluid flow indoor 

Fig. 1. Classroom schematic and hexa-unstructured computational grid, (a) Perspective view and introduction of different parts; (b) Naming and arranging students; 
(c) grid of plane ZY; (d) grid of plane XZ and refined grid around teacher. 

M. Ahmadzadeh et al.                                                                                                                                                                                                                         



Journal of Cleaner Production 316 (2021) 128147

4

Fig. 2. Dimensions of the classroom and the position of the: (a) inputs and (b) outputs of the airflow.  
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such as chasing scattered particles during breathing, talking, coughing, 
and sneezing in which many parameters are involved. Since medical 
treatments have side effects and do not provide complete safety, it seems 
logical to examine ways to clear contaminated environments and 
minimize the spread of the COVID-19 in educational centers in addition 
to taking preventive and supportive measures. This is essential to protect 
the teachers, students, staff, and families. However, there is no study in 
this field. 

The present study examined the distribution of new coronavirus 
particles while a teacher spoke in a 7 m × 5 m × 3 m (length, width, 
height) classroom by considering twenty students (the height is 1.73 m) 
under the influence of flow patterns created by the displacement 
ventilation system (mechanical and natural ventilation). For different 
scenarios such as opening different classroom windows and changing 
the injection position, and studied coughing by several students in some 
sensitive and important states in the classroom, and then determined the 
safe and dangerous zones inside the classroom. Furthermore, we 
considered teacher’s desk (1 m × 0.5 m × 0.01 m) and students’ desk 
(0.5 m × 0.3 m × 0.01 m) to obtain the fraction of particles deposited on 
them. We assumed it would take 11 min to clean the classroom air 
(Hedrick et al., 2013). 

In the present study, we considered the diffusion and motion of 
particles in the environment as a three-dimensional, transient, and 
turbulent model. Given that the Euler-Lagrange approach covers a wide 
range of particle sizes in both dense and dilute flows and considers 
nonlinear interactions and unbalanced effects in problem solving, it is an 
appropriate and logical method to describe multiphase flows (Shankar 
Subramaniam, 2012). The properties and content of exhaled particles 
from airway reopening mechanism suggests a noninvasive manner to 
obtain samples from the respiratory tract lining fluid of small airways 
(Bake et al., 2019). Therefore, we used the Euler-Lagrange method to 
describe the gas-liquid phase flow. The gas-phase (continuous flow 
phase) consisted of two components, air, and water vapor, and we 
modeled the phase from Euler’s point of view. On the contrary, used the 
Lagrange’s approach based on the discrete phase model for the liquid 
phase (injected water particles and droplets). We utilized the 
Reynolds-averaged Navier-Stokes equations (RANS) to calculate the 
fluid velocity field according to certain boundary conditions. Further
more, we used the standard k-ε turbulence model for fluid flow and 
utilized the model based on the discrete stochastic method to contribute 
the turbulent particle dispersion from the Lagrange’s perspective (Jin 

et al., 2015). Prediction of extra thoracic aerosol deposition using 
RANS-Random Walk and LES approaches studied by (Dehbi, 2011). The 
effect of the dispersion model on the particle motion, as well as the order 
of coupling between the continuous carrier phase and the dispersed 
phase, is investigated to assessment of particle-tracking models for 
dispersed particle-laden flows (Greifzu et al., 2016). They state the re
sults for the dispersed solid phase are revealed a good accordance be
tween the simulation results and the experiments. The research results 
can be used to help build new learning environments and break the 
chain of disease outbreak. 

Fig. 3. Distribution of particle diameter in coughing state.  

Table 1 
Particle size and number distribution for cough state.  

Diameter (μm) 1 2 5 8 10 15 20 30 40 50 

Number 20 40 120 500 600 1000 450 150 70 50  

Table 2 
Details of DPM for water liquid particle.  

Particle component Water liquid 

Density 
Specific heat capacity 

998.2 kg/m3 

4.182 kJ/kg K  
Drag law Stokes-Cunningham 
Turbulent dispersion Stochastic ​ Tracking :

Discrete ​ Random ​Walk ​ Model ​ (DRWM)

Injection1 Particle sizes: (1, 5, 10) μm 
Injection velocity: 3 m/s 
Injection type: cone 
Injection angle: 30  

Injection2 Particle sizes: (1, 2, 5, 8, 10, 15, 20, 30, 40, 50) ​ μm 
Injection velocity: 11.2 m/s 
Injection type: cone 
Injection angle: 40  

Injection1: For speaking mode & Injection2: For coughing mode. 

Table 3 
Introducing scenarios.  

Scenario 
no. 

Definetion 

1 All windows is closed 
2 Only window 1 is open 
3 Only window 2 is open 
4 Only window 3 is open 
5 windows 1 and 2 is open 
6 windows 1 and 3 is open 
7 windows 2 and 3 is open 
8 All windows is open 
9 All windows is open and teacher is standed 
10 All windows is open and teacher is standed in location (0, 0.3, 0.5) 
11a  only natural ventilation (the door is fully open and without 

mechanical ventilation) 
12b  only natural ventilation (the door is fully open and without 

mechanical ventilation)  

a This scenario is checked for 10 min. 
b This scenario is the same as scenario 11 for twice the duration. 

Table 4 
Grid-independency study results.  

Element size 
(cm) 

Number of 
elements 

Average static 
pressure (Pa) 

Average velocity 
magnitude (m/s) 

10 1058718 0.0214 0.0402 
8 1384153 0.0223 0.0416 
6 1803970 0.0220 0.0461 
5 2163831 0.0225 0.0467 
4 3561554 0.0227 0.0469  
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2. The equations and methods 

2.1. Equations 

In order to investigate dispersed flow of inert particles, the large 
eddy simulation (LES) turbulence model of the conservation equations is 
used. For the carrier bulk multiphase flow, the mathematical formula
tions include a continuous and discrete phase. For the incompressible, 
turbulent flow, which is the continuous carrier phase, the mass and 
momentum transport in the fluid phase described by the RANS equa
tions as follows: 

Continuous phase: It includes airflow in which the equations are 
tensor based on Euler’s view as follows: 

∂ui

∂xi
= 0 (1)  

ρ ∂ui

∂t
+ ρuj

∂ui

∂xj
= −

∂p
∂xi

−
∂τij

∂xj
+ f (2) 

Where u and p are the Reynolds-averaged flow velocity and pressure 
respectively, ρ is the fluid density and f is used to denote other forces, 
such as gravity, which are acting on the fluid. The Reynolds stresses (τij)

is modeled by employing an eddy-viscosity approach, 

τij ≈ ρ
(

uiuj − uiuj

)

, τij =
2
3

ρkI − 2μtSij (3)  

Sij =
1
2

⎛

⎝∂ui

∂xj
+

∂uj

∂xi

⎞

⎠ (4) 

Here, Sij defined as a rate of strain tensor for the resolved scale. We 
employed the k-ε turbulence model in the current work. The equations 
for the calculation of turbulent kinetic energy and dissipation rate in an 
inertial frame are as follows: 

For turbulent kinetic energy k, 

∂k
∂t

+ uj
∂k
∂xj

=
μt

ρ S2
ij +

∂
∂xj

[
1
ρ

(

μ +
μt

σk

)
∂k
∂xj

]

− ε (5) 

And for dissipation rate ε, 

∂ε
∂t

+ uj
∂ε
∂xj

=
ε
k

(
C1ε

μt

ρ S2
ij − C2εε

)
+

∂
∂xj

[
1
ρ

(

μ +
μt

σε

)
∂ε
∂xj

]

(6) 

μt, represents the turbulence eddy viscosity: 

μt = ρCμ
k2

ε (7) 

Where, σk, σε,C1ε, C2ε and Cμ constants. These constants are 
Discrete phase: This phase consists of suspended particles that 

studied from the Lagrange’s point of view. 

Dxp

Dt
= up (8) 

The momentum equation for particles is derived from the balance 

Fig. 4. Time independency results.  

Fig. 5. Velocity distribution on the plane of Y = 1 m, (a) for Scenario 4, and (b) for Scenario 11.  
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between inertial forces and external forces applied to the particle. 

mp
Dup

Dt
=

∑
Fp (9) 

Where, xp is the particle position vector, up Particle velocity, mp 

Particle mass, and 
∑

Fp the result is the forces applied on the particle as 
calculated below. 
∑

Fp = Fdrag + Fgravity + Fa (10) 

Where, Fdrag is drag force, Fgravity Gravity force, and Fa Other addi
tional forces applied on the particle, including the Saffman lift force, the 
pressure gradient, the mass added, the clamping, the protruding, the 
thermophoresis, and the Magnus. Since the particles are small, enough 
and we do not have severe temperature changes, we consider only 

pressure gradient force furthermore; the Saffman lift force may be 
relatively large near a classroom’s wall for fine indoor particles (Mah
davimanesh et al., 2013). The Stokes-Cunningham drag model was used 
to examine the influence of the drag force in the present model. As a 
result, the total force on the particle is as follows. 
∑

Fp = Fdrag + Fgravity + Fsaff + Fpressure (11)  

where, Fsaff Saffman lift force, Fpressure the force caused by the pressure 
gradient, and Fgravity is the gravity force. 

mp =
π
6

ρpd3
p (12)  

Fdrag =
πd2

p

8
ρf CD

(
uf − up

)⃒
⃒uf − up

⃒
⃒ (13) 

Fig. 6. Velocity distribution for Scenario 9, (a) velocity streamline and (b) velocity contour on the plane of XZ in location Y = 1.1 m; (c) Velocity streamline 
distribution on the plane of Y = 2.6 m (isometric view). 
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CD is the drag coefficient and depends on the Reynolds number of the 
particle. 

CD =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

24
Rep

if Rep < 1

(
24
Rep

)(
1 + 0.5 Re0.687

p

)
if 1 ≤ Rep ≤ 1000

0.44 if Rep > 1000

(14)  

Rep =
ρf

⃒
⃒uf − up

⃒
⃒dp

μf
(15)  

μf is the fluid dynamic viscosity coefficient. 

Fsaff = 1.615ρpν0.5d2
p

(
uf − up

)
⃒
⃒
⃒
⃒
duf

dy

⃒
⃒
⃒
⃒sgn

(
duf

dy

)

(16)  

Fpressure = −
dp
dx

πd3
p

6
(17)  

Fgravity =
π
6

ρd3
p .g (18) 

In this phase, the Discrete Random Walk Model (DRWM) is used to 
model the turbulent dispersion of contaminants by adding an eddy 
fluctuating component to the mean air velocity. The local air velocity is: 

ui = ui + u’
i (19)  

u′

i = ζi

̅̅̅̅̅
2k
3

√

(20)  

where ui is the mean air velocity, u′

i is the fluctuating eddy velocity and 
ζi is a normal random number which accounts the randomness of tur
bulence by a mean value. In this model, the fluctuating eddy velocity is 
varying by the length (Le) and the lifetime (te) of the eddy as expressed in 
Equations (21) and (22). 

Le =
C3/4

μ k3/2

ε (21)  

te =
Le
̅̅̅̅
2k
3

√ (22)  

2.2. Geometry and boundary conditions 

Fig. 1 shows a schematic and mesh of a classroom with a teacher and 
twenty students by taking into account the desks. In addition, Fig. 2 il
lustrates dimensions of the classroom and the position of the inputs and 
outputs of the airflow and equalizer (0.8 m × 0.2 m). For a more detailed 
examination of the results, all individuals and desks defined separately 
and distinctly from each other. 

Considering the comfort conditions in the classroom and the 
importance of air conditioning in reducing air pollution, we considered 
the ventilation rate of 340 CFM (Hedrick et al., 2013). We used the 
non-slip and trap boundary condition for all surfaces, including walls, as 
well as students, teachers, and desks. Moreover, boundary conditions in 

Fig. 7. Comparison of the velocity streamlines and recirculation zone on plane Y = 1.25 m (isometric view) for different scenarios, (a) 5, (b) 7, and (c) 1.  

M. Ahmadzadeh et al.                                                                                                                                                                                                                         



Journal of Cleaner Production 316 (2021) 128147

9

inlets include velocity inlet (V = 0.45 m/s) with relative humidity, 50% 
and turbulent intensity equal 10% (with turbulent length scale = 0.02 
m). At the outlets, pressure outlet and escape boundary condition is set. 

We used the CFD model to simulate the transfer and dissemination of 

spherical particles while speaking and coughing in the classroom. In the 
present study, we modeled the mouth of the person injecting the parti
cles in a circle with a diameter of 0.03 m. Since small particles have less 
inertia and they evaporate immediately after leaving the mouth and 

Fig. 8. Aerosol cloud in the classroom environment at different times during scenario 5.  
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Fig. 9. Typical released particle trajectories in coughing state for scenarios 1, 5, 6 and 7 from top row to bottom respectively, results on the left side when the student 
15 and the right side when the student 18 is sources of cough. In addition, the residence time of the last particle for different scenarios is shown. 
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remain suspended in the air, the aerosol particles are the most common 
causes of contamination of healthy people indoors (Gralton et al., 2011), 
hence, we mainly focused on smaller particles. The particle discharge 
velocity in speaking was equal to 3 m/s and the total number of particles 
was estimated at 36000 (all of them are assumed to be contaminated 
particles) (Asadi et al., 2019). According to studies on cough, the par
ticle diameters selected based on the Weibull distribution function 
(Fig. 3). (Diwan et al., 2020) have extend the droplet sizes dispersed in 
typical coughing/sneezing to include three classes of droplets: (a) very 

small droplets (<10 μm) that follow fluid streamlines; (b) 
moderate-sized droplets (10–100 μm)for which droplet inertia and 
gravitational settling are both relevant; and (c) large droplets (>100 μm) 
which settle under gravity. Table 1. Represents the number and di
ameters of particles in coughing (Yan et al., 2020). Table 2. Presents the 
particle diameter distribution with injection details for speaking and 
coughing states (Gupta et al., 2009). 
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different scenarios. 
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high-risk students across all scenarios with other students’ face. 
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2.3. Definition of states and solution scenarios 

In the present study, the windows were not wide open (20% of the 
total surface of the windows open) to limit the output flow range (and 
reducing costs due to running conditioning systems) and also increase 
the flow rate in exiting (except for scenarios 11 and 12). This view also 
prevented cold air from entering the classroom during the cold seasons. 

2.3.1. State A) speaking 
In this state, we assumed that the teacher was the injector of the 

contaminated particles in the environment so that the teacher spoke 
continuously for 2 min and spread the particles in the environment. 
Then, we tracked the particles at the next 8 min (the total particle 
tracking time from the injection time was 10 min) and we examined the 
results for the 12 scenarios in Table 3. 

In scenarios 11 and 12, it is assumed that the classroom air condi
tioning, unlike the first 10 scenarios, was done only through natural 
airflow. In other words, electrical ventilation systems were eliminated in 
the scenarios (this assumption is reasonable in case of a power outage). 
In the scenarios, a class with dimensions of 2.1 m × 1 m was a speed 
input of 0.1 m/s with an angle of - 45◦ (in the direction of the axis x). To 
provide thermal comfort for those present in the classroom during the 
scenarios, we assumed that the windows were at their maximum 
opening dimensions (1.5 m × 0.3 m). 

2.3.2. State B) cough 
In this state, we examined the students’ cough for six different 

sources in the first eight scenarios of Table 3. 

2.4. Numerical model 

2.4.1. Simulation 
We used ANSYS FLUENT-19 to simulate the present problem and the 

hexa-unstructured mesh created by ICEM CFD. The SIMPLE algorithm 
has be used to coupling between pressure and velocity field. The mini
mum remaining convergence scale was from the order of 10− 4in solving 
the flow field, and 10− 5 for momentum equations and turbulence model. 
In the present study, we first resolved the fluid field, and then injected 
the particles by keeping the continuous flow solution constant, and 
performed simulation for 10 min to investigate the particle motion in the 
first state (speaking). Determining the volume fraction of the particles 
(αP = VP

V ), we found that as αP < 10− 6 , the flow was dilute hence 
(Elghobashi, 1994), we utilized a one-way coupling to create coupling 
between the continuous and particle phases. 

2.4.2. Validation 
In the present section, we compared the simulation results with 

research by (Shao et al., 2021) for validation. According to the condi
tions of the research, we separately examined the independence of re
sults of the computational grid and the time step as presented in the 
following table. 

2.4.3. Grid independence 
Considering the importance and effect of grid type and density on 

flow field simulation results (Srebric et al., 2008), we used a regular and 
organized grid in the Cartesian coordinate system to study and analyze 
the fluid flow field in the classroom. Large grids increase the resolution 
error and distort the results from the real state. On the contrary, very 
small grids also increase the resolution time, but we did not consider 
such small grids. To investigate this issue, we performed a grid inde
pendence test and presented the results in Table 4. In the test, we 
measured the magnitude of the average velocity and the average static 
pressure per grids in sizes of 100 mm, 80 mm, 60 mm, 50 mm, and 40 
mm on a line with coordinates of (0,1,-2) and (0,1,3) (Table 4). The 
results indicated that increasing the number of grid elements from 
2163831 to 3561554 did not significantly change the flow field. 
Therefore, the grid size of 50 mm was logical for the study. 

2.4.4. Independence of time step 
To test the time step independence, we resolved the problem for time 

steps of 0.02s, 0.1s, and 0.2s, and then determined the fraction of par
ticles deposited on different surfaces. Fig. 4 shows the results. As shown, 
the slope of changes between the time steps of 0.02 and 0.1 was lower; 
hence, we used a time step of 0.1 to simulate particle dispersion with 
sufficient accuracy in the transient state. 

3. Results 

Given that the facial surfaces and desks were among the sensitive 
points and the probability of catching the disease was higher through 
particles attached to the surfaces, we focused more on the surfaces in the 
“results” section to evaluate the results of problem solving in both A and 
B states in the present study. In addition to the surfaces, we discussed the 
issues such as airborne particles, exit from the class, and deposited on 
the body. 

The following figures show the velocity field distribution for several 
different scenarios (Figs. 5 and 6). Observing Fig. 6, we notice the for
mation of flow vortices and recirculation zone. These vortices are 
affected by the placement of people, objects, and geometry in the 
classroom, and by trapping the virus, cause the virus particles to remain 
in the environment for a long time, as result increasing the risk of 
infection. 

Comparing the velocity distributions presented in Fig. 5 (a) with (b), 
we conclude that the airflow inside the class is highly dependent on the 
inlet location of the flow. As shown in Fig. 5 (a), 6 the flow of the inputs 
collides with the opposite wall in a straight path, and then the flow 
streamlines are distributed in different directions of the class. However, 
in the last two scenarios, the input flow from the door is such that it is 
mostly scattered in the front of the classroom and often affects the 
people in the front (Fig. 5 (b)). 

As mentioned above, the formation of flow vortices has a significant 
effect on the shelf life of the particles inside the domain. To find out this, 
Fig. 7 provides a comparison between streamlines and recirculation 
zone during scenarios 1, 5, and 7. As shown in this figure, in all three 
scenarios a strong recirculation zone is formed at the end of the class
room (near the corner), with the difference that with the closing of all 
windows (scenario 1), that from the left area, in figures (a) and (b), to 
moved right. Another noteworthy point is the formation of relatively 
strong recirculation zone near the outlets. In addition, by comparing the 
two figures (a) and (b), we find that closing the front window (window 
1) and opening the end window (window 3) reduces the amount of 
recirculation zone. 

Fig. 8. Illustrated the aerosol cloud profiles at six instances of time 
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all surfaces of the body and desks and suspended in air for all scenarios. 
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(60–600 s) inside the domain for scenario 5. This shows a comparison of 
how aerosol clouds are distributed and transmitted inside the cabin 
during the different times. As can be seen in first 60 s most of the par
ticles move upwards and surround the teacher after leaving the teacher’s 
mouth, and most of them accumulate above the teacher’s heads. Then, 
with the over the time and with the equilibrium of the solution, the 
particles move with the airflow towards the outlets and lead to the 
dispersion of the particles in different areas of the class. As can be seen, 
the opening of two adjacent windows of the teacher has a direct effect on 
the scattering and transmission of particles and causes the aerosol cloud 
to move towards the outputs during the class, especially towards the 

windows (due to the large flow output capacity). Moreover, in Fig. 9 the 
typical released particle trajectories in coughing state for scenarios 1, 5, 
6 and 7 when the student 15 (left side) and student 18 (right side) is 
sources of cough, is shown. As can be seen in the three scenarios where 
two of the windows are open, despite the different sources of cough, 
most of the particles tend to come out of the windows with the outflow, 
and the accumulation of particles is greater in the half of the class to
ward the windows. However, when all the windows are closed, the 
airflow inside the classroom inclines the particles towards the equalizer 
and we see the presence of more paths of particles in this area. 
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Fig. 17. The fraction of particles deposited on the faces and desks of people for six sources of cough and eight different scenarios.  
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3.1. State A (speaking) 

Fig. 10 shows the fraction of particles deposited on students’ faces 
and desks for different scenarios. As shown, there are the highest per
centages of deposited particles in the students’ faces in scenarios 1, 10, 
3, and 7. Furthermore, the percentages of particles deposited on desks 
10, 4, 1, and 7 are respectively maximal among the scenarios. However, 
scenarios 2, 11, 5, and 12 show the lowest percentages of particles 
deposited on faces and desks; hence, the four scenarios can be intro
duced as the most desirable states. The results indicate that the lowest 
and highest amounts of particles deposited on the face and desks occur 

in a specific scenario. As shown, the lowest state belongs to scenarios 2 
and 11 and the highest state belongs to scenarios 10 and 1. 

Fig. 11 is a comparison the fraction of particles deposited on the faces 
of three high-risk students across all scenarios with other students’ face. 
As shown in the figure, the total fraction of particles deposited on the 
faces of students 1, 2, and 5 is higher than the sum of other students. 
Therefore, it can be concluded that these three students have the highest 
probability of infection in all scenarios. According to the figure, there is 
no particle deposition on the students’ faces in scenario 2, and it can be 
considered an optimal state. Comparing these scenarios, we can 
conclude that scenarios 2, 11, 12, and 5 showed the lowest fractions of 
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Fig. 18. The fraction of escaped particles and the fraction of particles deposited overall body of individuals for six sources of cough and eight different scenario.  

M. Ahmadzadeh et al.                                                                                                                                                                                                                         



Journal of Cleaner Production 316 (2021) 128147

15

particles deposited on students’ faces. 
A comparison between the fraction of particles deposited on the 

students’ faces and desks across all scenarios relative to the injector is 
illustrated in Fig. 12. In this figure, the fractions of particles deposited on 
the teacher’s faces or desks were greater than the students in all sce
narios were. Therefore, it can be concluded that the fractions of particles 
deposited around a person injecting the contaminated particles in the 
environment will be higher than the others. The sum of these particle 
fractions during scenarios 2, 3, and 4 is higher than other scenarios. As 
illustrated, this figure also shows that no particles deposited on the 
students’ desks and faces in scenario 2. Furthermore, it can be noted that 
the lowest fraction of particles was deposited on the teacher’s face and 
desk during scenarios 11, 12, 5, and 9. Moreover, the lowest amount of 
particles deposited on the teacher’s face belonged to scenario 10. 

Fig. 13 is a comparison between the fraction of particles deposited on 
the teacher’s face and desk and students’ faces and desks during the 3 
scenarios, 8, 9, and 10. In all three scenarios, the fraction of particles 
deposited on the teachers’ faces and desks is higher than the students’ 
faces and desks. Furthermore, in scenarios 8 and 9, the fraction of par
ticles deposited on the teacher’s face is more than the particles deposited 
on the teacher’s desk and students’ faces, but the fraction of particles 
deposited on the teacher’s desk is more than other cases in scenario 10. 
According to the above figure, we can conclude that the fraction of 
particles deposited on the teacher’s face decreases as the scenarios 
progress, but it was in contrast to students. 

The fraction of particles deposited on the body of all individuals 
(including teachers and students) along with their desks (mode a) and 
the body and desks of all students (mode b), and the fraction of airborne 
particles (mode c) from the total particles injected in three scenarios, 8, 
9, and 10, is illustrated in Fig. 14. In all three scenarios, the fraction of 
deposited particles on mode (a) is compared to mode (b) and mode (c). It 

is noteworthy that the suspended particles in the environment increase 
with a slight slope from scenario 8 to 9. While the slope of this trend is 
very steep from scenario 9 to 10, indicating that there is a fraction of 
particles, that are not specified and are still suspended in the classroom 
air, in scenario 9 more than the previous two scenarios. In all three 
scenarios, the fraction of suspended particles is less than modes (a) and 
(b) in a way that among these three scenarios, scenario 9 has the lowest 
fraction of particles deposited during these modes in comparison with 
scenarios 8 and 10. Therefore, scenario 9 is optimal in comparison with 
the other two. 

The fraction of out of class particles deposited on all bodies and desks 
and suspended in the classroom air for all particles injected into the 
environment during scenarios 11 and 12, is shown in Fig. 15. As shown, 
doubling the particle tracking time in the classroom environment (sce
nario 12) decreases the fraction of airborne particles almost by four 
times (from 23.37% to 6.06%), and the fraction of output and deposited 
particles on all desks and bodies rise with a gentle slope. 

Fig. 16 shows the fraction of out of class particles trapped on all 
surfaces of the body and the upper surface of the desks as well as the 
fraction of airborne particles per total particles injected in all scenarios. 
As shown, the fraction of the output particles from the classroom is 
maximal in scenarios 5, 9, and 8. In scenarios 11, 1, and 10, we face the 
largest fraction of suspended particles respectively. For particles 
deposited on the surfaces, scenarios 4, 3, and 2 have higher percentages, 
and conversely, scenarios 11, 12, and 5 have the lowest fraction of 
particles deposited on the surfaces. It is worth noting that there is the 
lowest fraction of particulate matter equal to 0.32 percent and 0.18 
percent in the air in scenarios 2 and 5 respectively, indicating that most 
particles are specified during these two scenarios. According to the 
above explanations, it can be concluded that scenario 5 is the most 
optimal state in terms of particle fraction discussed in the figure. 

3.2. State B (cough) 

The results in Figs. 17 and 18 indicate the fraction of particles 
deposited on the faces, desks, and body surfaces and the fraction of 
particles emitted from the classroom environment along with the par
ticles deposited overall body when we have six different sources of 
cough for eight different scenarios. According to the figure, there are the 
following tips separately for six sources of cough. 

First time, student 7 is the source of cough. According to Fig. 17, the 
total fraction of particles deposited on the students’ faces and desks in 
scenario 1 is higher than in other scenarios. In this scenario, the fraction 
of particles deposited on the students’ bodies is also higher than in other 
scenarios. However, scenarios 2 and 5 have a more favorable status than 
the rest of the scenarios and scenario 2 has the lowest particles deposited 
on the students’ bodies. In scenario 5, there are the lowest total fraction 
of particles deposited on faces and desks. According these results, the 
maximum fractions of output particles belong to scenarios 7 and 5 and 
the highest fractions of particles deposited on the body belong to 
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Fig. 19. Maximum time required to assign the last cough particle in the class 
(particle escape or deposition) for different scenarios. 

Table 5 
Maximum particle determination time.  

Scenario 1 2 3 4 5 6 7 8 

Source 7 15 7 7 15 11 20 11 
Maximum time (min) 32.67 37.5 42 26.15 38.17 43.55 30.17 30.52  

Table 6 
Maximum and minimum time belonging to the particles.  

scenario 1 2 3 4 5 6 7 8 

max source 7 15 7 7 15 11 20 11 
time (min) 32.67 37.5 42 26.15 38.17 43.55 30.17 30.52 

min source 20 20 10 10 18 15 10 18 
time (min) 24.67 24.67 21.78 13.46 13.23 25.43 10.73 16.02  
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scenarios 1 and 3 respectively. At last, with considering the results of 
Figs. 17 and 18, we can conclude that scenario 1 is the worst case and 
scenarios 5 and 2 are respectively the best cases in terms of staying 
healthy against contaminated particles during coughing. 

Second time, student 10 is the source of cough. As shown in Fig. 17, 
the total fraction of particles deposited on the students’ faces and desks 
are higher in scenarios 2, 6, and 8 respectively than in other scenarios, 
while scenarios 7 and 4 have the lowest amounts respectively. As 
illustrated, the fractions of the output particles are maximum in sce
narios 7, 6, and minimum in scenarios 2 and 1 respectively. This result 
indicates that the fractions of particles deposited in scenarios 2 and 1 are 
much higher than scenarios 7 and 6 as shown in the figure. In this case, 
we can conclude that people in the classroom during scenario 7 are at 
lower risk than the rest of the scenarios, while this possibility is higher 
for scenario 2. 

Third time, student 11 is the source of cough. As illustrated in 
Figs. 17 and 18 for this case, individuals are more likely to be infected in 
scenarios 1 and 2 respectively than in other scenarios. Because the 
deposited of a large fraction of particles on the faces, desks, and body (as 
shown in Fig. 17) and also the lower amount of particles emitting from 
the classroom during these two scenarios than the other scenarios. 

Furth time, student 15 is the source of cough. According to the results 
of Figs. 17 and 18, the fraction of particles deposited on the faces, desks, 
and body e in scenario 2 has the highest rate. As shown in Fig. 18, we 
face the least output particles in this scenario and thus the highest 
amount of particles deposited, but individuals in scenario 6 face a safer 
environment than the rest of the scenarios. 

Fifth time, student 18 is the source of cough. In this case as shown in 
Fig. 17, the fractions of particles deposited on the individuals’ faces and 
bodies are maximal for scenario 2, and we have the minimum amount of 
output particles during this scenario according to Fig. 18. However, the 
fraction of deposited particles and the output particles have the lowest 

and highest levels respectively in scenario 4, and we can conclude that 
fewer people are contaminated with particles during this scenario. 

Sixth time, student 20 is the source of cough. According to Figs. 17 
and 18, the fraction of particles deposited on the faces, desks, and bodies 
and also the amounts of particles emitted from the classroom are 
maximal during scenario 5, and vice versa, they are minimal in scenario 
2. Therefore, we can conclude that scenarios 5 and 2 are respectively the 
most desirable and worst scenarios in terms of risk. 

As mentioned in the previous sections, we steady state modeled the 
cough mechanism in the present study. Fig. 19 shows the results for the 
maximum time necessary for examining the last cough particle in the 
classroom (particle exit or deposited) for different scenarios. Table 5 
presents a summary of these results for scenarios. 

According to Fig. 19 and the data in Table 6, the longest time for the 
particles to be examined belongs to scenario 6 and student 11 coughs. In 
this case, it takes 43.55 min for the last particle to be absorbed or exit, 
but the shortest time occurs in scenario 7 and due to student 10 coughs. 

4. Discussion 

The present section provides the results of the resolution with the 
help of color contours, indicating the percentage of risk of diseases for 
different scenarios in two states A and B, and presents arguments for the 
resolution. 

4.1. State A 

Figs. 20 and 21 shows the contour of the fraction of suspended 
particles deposited on the faces and desks for the speaking to better 
clarify the results and determine the most favorable and worst condi
tions. An advantage of providing these contours is that the results are 
more tangible for researchers and readers. When all windows of the 

Fig. 20. Contours of fraction deposited particles on surfaces with high-level risk (faces and desks) and suspending particles in air for first six scenarios in state A.  
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classroom are closed, the only way for exiting the flow from the class
room is at the bottom of the door (equalizer) that reduces the output 
flow capacity, and increases the shelf life of particles inside the class
room. So the particles scattered in the environment have less inertia, the 
energy of the fluid mass overcomes the inertia of the particles and forces 
them to follow the flow patterns. As the door equalizer is the only way of 
flow exit during this scenario, we can see that those in the left half of the 
classroom in cough are at much higher risk than right side. In speaking, 
the distance between the particle injection site and the equalizer is 
greater and the output capacity is low, thus the resulting flow patterns 
tend to scatter the particles in different areas of the classroom. There
fore, it is cause the number of people at high-infected risk in this case 
and scenario increase in terms of both the fraction of deposited particles 
and the fraction of airborne particles. Increasing the flow output ca
pacity of the classroom with opening one of the windows in scenarios 2, 
3, and 4, the shelf life of the particles also decreases. A comparison of the 
results between these three scenarios suggests that since the particle 
injection location during speaking is close to the opened window (in 
scenario 2), the resulting flow patterns act in a way that they exit par
ticles before they are scattered in different areas of the classroom. In 
addition to, the distance between the open windows and the injection 
site is greater in scenarios 3 and 4, and the particles travel a longer path 
to exit the window than the scenario 2, and this causes more scattering 
of particles in the environment and increases their shelf life. According 
to the above discussions, the following classification can be performed in 
terms of risk (both in terms of the fraction of deposited particles and in 
terms of fraction of suspended particles) for these three scenarios. 

Scenario 2 < scenario 3 < scenario 4 
As the source of cough is different, the results are different from 

speaking, but among these three scenarios, scenario 2 has a higher risk 
of infection in the cough. 

As shown in this figures, the largest amounts of deposited pathogenic 

particles belong to the injector in all scenarios. Furthermore, it is 
observed that pollution is insignificant in terms of airborne particles in 
scenarios 9, 8, 6, 5, and 2. In these scenarios, only one student (student 
1) is exposed to contaminated particles by a faction of below 5% for the 
total particles deposited on faces and desks (except for scenario 2 in 
which none of the students are affected by the particles). 

In scenarios 5, 6, and 7, where the number of open windows has 
increased to two, the flow output capacity has also increased, leading to 
the reduction of the shelf life of the suspended particles compared to the 
previous four scenarios. On the other hand, because the flow patterns in 
these scenarios have two major exit pathways, it has relatively increased 
the particle dispersion (especially in scenarios 7). 

We encounter the highest level of airborne particulate pollution in 
scenarios 11, 1, and 10 respectively among which the students in sce
nario 10 (eleven students infected with the virus with deposited particles 
of below 5% and a student below 10%) have the highest risk of infection. 
Monitoring the fraction of particles deposited on faces and desks in
dicates that scenarios 10 and 1 have the number of people involved in a 
greater fraction of the particles. A noteworthy point in the results pre
sented in this figure is related to scenario 2, which is in a better position 
than the rest of the scenarios in terms of both the fraction of airborne 
particles and the deposited particles. Therefore, we can conclude that 
the risk of disease is minimum and maximum in scenarios 2 and 10 
respectively. Comparing the contours in different scenarios, we 
conclude that students in front of the teacher (injector) generally have a 
high risk of infection, and their number and percentage of risk strongly 
follow the flow patterns in each scenario. For instance, in scenario 1, 
where the only way out for flow and particles is through the part at the 
bottom of the door (equalizer), flow patterns tend to disperse the par
ticles in more areas of the class. Therefore increases the number of 
people at high risk of infection due to the low capacity of the indoor air 
outlet (as shown in Fig. 16, there are more fraction of suspended 

Fig. 21. Contours of fraction deposited particles on surfaces with high-level risk (faces and desks) and suspending particles in air for second six scenarios in state A.  
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particles in scenario 1 and 11, thereby increasing the shelf life of the 
particles). Conversely, in scenario 2, where window 1, the outflow ca
pacity is higher, and since the injector is by the window, most of the 
particles are discharged in this way along with the flow patterns (as 
shown in Fig. 16), leading to a risk of less than 1% for students either by 
deposited particles or airborne particles in this scenario. In another 
example of comparing scenarios 3 and 11, there is a similar risk of 
contamination in both of them in terms of the fraction of deposited 
particles, and the only difference is in the risk of people getting airborne 
particles. As shown, this risk for scenario 11 is higher than scenario 3 
according to the resulting flow patterns. According to the comparison of 
the three scenarios 8, 9, and 10, we can conclude that the percentages of 
people at risk in scenarios 8 and 9 are the same. Whereas when the 
teacher is as an injector in the position in scenario 10, airflow patterns 
scatter particles in different areas of the classroom, leading to increase 
the number of students at a risk of more than 1%, and this comparison 
reflects the impact of the injection site in speaking. 

For scenarios 8, 9, and 10, all three windows are open. In these 
scenarios, we measured the impact of the teacher position (including 
sitting or standing). In scenario 8, the injection site is still the same as the 
previous seven scenarios (sitting on a chair behind a desk). In scenario 9, 
the teacher speaks standing instead of sitting behind the desk. The 
comparison between these two scenarios indicates a relative improve
ment in the risk of individuals. Whereas, when the teacher is moved to 
the location (0, 0.3, and 0.5) in scenario 10 (in terms of class width in the 
middle of the class), the resulting flow patterns cause particles to scatter 
in more areas of the classroom and the students have the highest risk. 
Therefore, we never recommend this scenario for the conditions 
considered in the present study. 

In the last two scenarios, the natural airflow entering from the 
classroom door is examined by removing the mechanical ventilation 
system. Due to the thermal comfort in these scenarios, the windows are 

assumed to be at their maximum opening states. Scenario 11 is done for 
10 min in pursuit of particles, but since according to the results, most of 
the particles are suspended in the air inside the classroom during this 
time and this increases the likelihood of infection, scenario 12 is per
formed for 20 min of particle chasing to clarify the particle state at the 
next times. The results indicate that the risk of individuals’ infection is 
more related to suspended particles than deposited particles in this 
scenario. 

4.2. State B 

In this case, there are scenarios with a high risk of infection for 
different sources of cough, and scenarios absent in the results of this 
section are in a better situation (usually with one or two people with a 
risk of infection between 5% and 1%) in terms of risk. 

Fig. 22 shows the fraction distribution contours of particles deposited 
on the individuals’ faces and desks (sensitive and high risk surfaces) for 
student 7 cough in the scenarios with the highest number of infected 
people (source of cough in different scenarios is marked with a blue 
star). As shown in, the largest fractions of deposited particles belong to 
the injector in all scenarios. Furthermore, there are a large number of 
people infected with droplets from coughing in scenarios 2, 5, and 6. 
Moreover, contours in these three scenarios are almost similar to sce
narios 2 and 5, but we can conclude that due to the infection of a student 
with a fraction of deposited particles of 5%–10% in scenario 2 (student 
6), this scenario has a higher risk than the others do. According to the 
flow patterns in all three scenarios, the teacher also has a fraction of 
deposited particles below 5%, while the teacher is at risk of less than 1% 
in the other three scenarios. According to the comparison of the existing 
scenarios and the flow patterns created in the classroom, the students on 
the right side of the injector (student 7) are at lower risk than the rest of 
the individuals in the classroom. Explaining the reason for the difference 

Fig. 22. Contours of fraction deposited particles on danger surfaces (faces and desks) for scenarios with high-level risk when cough source is student 7.  
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in the risk percentages of student 11 (a student behind the injector) in 
scenarios 1 and 4, we can argue that since most flow patterns and par
ticles scattered in the environment tend to go out of window 3 in sce
nario 4 and as the location of this window is in the back of student 7, the 
injected particles follow these patterns, as result student 11 faces a 
higher risk of infection (between 5% and 10%) than scenario 1 where 
there is the output flow only through the equalizer. 

As shown in Fig. 23, student 10 is the source of cough. In this case, 
the number of scenarios with high risk is two, and those in Scenario 1 are 
at the highest risk. In scenario 2, the risk of teacher infection is higher 
than in scenario 1. As stated in the previous results, the highest number 
of deposited particles belongs to the injector in this figure. As illustrated, 
the students next to the right and left walls of the classroom have a lower 
risk of infection to the other students. The figure above shows the high 
impact of flow patterns generated during both scenarios on the results. 
As shown, the individuals in scenario 1 are on the flow output path (only 
the equalizer at the bottom of the classroom in this case) and at high risk. 
About the high risk of infecting two students behind the injecting stu
dent, the shelf life of the particles in the classroom is longer since the 
output capacity is lower in this scenario and this raises the probability of 
infection. In scenario 2, where window 1 is also open, the particle output 
capacity increases (compared to scenario 1), and most particles tend to 
come out of window 1 according to the flow patterns, and these two 
factors cause the particles to condense in the corners of the window and 
more particles to deposited on the teacher’s face and desk. 

The contour fraction of particles deposited on the individuals’ faces 
and desks in the classroom for scenarios at a high risk of student 11 
coughs, is illustrated in Fig. 24. Among these scenarios, the probability 
of disease in individuals in scenario 6 is higher than in other scenarios, 
and the teacher’s face a fraction of deposited particles above 1% in all 
scenarios except for scenarios 1 and 7. Another important point is the 

low risk of infection for students present in the right of the injecting 
student (student 11) in all scenarios. Therefore, in addition to the stu
dents on the right side of student 11, students in the right half of the class 
also face a fraction of infection less than 1% in scenarios 1 and 2. In the 
figure above, we can see the effects of flow patterns in scenarios 1 and 2. 
According to the results, the difference between the two scenarios in 
terms of risk is related to the student 7 and the teacher. In scenario 1, it is 
observed that the flow patterns coming out of the door equalizer also 
lead the particles to the output, prevent the scattering of particles in 
different areas of the class, and thus lead to a lower number of people at 
high risk. However, in scenario 2, the flow streamlines in addition to the 
door equalizer can exit the window next to the teacher and the results 
indicate that most particles exit along with the flow patterns, the scat
tering of particles inside the classroom increases, and the teacher is at 
high risk (below 5%) due to the higher output surface of the windows. 

Fig. 25 presents the distribution contours of the fraction of particles 
deposited on the individuals’ faces and desks (sensitive and high-risk 
surfaces) per student 15 cough in scenarios with the highest risk of 
infection. As shown in this figure, the largest fraction of deposited par
ticles belongs to the injector. Among these scenarios and according to 
the flow patterns, the individuals present in scenarios 5 and 6 are at high 
risk. Another important point about these two scenarios is their similar 
behavior according to the results so that we can conclude that particle 
scattering follows a similar trend during these two scenarios, and most 
individuals in the right half of the classroom are at higher risk. Ac
cording to Fig. 11, the individuals in the left half of the classroom face 
risk of less than 1% due to flow patterns in all scenarios except for 
scenarios 1 and 4. Except for three scenarios 1, 4, and 7, the teacher has a 
fraction of deposited particles less than 1% in the other three scenarios. 
According to this figure, the fraction of deposited particles is between 
5% and 10% for only student 18 in scenario 7 (except for the injecting 

Fig. 23. Cantors of fraction deposited particles on danger surfaces (faces and desks) for scenarios with high-level risk when cough source is student 10.  
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student). In general, the openness of the windows causes the flow pat
terns to be directed towards them and forces particles to follow them
selves by affecting the particles scattered in the environment. In addition 
to, since these particles have less inertia; hence, there is more scattering 
of these particles in areas close to windows, and this scattering even
tually leads to more people being infected in these areas. 

According to the comparison of the fractional contours of the 
deposited particles in the scenarios presents in Fig. 26, where the stu
dent 18 is the source of cough, due to the openness of at least two 
windows in scenarios 7 and 8, the resulting flow patterns are in a way 
that infected particles are more pushed to the window and the students 
in the left half of the classroom are at a lower risk. During these two 
scenarios, the teacher is also at higher risk (under 5%). However, since 
none of the windows is open during scenario 1 and the only way for the 
exit of particles is through the equalizer, we can see that as the flow path 
is directed towards this output, the particles also move along the flow 
patterns. Unlike the previous two scenarios, the individuals in the right 
half of the classroom are at a lower risk. 

Fig. 27 illustrated the results when the student 20 is source of cough. 
As shown, the number of people at a risk of more than 1% in all scenarios 
is higher than when other students are the sources of cough, indicating 
the effect of the cough place. According to the comparison of the results, 
the risk of infection is lower for individuals in the right half of the 
classroom in scenario 1, indicating the effects of flow patterns on par
ticle scattering. In scenario 5, the flow pattern is distributed in a way 
that the particles are scattered throughout the classroom, increasing the 
number of individuals at risk of over 1%. A similar result of this scenario 

can be seen in scenarios 6 and 7. 

5. Conclusion 

In the present study, we examined the effect of natural and me
chanical ventilation inside a classroom on the transmission, distribution, 
and shelf life of coronavirus particles during speaking and cough. Based 
on the results, the following conclusions are redrawn:  

• In speaking for all the scenarios tested, the results indicate that 
opening one or two windows next to the injector (teacher) has the 
greatest effect on the rapid exit of particles and the improvement of 
conditions, and the teacher talking while standing somewhat im
proves the situation compared to the sitting position. Furthermore, 
eliminating the mechanical ventilation system and applying only 
natural airflow increases the shelf life of particles in the environment 
and increases the risk of infection.  

• According to the results of cough, the risk of infection is often lower 
in the right half of the classroom than other individuals for each 
source of cough during all windows are closed. The worst situation in 
this scenario occurs when student in the corner of the classroom is 
the source of cough. In other scenarios, more areas are usually 
affected by particle scattering due to the resulting flow patterns. 

• The results indicate that the largest fraction of particles on the par
ticle injectors’ desks and faces in all scenarios. 

Fig. 24. Contours of fraction deposited particles on danger surfaces (faces and desks) for scenarios with high-level risk when cough source is student 11.  
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• The opening of the window next to the teacher (the infected person 
in this study) has the greatest impact on the exit of infected particles. 
Moreover, during this scenario, fewer people are at risk.  

• With the addition of open windows (more than one window), the 
distribution of particles inside the domain increases and the risk of 
infecting residents also increases.  

• Speaking the teacher while standing at a desk relative to the sitting 
position relatively reduces the risk of infecting residents.  

• Lack of air conditioning increases the shelf life of the particles and 
consequently the risk of infection.  

• In all scenarios, whether speaking or coughing, after the injector 
residents close to the infected person are at greater risk.  

• When all the windows are closed, due to the low output capacity, the 
particles spread in all areas of the domain and increase the risk of 
infection. Therefore, it is recommended that the window be open in 
indoors environment (especially the window next to the speaker). 

This study emphasizes the impact and importance of having an in
door ventilation system, and the results indicate that if the window next 
to an injector of contaminated particles is open, the risk of infection of 

Fig. 25. Contours of fraction deposited particles on danger surfaces (faces and desks) for scenarios with high-level risk when cough source is student 15.  

Fig. 26. Cantors of fraction deposited particles on danger surfaces (faces and desks) for scenarios with high-level risk when cough source is student 10.  
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other individuals greatly decreases. 
Therefore, it is recommended that people should not be present in 

high-risk areas and should wear masks to reduce the possibility of 
infection because the room air cannot be completely cleaned of patho
genic particles. 
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