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Abstract: Coughing and sneezing are the main ways of spreading coronavirus-2019 (SARS-CoV-2).
People sometimes need to work together at close distances. This study presents the results of the
computational fluid dynamics (CFD) simulation of the dispersion and transport of respiratory droplets
emitted by an infected person who coughs in an indoor space with an air ventilation system. The
resulting information is expected to help in risk assessment and development of mitigation measures
to prevent the infection spread. The turbulent flow of air in the indoor space is simulated using the
k-¢ model. The particle equation of motion included the drag, the Saffman lift, the Brownian force
and gravity /buoyancy forces. The innovation of this study includes A: Using the Eulerian-Lagrangian
CFD model for the simulation of the cough droplet dispersion. B: Assessing the infection risk by the
Wells-Riley equation. C: A safer design for the ventilation system (changing the ventilation supplies
and exhausts in the indoor space and choosing the right location for air ventilation). The droplet
distribution in the indoor space is strongly influenced by the air ventilation layout. The air-curtain flow
pattern significantly reduces the dispersion and spreading of virus-infected cough droplets. When the
ventilation air flow occurs along the room length, it takes about 115 s for the cough droplets to leave the
space. However, when the ventilation air flow is across the width of the indoor space and there are air
curtain-type air flow patterns in the room, it takes about 75 s for the cough droplets to leave the space.

Keywords: COVID-19; risk infection; building; ventilation

1. Introduction

The emergence of the SARS-CoV-2 virus has affected people’s lives worldwide in
recent years. In addition, many people live or work in closed spaces. Therefore, the
ventilation system is very important, and designing the right location for the inlet and
exit of the ventilation airflow is critical because it can increase or prevent the spread of
virus- carrying droplets in indoor spaces. It is also necessary to check the infection risk of
people in indoor areas and, if possible, place people in locations to lower their chances of
contracting this virus.

Many studies have been made on the virus structure and numerical prediction of
virus transmission (particles created by coughing or sneezing). Bar et al. [1] investigated
the physical conditions of the virus and the size, volume, and mass of droplets containing
the virus. Accordingly, the saliva droplets are mostly water with a density close to water.
Mucus droplets have a lot of non-volatile compounds with a higher viscosity. Li et al. [2]
performed multiple simulations and examined the biological conditions of the virus. They
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provided a deep insight into the spreading and transmission of the COVID-19 virus. The
results show that respiratory infection is the main route of virus transmission and the urban
environment has a significant effect on the infection risk.

It is essential to use an appropriate turbulence model in calculations. Recently, Li et al. [3]
showed that the performance of supply/exhaust openings had a substantial impact on the
distribution of pollutant particles in clean rooms. They used the RNG k-¢ turbulence model
and the Eulerian-Lagrangian approach for particle tracking. Redrow et al. [4] examined the
dispersion of droplets emitted from patients’ mouths using the k-¢ RNG turbulence model.
Their simulation included the evaporation and diffusion of sputum particles expelled by
humans coughing or sneezing.

The results of the research on the influenza virus indicate that the spread of respiratory
viruses in indoor environments is mainly caused by air circulation. Liu et al. [5] performed
a numerical analysis and investigated particle dispersion in laboratory conditions. They
used the standard k-¢ turbulence model and the Eulerian-Lagrangian approach for particle
tracking. Miranda et al. [6] studied the ventilation conditions in school classrooms. Analysis
of different variables and their effect on particle emission was evaluated. Mirzaie et al. [7]
examined the distribution of droplets containing the SARS-CoV-2 virus in a classroom with
and without seat partitions. They used the Lagrangian method to track droplets. Their
results showed that using partitions could help reduce infections. In the absence of seat
partitions, the concentration of respiratory droplets around the student seats close to the in-
fected speaker was higher. Ahmadzadeh et al. [8] studied particle dispersion in a classroom.
They examined the conditions of the spread of Covid-19 in an indoor environment. They
concluded that opening the classroom window had a significant effect on reducing virus-
carrying particles. Asif et al. [9] studied preventive measures and emerging technologies in
detecting and preventing the spread of COVID-19 virus-carrying droplets. They showed
that wearing a mask effectively prevented the spread of the disease. Kim et al. [10] studied
the effect of using a face mask and if it provides the necessary immunity against the virus.
Additionally, making masks of recycled materials and modifying them chemically has a sig-
nificant impact on reducing environmental problems. It also turns them into materials with
a high added value. Motamedi et al. [11] proposed a framework for assessing the infection
risk in relation to both spatial and temporal characteristics. First, a verified CFD model of
exhaled droplets is created, and then its performance is assessed using an office case study
affected by various ventilation techniques, including cross ventilation, single ventilation,
mechanical ventilation, and no ventilation cases. To assess the infection probability of the
ventilation cases, two indicators of local and general infection risks were utilized. Their
results show that the single ventilation case has the highest infection probability.

Nowadays, more research in the field of COVID-19 virus in order to finding a way
to prevent further spread of this virus is very important. One of the issues that can affect
the further spread and transmission of this virus is the discussion of how to design air
ventilation systems in a specific space. Most modern buildings use mechanical ventilation
systems. Mechanical ventilation systems use fans and ducts to bring the fresh air inside
the target space. The main aim of this paper is to design a proper placement of inlet and
exhaust ducts of a ventilation system in order to create a safe area in a space, so that the
infection risk at this point reaches its lowest level. Various research and methods have been
suggested to reduce the spread of virus particles in the spaces, such as leaving the doors and
windows open, partitioning the area, and using an additional fan to remove the particles.
These methods are not reasonable, as they waste more money and energy. In addition,
there is a need for an independent ventilation system and a costly redesign of the interior of
the room. This paper, however, presents a new method to design the appropriate location
of the air ventilation ducts, so that it is a practical method and leads to logical results in
order to reduce the spread of the virus, and it does not cause significant costs and energy
waste like other methods. In other words, the new approach suggests suitable locations for
the ventilation supply and exhaust registers that ensure proper space ventilation, reduce
the spread of droplets and particles in the area, and decrease the possibility of occupants
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being infected with the virus. The simulation is conducted using an Eulerian-Lagrangian
scheme, the infection risk is evaluated using the Wells—Riley equation, and, finally, a safe
area is defined by changing the position of the ventilation supply and exhaust registers.

2. Methodology
2.1. Test Cases

In this research, two cases are considered; Figure 1 shows Case 1, when the ventilation
air flow is along the length of the indoor space. Figure 2 shows Case 2, when the ventilation
air flow is across the width of the indoor space. In Fig. 1 and 2, the room area is devided in
3 regions, namely A, B and C.

1.85cm

Figure 2. Diagrams of the ventilation air flow patterns in the room with the inlet and outlet registers
on the side walls (Case 2); the mannequins are in the same position as in Figure 1.

It is known that the respiratory droplet emitted by one person infected with the
COVID-19 virus in an indoor environment causes the contamination of other people in
that space. Figure 1 shows alarge 10 m x 6 m x 3 m (L x W x H) room that is considered
in this study. The ventilation air flow along the length of the indoor space and the 0.5 m?
ventilation supply and exhaust registers are also shown in the figure. The height of the
mouth/nose through which air is inhaled or exhaled is 1.65 m.
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Figure 2 shows the room with the ventilation system inlet and outlet. The flow rates
and other information are the same as in Figure 1. The ventilation air flow across the width
of the indoor space is similar to an air curtain. Figure 3 shows the division of the room
space into 15 areas using a virtual screen. It is assumed that an infected person in region
C (see Figures 1 and 2) at the interface of sections Al and A2 in Figure 3 is coughing and
emitting respiratory droplets of various sizes. The average concentrations of cough droplets
are evaluated as a function of time for different locations in the room (as noted before, the
height of the infected person’s breathing area is 1.65 m above the floor).

Al $ A2 | A3 | A4 J'As

A6 | A7 |A8 | A9 |A10

All [A12 |A13 | A14| AlS

Figure 3. Top view of the indoor space.

2.2. Numerical Model
2.2.1. Boundary Conditions and Simulation

We assume that one of the three 1.85 m tall persons infected with COVID-19 and
standing in the indoor space shown in Figures 1 and 2 is coughing and emitting virus-
infected droplets into the environment. In the first stage, the air flow is simulated for the
steady ventilation flow in the room. Then respiratory droplets are introduced into the room
space along with the air flow in six droplet groups (similar to the cough from a sick person’s
mouth), and the simulation continues. In the simulation, we used the k-¢ RNG model [3].
The RH in the cough air stream, the temperature in the cough air stream, the RH in this area,
and the outside temperature are 100%, 37 °C, 50%, and 25 °C, respectively. The duration of
the cough is 0.35 s, and the simulation of the dispersion of the droplets after their release
continues for about 115 s. Ansys-Fluent (CFD) software was used in these simulations.
The boundary conditions of the air flow are shown in Table 1. A user-defined function
(UDF) is applied at the mouth to generate the time-varying velocity in the cough air flow
rate. The time-varying air flow velocity during coughing is modeled as a combination of
gamma functions. Based on the experimental study of Gupta et al. [12], the maximum air
velocity of coughed droplets is 12.1 m/s. Droplet evaporation can play an essential role in
the spread of COVID-19 with two effects. First, changing the size of the droplets during
evaporation affects the movement and retention time of the droplets in the gaseous phase.
Second, the compounds in the droplet, including water and some other compounds, affect
the survival of the virus. A UDF is applied for the evaporation of droplets in the cough air
flow rate [13]. According to Table 2, cough drops coming out of the mouth are divided into
six groups [4] (see Table 2).

Table 1. Boundary conditions of continuous air flow phase simulations.

Surface Variables Boundary Value W (Kg/mol) T(°CO)
Ventilation inlet Velocity inlet 5m/s 0.00726 17 °C
Ventilation outlet Pressure 105 KPa 30°C

Person’s mouth Cough velocity UDEF 0.03534 37 °C
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Table 2. Specification of injected droplets (COVID-19 viruses).

Dy (um) my, (kg/s) AN I (s)
0.15 424 x 10715 1800 0.35

1 1.25 x 10712 1800 0.35

10 1.25 x 107? 1800 0.35

50 1.57 x 1077 1800 0.35
100 1.25 x 10~° 1800 0.35
150 424 x 1070 1800 0.35

2.2.2. Grid Independence

As shown in Figure 4, a non-uniform multi-hexcore structure mesh is used in all
simulations in ANSYS-Fluent. Table 3 presents the mesh size’s effect on the volume-
average pressure in solution domain of the room (ANSYS fluent theory guide) [14]. One of
the methods for analyzing a mesh independency is the GCI method. The Grid Convergence
Independency method (GCI method) is based on RE, described herein, is an acceptable
and recommended method that has been evaluated over several hundred CFD cases. This
policy facilitates CFD and the grid resolution using a dimensionless indicator for the
relative density of the grid [15,16]. Three sets of computational grids, 1-fine (4,800,000 cells),
2-medium (3,200,000 cells), and 3-coarse (2,100,000 cells), are calculated and analyzed by
Grid Convergence Index (GCI) [15] to obtain an optimal computational mesh. p is the
order of accuracy, GCI is Grid Convergence Method, ¢ is the relative error between two
grids, 1 is a fine mesh, 2 is a medium mesh, and 3 is a coarse mesh. Table 3 shows that the
difference between values of pressure predicted in mesh 3,200,000 and 4,800,000 is very
low. Therefore, the mesh with 3,200,000 is selected for subsequent simulations. Y+ less
than 1 was considered for mesh generation, and by increasing the number of meshes from
3,200,000 to 4,800,000, no change was observed and 3,200,000 is selected. Finally, it can be
seen from the calculation results of GCI in Table 3 that the GCI values of grid are important.
The medium mesh is selected to save computation time and cost.

Figure 4. Mesh structure.

2.2.3. Results Validation

In this study, 3 validations have been performed according to Li et al. [3], Lu et al. [17],
and Gupta et al. [12]. For the first validation, the present numerical model for simulation of
particle motion was validated by comparison with Li et al. [3] for evaporation of a 10 um
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droplet (mass flow rate of 5.24 x 107! kg/s) expelled by the coughing. The evaporation
model is presented in Figure 5. It is assumed that the droplets leave the mouth at a
temperature of 37 °C, and the room temperature is 17 °C. Figure 5 shows a good agreement
between the present predictions and the results of Li et al. [3].

Table 3. Independency analysis.

Grid 1-2 Grid 2-3
1-Fine, 2-Medium 2-Medium, 3-Coarse
p €21 (%) GCIzll(o/o) €32 (%) GCI3,2 (%)
Average pressure 3 3.93 0.49 0.87 1.99 7
in the domain
10°
i Present study
i O Lietal

10

d (um)

0O 0 i 0 m

10° L L
107 107 107 10°
Time (s)

Figure 5. Validation of the present computational results for an evaporating 10 um droplet by
comparison with the data from [3].

For the second validation, the validation of the Airflow velocity of a single cough by
Gupta et al. [12] was used. Gupta et al. [12] performed an experimental study of cough
airflow rate. Their results are reproduced in Figure 6. Accordingly, the cough duration is
0.35 s, and the air velocity reaches a maximum of 12.1 m/s. Gupta et al. [12] measured the
cough airflow rates for 25 subjects (12 females and 13 males). According to Figure 6, a good
agreement can be seen between the current study and the results of Gupta et al. [12].

14
O Guptaetal.

12
= 10 Present study
S~
E g
2
§ 6
S 4

2

0 =)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (s)

Figure 6. Air flow velocity of a single cough due to a pulse air jet as reported by Gupta et al.
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The third validation is presented for the airflow pattern in the three-dimensional
two-zone room shown in Figures 7 and 8, which is studied earlier by Lu et al. [17]. The
room (L x Hx W=5m X 24 m x 3 m) is separated using a partition in the middle with a
small door opening on the centerline of the room. The door width and height are 0.7 m and
0.95 m, respectively. In addition, the thickness of the partition is ignored compared with
the size of the room. A supply and exhaust diffuser with the length, width, and height of,
respectively, 1 m, 0.15 m, and 0.5 m are located on the front and the back walls, as shown in
Figure 7. The numerical study of Lu et al. [17] is reproduced in Figure 8a for comparison.
The airflow velocity vector patterns at the room mid-section (z = 1.5 m) are simulated, and
the results are shown in Figure 8b. It is seen that the present prediction of the velocity
vector field is in good agreement with that of [17].

P bt
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=EEERL T o o e o DT ;;/“'f,( .o
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L T
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e e e e e o o . -
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Figure 8. Comparison of the air flow patterns in the mid-plane: (a) present study, (b) Lu et al..
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2.2.4. Step Independence Study

For the selected mesh, it is necessary to choose a proper time step for simulation. A
series of simulations are performed into the simulation time (the values in Tables 4 and 5)
for time steps of 0.003 s, 0.005 s, 0.007 s, and 0.009 s. The corresponding particle properties,
Cavg and Fayg as a function of time, are evaluated in Tables 4 and 5, respectively. According
to Tables 4 and 5, as the time step gets smaller, the differences between the particle properties
becomes negligible. As the values of the properties for the last time steps are very close,
the time step of 0.005 is selected for the subsequent simulations.

Table 4. Time-step independence study of Cayg.

C Avg in Simulation Time (s)

0.4 0.6 0.9 15

@ 0009 1.312846 x 107 1.743575 x 10~7  1.7442261 x 10~7  1.738135 x 107
& 0007 1312863 x 107 1.743583 x 107 1.7442299 x 10~/ 1.740361 x 107
o 0005 1.312866 x 10~7 1.743589 x 10~7  1.7442302 x 10=7  1.740365 x 107
é 0.003 1.312867 x 107 1.743590 x 10~7  1.7442302 x 10~7  1.740366 x 10~

Table 5. Time-step independence study of Fay,.

Favg in Simulation Time (s)

0.4 0.6 0.9 15

@ 0009 1364348 x 10710 1.765463 x 10710 1.765554 x 1010 1.759675 x 10~10
& 0007 1364375 x 10710 1.765481 x 10710 1.765603 x 1071  1.760236 x 10~ '°
o 0005 1.364387 x 10710 1.765491 x 10710 1.765611 x 10710  1.760238 x 10~10
é 0.003 1.364389 x 10710 1765492 x 1010 1.765614 x 1010 1.760239 x 10~10

2.3. Modeling Assumptions

Assumptions of the present study are:

—_

The droplets stick to surfaces upon contact with no resuspension.

The evaporation of cough droplets is included in the simulations.

3. The mass and the molar fractions of water vapor at the droplet surface assume liquid-
vapor equilibrium [18].

4. Droplet collisions in dilute concentrations are neglected.

5. Cough droplets have a uniform temperature of 370C and a spherical shape [19].

6. The respiratory droplet with SARS-CoV-2 viruses behaves like water in terms of
physical properties [1].

7. The number of droplets released when coughing is proportional to the velocity of the
airflow [20].

8.  The heat transfer effects between the surrounding environment and the people’s

bodies are ignored.

N

2.4. Governing Equations

This section presents the ventilation air flow, the turbulence model, and the discrete
phase equations:

dp o\
V(o) 0 v
_)
WV - vaevr ) ag
o at+v-vv) =VP+V[(V+W)<VV+VV )]+5 @
- =
oC, <M; + V~VT) = V-[(K+Kr) (VT+ VTT} + St ®3)
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57 (0k) + aTci(pkui) = o [“k Hef 3, + G — pe + Sk @)
0 0 0 e £ €2
E(ps) + Tm(pgui) = Tx] |“’Q€ Heff Tx] + ClsE(Gk) - CZEP? —Re +Se ()

The RNG k-¢ turbulence model was used to simulate the flow [21]. First, the steady-
state ventilation air flow was simulated. Then, the transient cough air flow and ejected
respiratory droplets of different sizes at the velocity of 10 m/s were simulated. Using
Newton’s second law, the paths of virus-carrying droplets were evaluated in the Lagrangian
framework [22,23]:

N
av. - = —
d—FD<V—Vd>+g(pdp)+FL+FB (6)
dt Pd

Here, F;, and Fp are the Saffman lift and the Brownian forces per unit mass of the
particle, respectively, and FD is the drag coefficient [24]. It follows that:

18u
Fp = 7
D= J25.Cc @)
Co=1+ %(1.257+0.4e*<%) ®)

Here, Cc is the Cunningham coefficient [25,26]. m and Ny, are the mass flow rate,
and the residual cough particles and droplets in space, respectively.

. (%nﬁ) t>< P4 X 1 o

N
Npy = N—; % 100 (10)
The droplet shape is assumed to be spherical during the evaporation process. The
heat and the droplet mass balance equations are solved for calculating the droplet diameter
at each time step. The energy balance equation for a droplet evaporating due to heat

convection is written as:

aTy, dmy
where the evaporation rate and the mass transfer coefficient are as follows:
dm
—i = Apke poo In(1+ Byn) (12)
ke = 2 (204 06Rel/251/3 13
c= @ ( 0+ 0.6Re; “Sc ) (13)
where the Schmidt number is defined as:
Se= 1 (14)

"~ P+ Dy

Here, By, is the Spalding mass number for species (Bnm = Yls:;{:" ), and Y; and Y

. M,P, .
are the mass fractions. Here, Yoo = Xooj_'gr, and the molar fraction of water vapor

Poo
Xs = PS%(TS), and In Pgpy = A — Tp%' where A, B, and C are taken from [27-29], re-

spectively. We used a UDF (user-defined function) to calculate the velocity of the air
flow containing the cough drops coming out of the patient’s mouth. The air velocity
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of a cough, as reported by [30], is used in the numerical simulation. It follows that:

V=193 x103#2+30.5 x 10t 0<t<0.077
V=268 x 10212 - 126 x 10t +1.99 x 10 0.077 <t <0.265 (15)
V=410 x 1022 — 3.14 x 102t + 5.98 x 10 0.265 <t <0.35

In this study, the average volume fraction of particles during the calculation period in
the cough flow is about (3.38 x 10~° percent). Furthermore, we assumed cough droplets
with a uniform temperature of 37 °C and a spherical shape. The droplets coming out of the
mouth during the cough have different diameters, from a few micrometers to hundreds
of micrometers. In addition, the velocity of the droplets leaving the mouth is equal to the
speed of the cough air flow.

1
X:V/de (16)

The change in the size of the respiratory droplets during evaporation and the presence
of organic substances and non-volatile compounds in the droplets affect their movement
and the time they stay in the air. In addition, these factors could also affect the survival of
the virus. Many droplets come out of the human body during coughing. With time, the
water in the droplets evaporates, then the droplets gradually become smaller and, finally,
reach the state of equilibrium between the droplet and the vapor phase [13].

Wells—Riley Equation and Risk of Infection

The Wells—Riley equation [31,32] has been commonly used to assess virus transmission
through the air, considering the inhalation dose. The quantum is the virus dose that, if
inhaled, would cause a person to become infected. The probability of infection of a person
who inhales one quantum is 1 — 1/e [33]. Accordingly,

Pz%zl—exp <_Iq(§t> =1—exp (—Ns) (17)
where P, D, S, p and g, are the probability of infection, the infected people, the susceptible
people, the number and the breathing rate of sensitive people, and the amount of quantum
production, respectively. According to Equation (17), t is the duration of exposure to the
infection, Q is the amount of ventilation, and Ns is the number of quanta one inhales. It
is assumed that all people are relaxed, and their respiration rate is 10 L/min. Note that
Equation (17) assumes fully mixed concentrations.

Miller et al. [34] reviewed and analyzed data from 32 COVID-19 patients with the
production rate of quanta of 970/h. Based on the average of 15 coughs per hour in their
study, the authors of [34] estimate the quantum production number to be 20 per cough. The
distribution of quanta with the droplets changes over time. Based on the concentration of
exhaled droplets calculated with the CFD software, the total number of quanta a susceptible
person inhales is given as [35]:

N(x, tp) =c p/oto v(x, t)f(t)dt (18)

Here N(x, tg) is the number of quanta that a person inhales in the time duration of 0 to
to, v(x, t) is the average droplet concentration, f (f) is the virus viability (usually taken as 1),
and c is the density of the number of quanta in droplets or concentration in the respiratory
fluid, and p is the breathing rate.

2.5. Modeling Procedure

Figure 9 shows the modeling and structure of CFD calculations in the space under
consideration.
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The indoor space of the building
Geom etry m odel
(Poly-hex core non- uniform  structure)
Mesh (3,200,000}
(See Figs. 1 and 4)

|

Evaluating using ANSY S Fluent 20
‘ B efore coughing (flow) — Steady.
After coughing (particle ejection) — Unsteady.

.J_.

Discrete phase model E-£ turbulence m odel

Air flow and aerosol trajectory

sim ulation
[ - ) . b
Assessing the conditions of the Assessing the duration of the Assassing the nisk of
spreading of the virus particles rem oval of the vims particles infection and safe area

L L

Analysis and conclusion

Figure 9. Modeling and the sequence of calculations.

3. Results

This article examines the transport and distribution of respiratory droplets in buildings
and indoor spaces (with a ventilation system). In addition, appropriate locations of the
ventilation supply and exhaust registers are discussed, and the risks of infection for different
cases are assessed. The cases considered are:

e  Case 1: Ventilation air flow along the length of the indoor space (Figure 1).
e  Case 2: Ventilation air flow across the width of the indoor space and creation of an air
curtain-type flow pattern (Figure 2).

Figure 10 (Case 1) shows the velocity contour in the middle planes of the space in
both cases, and at two sections across the width of the room for Case 2. It can be seen
that the ventilation air flow entering the area spreads throughout the room for Case 1.
For Case 2, however, the ventilation air flow spreads across the room width, creating an
air-curtain-type flow pattern. Figure 11 shows the velocity vector diagrams in the middle
planes of the space along and across the area (input—output registers) for two cases. It is
known that the ventilation air flow in the space proceeds under constant flow conditions.
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Velocity Magnitude

m/s O 0.9 1.8 27 3

Case 1 Case 2

Figure 10. Velocity contours in the middle planes of the space in both cases.

Velocity Magnitude

mis 0 0.9 1.8 27 3

Case 1

Figure 11. Velocity vector in the middle planes of the space in both cases.

Figure 12 illustrates the dispersion of cough droplets in 2 ventilation systems at
different times (Case 1 and 2). The droplet size changes due to evaporation affecting their
movement, their residence time (the time for which the droplets remain suspended in
the air), and their removal through the exhaust. Case 1 results show that at 1.5 s, the
emitted droplets stay close to the patient’s face and then spread in the room. Twenty
seconds after coughing, the drops spread over half of the room near the inlet, and their
peak concentration moves toward the middle of the space. Att = 35 s, the respiratory
droplets enter the other side of the room and spread throughout the space. Finally, the
droplet concentration reduces significantly at 75 s after the coughing, while a small fraction
of the respiratory droplets remains suspended in the air in the room.
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Figure 12. Particle residence time in the indoor space at different times with two ventilation systems.

Case 2 shows that, at 1.5 s after the coughing, the emitted droplets stay close to the
patient’s face and then spread further away. The Case 2 ventilation system generates air
curtain-type flow patterns in the room. At t =20 s, the air curtain prevents the particles
from spreading to the other side of the room. At 35s, Case 1 shows that the respiratory
droplets enter the other side of the space and spread throughout the area. However, in
Case 2, due to the air curtain, cough droplets do not penetrate the other side of the air
curtain. Finally, at 75 s after the cough, there are almost no droplets in the room. As shown
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in Figure 12, in Case 2, ventilation air flows across the room width and generates air-curtain
flow patterns, and prevents the droplets from spreading to the other areas. This means that
forming air curtains prevents droplets from spreading and creates safe spaces in the room.

Figure 13 shows the time-dependent changes in the fraction of droplets remaining
in the space (N1,). When the ventilation air flow is along the length of the indoor space
(Case 1), it takes 115 s to clear the area of the droplets. However, when there is a ventilation
air flow across the width of the indoor space (air curtain), it takes 75 s for the droplets to
leave the area (Case 2).
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Figure 13. Time-dependent changes in the fraction of droplets remaining in the air (Ny) in the area
for Case 1 and Case 2.

Figure 14 shows the infection risk based on the average droplet concentration in each
area in the time interval from 0 to 115 s. Again, the distance between the coughing person
and the ventilation outlet determines the residence time of the droplets before they escape
through the outlet.

For the ventilation system in Case 1, the droplets remain around the patient’s face for
about 3 s after the coughing and then spread in the room. In this case, the ventilation inlet
and outlet are located along the room, the cough droplets spread throughout the room, and
people in all areas are at high risk of infection. When the coughing person is at location C,
and the ventilation air flow proceeds along the length of the indoor space (see Figure 3),
the infection risk in areas A1, A2, A7, A8, A9, and A10 are 23%, 27%, 19%, 33%, 30%, and
48%, respectively.

For the ventilation system in Case 2, the air curtain prevents and delays the spreading
of the cough droplets in the room and the chance of infecting other occupants is reduced.
When the coughing person is at location C, for the ventilation system in Case 2 with inlet
and outlet registers on the side of the indoor space (see Figure 3), the infection risk in areas
Al, A2, A7, A8, A9, and A10 are 37%, 32%, 15%, 10%, 0.05%, and 0.05%, respectively. In
this case, the infection risk in areas A4, A5, A9, A10, A14, and A15 significantly reduced.

The comparison between the infection risks for Case 1 and Case 2 ventilation systems
shows that people on the other side of the air curtain generally run a lower risk of infection.
In addition, the average infection risk of people in a space with air curtain-type air flow
patterns significantly reduced compared to Case 1 ventilation with no air curtain. For
example, when the coughing person is in area C, the infection risk of a person in area A10
decreases from 57% to 0.05%. When there is no air curtain-type air flow pattern, persons in
all areas run a high risk of infection.
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Figure 14. Infection risk of individuals in areas A1 to A15 for Case 1 and Case 2 ventilation systems
in the time interval from 0 to 115s when an infected person is coughing in area C.

4. Conclusions

The dispersion of cough droplets was investigated using CFD simulations and as-
suming realistic conditions with the presence of 2 ventilation systems in the indoor space
environment of a building. The results of the simulation of a patient’s cough, the dispersion
of droplets, and the risk of infection are as follows:

In Case 1, it takes 115 s to clear the area of the droplets compared to 75 s in Case 2.
In Case 1, the droplets spread all over the room after a while, but, in Case 2, they
remain only in a part of the space for all the time, so in Case 2, there is always a safe
area with a low risk of infection of Covid-19 virus

e  When curtain-type air flow patterns are formed in the room, the infection risk of
people at the other end of the room decreases significantly. For example, the risk in
area A10 decreases from 48% in Case 1 to 0.05% in Case 2, and in area A9 the infection
risk is reduced from 30% in Case 1 to 0.05% in Case 2.

To sum up, the presence of the curtain-type air flow pattern (Case2) causes less
diffusion of droplets in the space, and the particles leave the area earlier. In Case 2, there
is always a safe area with a low risk of infection of Covid-19 virus. Therefore, it can
be concluded that proper design of the location of the supply and exhaust registers in a
ventilation system may have a significant effect on the spread of virus particles in the area
and also on the possibility of occupants being infected with the virus.
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Nomenclature

A Surface area (m?2)

Ac Average droplet concentration (Kg/m?)
A; i-th area (i=1,2,..,.8)

AN Number of particles

C Avg Volume—average concentration

Cc Cunningham coefficient (-)

Cp Density of the number of quanta in droplets (-)
D, Droplet diameter (um)

Favg Volume—average volume fraction
Fp Brownian force (-)

Fry Thermophoretic force (-)

Fr, Saffman lift force (-)

f) Virus viability

G Gravity (m/ s2)

I Number of infectors (-)

I Ejection time(s)

K Turbulence kinetic energy (J/kg)

Kt Fluid thermal conductivity (W/m K)
mp Mass flow rate (kg/s)

N Number of droplets (-)

Nr Total number of droplets (-)

N Droplets at given times (-)

Nty Droplets remaining in the space (-)
™ Number of mesh elements (-)

Ns Total number of quanta (-)

P Pressure (Pa)

Payg Average pressure in the domain under consideration (Pa)
PRT Particle residence time(s)

Pop Operating pressure (pa)

Q Air supply rate (m3/s)

Q Generation rate of quanta (quanta/s)
RH Relative humidity (-)

Py Particle removal time(s)

S Number of susceptible persons (-)

Sc Schmidt number (-)

St Source term (C)

T Time (s)

T Temperature conditions (C)

T pvg Volume average temperature in domain solving (C)
u,v,w Velocity components (m/s)

Gk/ SE/ Skr Ky, Ke, RS/ Cler CZS

Turbulent kinetic energy and modelconstants (-)
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\% Velocity vector (m/s)

Vang Average velocity in the flow domain under consideration (m/s)
Vo Ventilation velocity (m/s)

124 Water mass fraction (Kg/mol)

Greek symbols

E Rate of dissipation of turbulence kinetic energy
H Particle removal efficiency (-)

M Kinetic viscosity (Pa s)

P Breathing rate per person (m>/s)

QOa Density (kg/m?)

0d Droplet density

v(x, t) Droplet concentration

Subscripts

Sat Saturation (-)

T Total (-)

XY, 2 Cartesian directions (-)
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