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ABSTRACT

The second and third waves of coronavirus disease-2019 (COVID-19) pandemic have hit the world. Even after more than a year, the econ-
omy is yet to return to a semblance of normality. The conference/meeting room is one of the critical sections of offices that might be difficult
not to use. This study analyzes the distribution of the virus-laden droplets expelled by coughing inside a conference room, the effect of venti-
lation rates, and their positioning. The efficacy of masks is studied to get quantitative information regarding the residence time of the drop-
lets. The effects of evaporation, turbulent dispersion, and external forces have been considered for calculating the droplets’ trajectories. We
have analyzed six cases, of which two are with masks. Change in the ventilation rate from four air changes per hour (ACH) to eight resulted
in a 9% increment in the number of droplets entrained in the outlet vent, while their average residence time was reduced by ~ 8s. The shift
in the vents’ location has significantly altered droplets’ distribution inside a conference room. It results in ~1.5% of the injected droplets
reaching persons sitting across the table, and a similar indoor environment is not recommended. Wearing a mask in the case of eight ACH
has presented the best scenario out of the six cases, with a 6.5% improvement in the number of droplets entrained in the outlet vent and a 9's
decrease in their average residence time compared to the case without a mask. No droplets have reached persons sitting across the table
when the infected person is wearing the mask, which follows that a social distancing of 6 ft with a mask is adequate in indoor environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054110

INTRODUCTION

Many countries’ economic growth is severely affected by the
lockdown and closure of techno-economical activities for a significant
period due to the coronavirus disease-2019 (COVID-19) pandemic.
During the lockdown, most offices were closed, and enterprises issued

distancing, sanitization, improved ventilation, and flow barriers have
been made.”

We believe that the risk of transmission of the virus through the
deposition of viral-laden droplets expelled during coughing, sneezing,
talking, and laughing deposited on the surface may be taken care of to

work from home guidelines to their employees. After confirming vac-
cines’ efficacy from clinical trials, the vaccination drive is on surge in
many countries." This has imparted a positive hope; however, the con-
cern is not entirely eliminated. The face mask is a prominent and
widely accepted preventive measure. Masks and social distancing may
remain integral parts of day-to-day activities in the near future as well.
The COVID-19 pandemic had posed a considerable challenge to
humanity to restore economic losses. Business operations are now
resuming in many countries, and employers follow strict guidelines to
prevent their employees from being exposed to COVID-19 at work.
Various recommendations such as face covering, adequate social

a great extent by regular workplace sanitization and frequent hand
washing. However, the virus’s airborne transmission during inhalation
is still a major concern in closed environments like workplaces and
offices.

The airborne mode of virus transmission is now well acknowl-
edged, and several preventive measures are planned considering this
aspect.” ~ Various studies have been conducted on the transmission in
the outdoor environment,”” but the droplets’ distribution in an
indoor environment differs significantly due to the appearance of dif-
ferent flow patterns. The droplet spreading in an indoor environment
like a classroom, elevators, restaurants, airplane, music room is
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recently being addressed, and potential mitigations are proposed.”'’ "
However, in the case of an indoor environment, the spread and distri-
bution of droplets are dependent on the surfaces/obstructions present,
the ventilation rates, the location of the ventilation. Therefore, to get a
gist of a specific environment, different studies are required. Some of
the above studies'”'*'” did not include the effect of evaporation at the
surface of the droplets. They simulated the droplets in the dry nuclei
state, introducing some changes in the trajectory calculations in the
droplets’ transmission. A few studies adopted uniform droplet diame-
ter in their study.'”'” The effect of ventilation rate has been studied in
the literature, but the effect of the ventilation’s location is seldom
reported in the existing literature. The quantification regarding the res-
idence time of the droplets injected by an infected person in a similar
indoor environment is yet to be fully explored, which we have ana-
lyzed in this study.

Dbouk and Drikakis’ have analyzed the airborne virus transmis-
sion due to mild coughing in an elevator with different ventilation
configurations. Their results signify the importance of the placement
of inlets and outlets on droplet trajectories. Abuhegazy et al.'’ have
studied aerosol transmission inside the classroom, and their results
indicate that opening windows in a Heating, Ventilation, and Air-
Conditioning (HVAC) enabled classroom results in ~80% reduced
transmission between students. Liu et al.'” have investigated indoor
airflow inside a restaurant to find out the likelihood of airborne infec-
tion. Their results show that if the aerosols are returned via air condi-
tioning, they can contribute as high as 30% of the total infection risk.
Wu et al."” have numerically analyzed the transmission of virus-laden
droplets due to sneezing inside a cafeteria, highlighting the require-
ment of proper air distribution strategies for indoor activities. Talat
et al."* simulated aerosol transmission on an airplane, analyzing differ-
ent flow circulation patterns. Narayanan and Yang'” have studied the
transmission inside a music classroom for different activities with vari-
ous aerosol injection rates. Also, they have investigated the effect of a
portable air purifier and concluded that locating a purifier nearer to
the injector could offer positive benefits. Bhagat et al."® have studied
the effect of ventilation on the indoor spread of COVID-19. They have
mentioned that the proper design of a displacement ventilation system
would offer the most benefits to reduce the risk of exposure to the
virus. Pantelic and Tham'” have signified the importance of local air-
flow patterns while studying the airborne transmission inside a room.
They have indicated that an increase in supply flow rate or air changes
per hour (ACH) can reduce exposure to the airborne virus under cer-
tain circumstances, hence the importance of local airflow patterns.
Pendar and Pascoa'” have studied the distribution of virus-carrying
saliva during sneeze and cough. Their results indicate that 2-m social
distancing may not be sufficient in the case of sneezing and depend
upon local environmental conditions.

Meeting and small conferences may be difficult to be avoided in
business enterprises, educational institutes, and industries under some
circumstances. However, the attendees are advised to follow the pre-
ventive guidelines like covering the face with a mask and recom-
mended social distancing of 6ft.” A review article by Ai and
Melikov™ suggests that the risk of infection is higher within 1.5-2 m.
We numerically investigate the droplet spreading and transport in a
closed conference/meeting room with ventilation and air conditioning
in this work. The ventilation rate and positions of the ventilation vents
concerning the droplets’ location are analyzed. The effect of ventilation
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rate with a mask is studied, and the results are compared with the cases
without a mask for the same indoor conditions. Arumuru et al.”"”*
have experimentally investigated the efficacy of facemasks in the case
of sneezing and breathing. Their results indicate that wearing a mask
reduces the transmission of the airborne virus. Burnett and Sergi”
have provided a general overview of the mask’s utility after pointing
out to lack of studies on the precise effect of the face masks. Therefore,
a study with a mask is essential to ascertain the social distancing guide-
lines of 6 ft adequateness in an indoor environment with varying ven-
tilation conditions and to assess the likelihood of the transmission of
the virus.

METHODS
Conference room: Geometry and mesh

A three-dimensional model of a small conference room with
dimensions 20 x 12 x 10t is generated, which has a maximum
capacity of six persons. Similar-sized rooms are frequently used in the
industry for conducting meetings and conferences. In this study, three
persons are considered sitting on either side of the table, as shown in
Fig. 1. The distances between persons are shown in Fig. 1, based on
recommended 6 ft distancing to reduce the exposure to the virus.
Person 1 is assumed to be an infected person, and the other two are
healthy. The mouth opening is used as a sole source of cough injection
and has an area of 3.124 cm®.>* Vent 1 is at the center, and vent 2 is
the ventilation area on the conference room’s periphery. The confer-
ence room is air-conditioned with an external ventilation system as
per ASHRAE 62.1 standards for indoor quality,” with ACH recom-
mended are between four and eight. Sixteen rectangular vents of equal
areas are located on the outer periphery of the roof, with a total area of
1.486 m?. In the center of the conference room roof, vent 1 with an
area of 0.371 m? is provided to complete the air exchange. For ACH
of four, the air is entering inside the room with a volumetric flow rate
of 270 m® /h.

An unstructured mesh consisting of tetrahedral elements is gen-
erated using ANSYS ICEM CFD (Fig. 2). The mesh independence
study was carried out to select suitable mesh to adhere to the desired
accuracy with minimal computational resources (refer to Table I). The
velocity of the continuous phase and penetration length of droplets in
X-, y-, and z-directions are calculated for three different mesh sizes for
the simulation time of 1s. For this study, the penetration length is
defined as the average position of the 95% mass present in the confer-
ence room.”

Figure 3 shows the variation between the continuous phase’s
velocity magnitudes inside the conference room at two different points
for three mesh sizes. The discrete phase’s movement holds significant
importance in this study; Fig. 4 shows the results for the penetration
length in x-, y-, and z-directions in the conference room. The coordi-
nates of the origin for calculating the penetration length are (0, 1.245, 0),
which has the same height as of mouth but at the center of the room.
The penetration length in the x-direction is decreasing as the droplets
are approaching toward the origin from the mouth of the infected per-
son. As shown in Figs. 3 and 4, there is no significant deviation in the
results for the selected mesh sizes. Hence, considering the computational
expenses and accuracy offered by three mesh sizes, the medium-sized
mesh (MO) is used for further simulations.
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Validation study of discrete phase model (DPM)

We have used the Euler-Lagrangian DPM to solve the transport
of droplets generated from cough inside the conference room. Before
using the DPM for our case, we have validated the model with the
evaporation time results from existing literature. We compared our
results with Redrow et al.”® to validate the droplet evaporation model.
We have replicated their numerical setup, and evaporation time for a
pure water droplet of diameter 1 and 10 um was plotted against their
results for two different humidity conditions of RH=0% and
RH = 60% as shown in Fig. 5. The nature of the curve and the magni-
tude of evaporation time are in good agreement with results from the
literature. ™

Numerical modeling

This study uses the Euler-Lagrangian approach to solve the
transport of continuous phase and discrete phase. In this case, the
approach treats the mixture of air and water vapor as a continuous
phase and the droplets generated from the cough as a discrete phase.
The continuous phase equations are solved using the Eulerian
approach, and the unsteady particle tracking model is used to calculate
particle trajectories in the Lagrangian frame of reference.”” The study
deals with a single cough generated from the infected person and its
transport inside the conference room. The study utilized ANSYS
Fluent 20R2 to simulate various scenarios presented in Table I1.
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FIG. 1. Conference room model.

First, a converged steady-state solution is attained without
modeling discrete phase to establish the mean flow in the conference
room with a relative humidity of 50%. To establish desired relative
humidity, water vapor with a mass fraction of 0.0072 was given as the
initial condition. The properties of the continuous phase used are tab-
ulated in Table III.

Ventilation inlets are modeled as velocity inlet boundary condi-
tions with a velocity of 0.0505 m/s for Case 1, with a relative humidity
of 50%. The outlet that facilitates the air exit is modeled as a pressure
outlet boundary condition with atmospheric pressure. A no-slip adia-
batic wall boundary condition is applied to all the walls. The cough is
generated from the infected person’s mouth. We implemented cough
airflow as a time-varying velocity boundary condition as per Gupta
et al”* Droplets are injected with a constant velocity of 8.5m/s
(Ref. 6) for a period of 0.4s, the number of droplets injected are
similar to the values mentioned by Xie et al.”” Droplets are injected
horizontally using solid cone injection for generating cough.”*”" The
boundary conditions for discrete phase modeling are tabulated in
Table IV.

Droplet size distribution plays a vital role in the transport of dis-
crete phase. Various droplet size distributions are reported in the liter-
ature.” " This study uses droplet size distribution generated from
coughing given by Xie et al.”” The diameter sizes are fitted according
to the Rosin-Rammler distribution shown in Fig. 6, which uses mass
fractions of each droplet size. The current distribution ranges from a
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FIG. 2. Mesh domain is containing 4.25 x 10° elements, and zoomed view near to the face of a person (a) without the mask, and (b) with the mask.

minimum diameter of 1 um to a maximum diameter of 300 um, with
a mean diameter of 167 um. The Rosin-Rammler diameter distribu-
tion is defined by a term Yy, which represents mass fraction of droplets
of diameter greater than d is given by

d

vo—e ) 1

)

where d is the mean droplet diameter and # is the spread parameter
for determining size distribution. For the curve’s fitting, the spread

TABLE I. Mesh sizes used in mesh independence study.

Mesh size Number of elements
MO (medium) 4.25 x 10°

M1 (coarse) 2.9 x 10°

M2 (fine) 6 x 10°

parameter for the current droplet distribution size is calculated as per
the ANSYS Fluent user guide.” The value of the spread parameter in
the current simulation is 3.

As per Duguid’s study,” droplets evaporate continuously to their
dry nuclei state as they move in the air. The size of the nuclei men-
tioned by Duguid®' is around 20% of the original diameter. To achieve
this, a volatile fraction of the water droplet is assigned as 98.2%, the
remaining being a nonvolatile part.”

Modeling continuous phase

The physics of the transport of droplets in the surrounding
medium involves fluid flow, heat transfer, species transport, and tur-
bulent dispersion. First, continuous phase equations are solved, then
results generated from a solution of discrete phase iteration are added
to the continuous phase as source terms to complete coupling between
two phases. This procedure is repeated until the desired convergence is
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FIG. 3. Mesh independence for continuous phase: Velocity measured across three
different mesh sizes.

attained. The governing equations for fluid mass, momentum, energy,
and species transport are given as

0 0

51 (0) F g (o) =0 @
0 0 _op oy
a(pu,) +6fxi(puzu]) = 7(9796,' + 8XJ 5 (3)

) P o[ or
gt PE) + g lPE + Pl = 50 (ke o 4T | )

M2 - x direction
MU - x direction
M1 - x direction
M2 -y direction
MO - y direction
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FIG. 5. Validation of evaporation model with Redrow et al.*”

W\ Om
(PDm + ST,) axl . (5)

Chen™ evaluated various k — e-based turbulence models and sug-
gested the Renormalization Group (RNG) k — ¢ model for indoor air-
flow predictions. The RNG k —¢ turbulence model has been
successfully implemented in indoor environments by various
authors.'”'**"77% This study assumed that the domain’s flow was
fully turbulent and isotropic.”” Scalable wall functions, which use loga-
rithmic law wall functions, were applied to model the relationship
between walls and turbulent flow. Standard values of constants are
used, documented in the ANSYS Fluent theory guide.””

B oy + 2 oumy = 2
g (Pm) + gy (Pim) = 5

i i

Droplet transport
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. ; Eic%,EEEE::: The droplets are transported through the mixture of air and
= M1 -z direction water vapor, and their trajectories are affected by external forces,
e turbulent dispersion, and the nature of the surrounding flow.
- [ Particles are tracked by solving Newton’s second law of motion,
-;:E'D.5 — e which equates inertia force on droplets with external forces acting
% C on the droplets. In the present simulation, the effect of gravitation
§ 04— force, drag force, lift force, and inertia force is considered while
c L —— coupling between the discrete and continuous phases. Dispersion of
% o3l : particles above 1 um is more influenced by gravitational force than
s F Brown4i1an motion; the effect of coagulation is minor for this
s F range.” Therefore, both of these effects are not considered in this
a 02 - study. Source terms generated from Lagrangian tracking of droplets
= are then added to continuous phase equations to accommodate
01— e o ® o both phases’ coupling. Newton’s second law of motion applicable to
- o ° the transmission of the droplets is given as
N N N N O O |
°2 *4 Time () °e ' dii; i — 1 )
! de—tP:mp L +m, d +F (6)
FIG. 4. Mesh independence for discrete phase: Droplet penetration length mea- - P Lift Force
sured across three different mesh sizes. InertiaForce  Drag Force Gravity Force
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TABLE II. Simulation cases.
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TABLE IV. Droplet injection properties.

Air changes per

Sr.No. Mask  hour (ACH) Ventilation boundary condition
Case 1 No 4 Vent 1: Outlet, Vent 2: Inlet
Case 2 No 8 Vent 1: Outlet, Vent 2: Inlet
Case 3 No 4 Vent 1: Inlet, Vent 2: Outlet
Case 4 No 8 Vent 1: Inlet, Vent 2: Outlet
Case5  Yes 4 Vent 1: Outlet, Vent 2: Inlet
Case 6  Yes 8 Vent 1: Outlet, Vent 2: Inlet

where m, is droplet mass, i is the continuous phase velocity, u, is
droplet velocity, p,, represents the droplet’s density, p is the density of
continuous phase, and 7 is droplet relaxation time. Here the effect of
other external forces is not considered due to their insignificant effect
on droplet transport. As most of the particle diameters are above 1 um
the effect of pressure gradient forces is not modeled.”” The dispersion
of droplets is primarily affected by the turbulence in the continuous
phase. The response time is modeled according to Stokes’s law””

ppdy 4

—+£ (7)
3u CyRe’

where dp is droplet diameter, p is dynamic viscosity, Cy is drag coeffi-
cient, and Re is Reynolds number. The values of constants used can be
found out in Ref. 42

a
Cy = 8
d a1+R +R€2, ()
d, | — u,
Re:pp}'u P| (9)

The turbulent dispersion of droplets is tracked by stochastic tracking
with the discrete random walk (DRW) model, enabling instantaneous
turbulent fluctuations on the droplet trajectories. The DRW model for
tracking the droplets has been successfully used by various
authors.'”'** The value of integral time constant (Cy) used is 0.15;
the equations used in the DRW model are well documented in the
ANSYS Fluent theory guide.”” Two-way turbulence coupling is used

TABLE III. Boundary conditions for continuous phase modeling.

Parameters Values

Cough airflow

Airflow velocity Time-varying profile™*
Relative humidity 97% (Ref. 28)
Temperature 307 K (Ref. 6)
Mouth surface area 3.124 cm?
Ventilation (for case 1)

Velocity at ventilation inlet 0.0505m/s

Air changes per hour (ACH) 4
Outlet pressure (G) 101 325 Pa
Room temperature and relative humidity 293 K and 50%

Parameters Values
Droplet velocity 8.5m/s (Ref. 6)
Half cone angle 15° (Ref. 24)
Temperature 307 K (Ref. 6)

Injection time
Mass of droplets injected

Start at 0.04 s and stop at 0.44 s (Ref. 24)
2.89 x 107 kg

in the numerical modeling to allow the effect of damping or turbulent
eddies produced by droplets, which contributes to turbulent kinetic
energy production. A trap discrete phase boundary condition was
given at all the walls. When the droplet comes in contact with a wall,
the trap boundary condition stops calculating that trajectory, and its
volatile fraction is added into the fluid domain as water vapor.
Reflection was not considered due to the inconsistency in the table’s
material, shape, and size. Ventilation inlets and outlets are assigned
with escape boundary conditions for the discrete phase. The escape
boundary condition assumes that the droplet has left the calculation
domain and stops the droplet’s trajectory calculations.

Modeling heat and mass transfer from droplet

Evaporation is an essential phenomenon when a droplet is tra-
versing in the surrounding medium. The modeling of saturation vapor
pressure and mass diffusivity is crucial in modeling evaporation. In
this study, temperature-dependent saturation vapor pressure is defined
according to the ANSYS Fluent’s predefined data.’® Mass diffusivity is
assumed to be constant (value is used at room temperature of 293 K)
as the temperature of the surrounding air does not undergo a drastic
change. Evaporation is assumed to be driven by Fick’s law’s gradient
diffusion, which correlates the evaporative molar flux of vapor and the
difference between different species’ vapor concentrations

1 phkisia Rosin-Rammler Distribution Fit
0.8 —
06—
s | ;
>
04—
L
B p !
0.2
o—l|1|1||||||||||||||||||| R
0 50 100 150 200 250 300

Diameter (um)

FIG. 6. Rosin-Rammler diameter distribution for droplets size generated from a
cough.”®
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N; = kc(ci‘s - Ci‘oc)7 (10)

where N; is evaporative molar flux, k. is mass transfer coefficient, C;
and C; o, are vapor concentration at the droplet surface and surround-
ing medium, respectively. The concentration of vapor at the droplet
surface is calculated using the temperature-dependent saturation
vapor pressure (Py;). N; is used as a source term in the species trans-
port equation. The vapor concentration at the droplet surface is
defined as

PSLU
Cis =
=R (11)

where R is the universal gas constant and T, is the droplet
temperature.

The concentration of water vapor in the surrounding continuous
phase is calculated by solving species equations given as

Cioe = Xi g (12)

where X; is the local mole fraction of species i, p is local pressure, and
T is bulk temperature of the surrounding continuous phase. The
mass transfer coefficient from droplet to the surrounding continuous
phase is calculated by a Sherwood number correlation given by Ranz
and Marshall

D:
k. = % (2.0 + 0.6Re}°Sc"), (13)
P
where D, is diffusion coefficient of vapor in the continuous phase
and Sc is Schmidt number. The change in mass of the droplet due to
evaporation at every time step is calculated as

my(t + At) = my(t) — N;AM,, iAt, (14)

where M,, ; is the molecular weight of species i and A, is the surface
area of the droplet.

The droplet surface temperature is determined by the heat bal-
ance equation, which conveys the relationship between sensible heat
change in a droplet with the convective and latent heat transfer
between the droplet and the continuous phase

dm,
LY (15)
At g
where ¢, is the specific heat of droplet, dm,/dt is evaporation
rate, and hfg is latent heat. The convective heat transfer coeffi-
cient, h, is calculated by the Nusselt number correlation given by
Ranz and Marshall*’

dr,
Ml — hAy(Too — Tp)

h= dﬁ (2.0 + 0.6Re%°S"F), (16)
P

where k is the thermal conductivity of continuous phase and Pr is
Prandtl number of the continuous phase.

Modeling mask as a porous media

The mask is modeled as a porous-jump for continuous
phase, which involves a pressure drop due to viscous resistance
and inertial resistance. The thickness of the mask is taken as
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2mm; the equations for calculating pressure drop are taken in
accordance with modeling done by Dbouk and Drikakis,** and a
critical droplet diameter of 60 um is selected. If a droplet diame-
ter is less than the critical diameter, it can pass through the
porous medium and are treated as if they “penetrate” through
the mask. The interaction of droplets with porous media is mod-
eled through a user-defined function (UDF). If a droplet coming
in contact with porous media has a diameter greater than the
critical diameter, then the trajectory calculations are stopped for
those and are considered as “stick” to the face mask. The pres-
sure drop across the mask is calculated as follows: "

A
= — —D Uy — 051Uy, (17)

where D and I are coefficients for viscous and inertial resistances,
respectively. It is assumed that porous media is made up of fiber, and
the coefficients are calculated as

649'3(1 + 56y°
D54 (d2+ )
Pe
1 1
[=——u8—
1.63840.5¢

(18)

19)

where t is the thickness of the porous media, y is the packing density
of the material, dj, is the critical diameter. The packing density value
is taken as 0.15 according to the average value for the masks’ fibrous
layers.”

Solution methodology

The conservation equations for mass, momentum, energy, and
species transport are solved using the incompressible pressure-based
Reynolds averaged Navier-Stokes (RANS) approach. The COUPLED
algorithm is used to solve the pressure velocity coupling. Second-order
spatial and temporal discretization schemes were adopted for a stable
and accurate solution. The RNG k — ¢ turbulence model with scalable
wall functions is used to solve turbulence equations, which are utilized
to close conservation equations. To apply scalable wall functions,
which uses logarithmic law to model the relationship between walls
and turbulent flow, y* values of less than 11.25 were maintained. The
convergence is achieved by monitoring residuals of continuity,
momentum, turbulence, energy, and species that falls below the order
of 107°. The ventilation outlet’s mass flow rate is monitored to check
mass imbalance to ensure convergence is reached. The continuous
phase equations and discrete phase equations are solved alternatively.
The discrete phase equations are solved after every ten iterations of the
continuous phase to allow coupling between two phases. The DPM
source terms were linearized to reduce the number of iterations
required to converge the solution. The droplet size distribution used in
the study has diameters ranging from 1 um to 300 um, and as shown
in the validation study, evaporation time for 10 um droplets is greater
than 0.05s, the time steps are selected such that evaporation is cap-
tured accurately. Due to the evaporation, the droplet diameter reduces
to a dry nuclei state, and after that, no evaporation of droplet occurs.
The time step size of 0.004 s during evaporation and 0.04 s after the
evaporation is employed for the simulations, ensuring the stability
criteria.
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RESULTS AND DISCUSSION

The transmission of the droplets in the surrounding medium dif-
fers in every environmental condition. This study focuses on droplets’
fate generated from a single cough inside a ventilated conference
room/meeting room. We have analyzed the effect of ventilation rates
on droplet transmission for two different ACH rates. The ventilation
inlet and outlet locations significantly affect the distribution of droplets
in a controlled environment. We have altered the inlet and outlet loca-
tions for two ACH values to determine its influence on droplet trajec-
tories. The two cases for each ACH are further simulated with a mask
on the face of each person. The droplet distribution inside the confer-
ence was compared with cases without a mask. During the transmis-
sion of the droplets, evaporation plays an important role; therefore, it
is imperative to consider this effect. A few studies related to the trans-
mission of the particles have neglected this as they have simulated the
dry nuclei transmission.'"'*'*** This leads to the inclusion of errors
in the trajectory calculations compared to real-life scenarios. The mass
of the droplets changes significantly due to consideration of the above
assumption. We have considered droplet diameter distribution given
by Xie et al.,”” generated due to coughing action. After the volatile frac-
tion of the droplet is evaporated, it is transmitted as dry nuclei and
becomes airborne. The minimum and maximum diameters obtained
in our simulation after completing the evaporation phenomenon agree
with Yang et al.”” They have found that the distribution of dry nuclei
droplets is around 0.62—-15.9 um. From the results of our simulation,
the size range of dry nuclei obtained is 0.2-17 um, which is in the
same range. These dry nuclei can cause an airborne transmission of
the virus. We have simulated each case for 60s and case 6 until the
fate of all the droplets is sealed. The number of droplets impinging on
various surfaces was tracked for each case, along with their residence
time. The number of droplets reaching different surfaces helps to
understand the risk of getting exposed to the virus at different loca-
tions. The droplets’ residence time enables us to recognize the effect of
the ventilation rates and their location, whether the droplets are reach-
ing faster or slower.

Transmission of the droplets

The transmission of the droplets is governed by the external
forces acting on them, the effect of evaporation, and the surrounding
flow’s nature. Figure 7 shows droplet distribution inside the conference
room at various time instants in two different planes. The evaporation
from the droplet’s surface results in a reduction in diameter, and the
droplets may travel as dry nuclei carrying the virus. The evaporation
of all droplets is completed in less than 10 s; the droplets’ trajectory is
now affected only by external forces and the motion of the surround-
ing fluid. One of the vital aspects an indoor environment differs from
an outdoor one is the flow patterns surrounding the person. The
indoor environment has confined walls and various obstructions to
the fluid flow, which causes recirculation of the surrounding medium
and changes the flow physics. The cough airflow from an infected per-
son’s mouth interacts with the conference room’s flow field developed
due to ventilation. The interaction between these two alters the
movement of the particles flowing along with the cough airflow.
Figure 8 shows vortices formed due to the interaction of cough airflow
and surrounding fluid passing by obstructions in the conference room
at various time instances, at a distance of 1.245 m (same height to that
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of a coughing source) from the bottom wall. After 15, there is a slight
shift of the droplets’ position toward the left-hand side, caused by the
interaction between two vortices, as shown in Fig. 8.

Droplet fate

Droplets generated from the cough may carry the virus along
with them. The evaporation from the droplets’ surface causes a reduc-
tion in droplet diameter; by a particular time, the droplet reaches the
dry nuclei state depending upon its initial diameter and surrounding
conditions. In the initial phase, droplets follow the mainstream airflow
generated from the cough and travel together, similar to the droplet
clouds. The droplet movement is simultaneously affected due to the
effect of gravity force, drag force, lift force, and surrounding flow.
Droplets with a diameter greater than 100 um are tending to settle due
to the considerable influence of gravity force than smaller droplets of
diameter less than 100 um."” In this particular case, the obstruction
due to the table further promotes the droplets’ early deposition. As the
number of droplets and their mass decreases in the conference room
with evaporation and deposition on various surfaces, the surrounding
flow’s effect increases. The surrounding flow is affected by the ventila-
tion rates, location of the vents, obstructions in the room, size, and
vents’ shape. This study is restricted to the ventilation rates and their
position in the conference room’s typical layout. For each case, the
continuous phase distribution in the conference room is obtained by
running the steady-state simulation, and then transient DPM simula-
tion is carried out for 60 s.

Case1

The ventilation inlets’ position is at peripheral vents, and the out-
let vent is at the center with four ACH. In this case, most particles are
deposited on the table, contributing 79.64% of injected droplets.
Larger diameter droplets reach the table within 0.4 s. The average time
of droplets to reach the table is 2.55 s, indicating that the most droplets
are deposited in less than 3 s. Figure 9 shows the minimum, maxi-
mum, and average time taken for droplets to reach the conference
room’s particular surface. At the end of the 60 — s simulation, 19.21%
droplets are present in the conference room in their dry nuclei state.
The mass of droplets present in the domain and the mass that went
inside the outlet vent is less than 1% of the injected mass, as shown in
Fig. 9.

The results indicate that a significant amount, 99.81% of droplet
mass, is deposited on the table. This makes it a higher risk of transmis-
sion of the virus through contact with the surface. It signifies that the
nearby surfaces/obstructions in the cough’s direction receive a signifi-
cant viral load. In a similar scenario, it is recommended to restrict
from touching these surfaces to avoid the virus’s spread through sur-
face contact. Case 1 is a low ventilation rate with inlet vents at the top
wall’s periphery; this provides a minor random movement of droplets
from the first four cases. Within 60 s, no particle has reached another
person or walls of the room.

Case 2

The ventilation inlets’ position is at the peripheral vents, and the
outlet vent is in the center with eight ACH. The increase in the ventila-
tion rate has a more significant influence on the droplets in the
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domain than case 1, which results in more particles reaching the outlet
vent. Approximately 10.21% of the injected droplets have reached the
outlet vent. The droplets reach the outlet vent faster; the least time
taken for droplets to get to the outlet vent is 32.36 s, which is nearly

FIG. 7. Distribution of the droplets inside
the conference room over 60's for case 2.

~14 s earlier than case 1. The overall increase in the mean flow inside
the conference room has forced the droplets to move outwards from
the central region, due to which some droplets reach the top and bot-
tom walls. Figure 10 shows the droplet’s residence time inside the
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FIG. 8. Surface velocity streamlines at the height of 1.245 m from the ground.
conference room before they reach a particular surface. Even though Similar to case 1, a large amount, around ~79%, of droplets are
the number of droplets reached to the top or bottom walls is small, the trapped on the obstruction provided by the table. The minimum, aver-
ventilation rate increase has increased the droplet’s movement inside age, and maximum residence time of the droplets before reaching the
the conference room. table is nearly the same as case 1. The number of droplets present
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inside the domain after 60's has been reduced by ~9% because the
increased ventilation rate has significantly altered the droplets’ distri-
bution inside the conference room. From the perspective of mass
deposited on various surfaces, the mass reached to the outlet vent is
the maximum out of the first four cases, as shown in Fig. 11. It signifies
that with the increase in the ventilation rate, more amount of viral
load carried by the droplets can be removed from the indoor environ-
ment. However, another perspective that must be noted is that the
amount of mass present in the domain is also maximum out of the
first four cases due to increased randomness in the conference room
(refer to Fig. 11). The droplets in the domain are on course to get
entrained inside the outlet vent (refer to Fig. 7), so there is an increased
chance of droplets being escaped through the outlet vent. No droplets

100.00
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FIG. 10. Residence time of droplets for
case 2.
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have reached other persons present inside the conference room within
60s.

Case 3

The ventilation inlet position is at the center, and the outlet vents
are distributed on the periphery of the conference room, with four
ACH. As the ventilation inlet is at the center with a lesser area than
the first two cases, the velocity has significantly increased for the same
ACH. This situation can also be viewed as similar to a ceiling fan
inside a conference room. The velocity through the inlet is four times
the velocity provided in case 1. Due to the increased velocity in the
center of the room, where droplets are being transmitted in the initial
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FIG. 11. Residence time of droplets for case 3.
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FIG. 12. Percentage of droplets deposited on various surfaces according to their initial mass.

phase, the droplets are forced radially outwards. This causes droplets
to reach other persons sitting inside the conference room, with ~1.1%
of the injected droplets deposited on the other person’s body. As the
droplets move outwards, the central stream’s influence coming from
the ventilation inlet starts diminishing. The droplets on which gravity
force prevails other external forces such as drag force and lift force are
deposited on the bottom wall or floor. When the surrounding flow has
a lesser influence on the droplets, smaller droplets move upwards due
to the airflow inside the conference room. Approximately 3.70% of
injected droplets have reached the top/bottom walls, the highest out of
the first four cases, as shown in Fig. 12. As the droplets are moved
radially outward in the initial phase, the minimum time required for a

droplet to reach the bottom wall is ~5s Fig. 13). Throughout this
period, droplets are continuously trapped on the top and bottom walls,
with the average time taken by them is ~37s. In the first two cases,
droplets were restricted to the conference room’s central part com-
pared to cases 3 and 4, resulting in no droplets reaching the side walls.
In case 3, as the droplets are forced radially outwards, 1.35% of
injected droplets have reached the side walls, which contributes to
0.22% of the injected mass.

Because of the central stream from the ventilation inlet, droplets
reach the table faster than in the first two cases. Nearly 87% of the
injected droplets are deposited on the table, which is ~8% greater than
cases 1 and 2. The average time they have taken to reach the table is
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reduced by around 42%. At the end of 60 s simulation, nearly 7% of
the injected droplets are still present inside the conference room. In
case 3, the droplets have reached other persons sitting across the
infected person; it happened due to the high-velocity stream coming
from the ventilation inlet. It suggests that the infected person’s sitting
location should not be under the influence of a high-velocity stream,
resulting in droplets being distributed randomly inside an indoor envi-
ronment, which may cause a significant number of virus-laden drop-
lets becoming airborne.

Case 4

The ventilation inlet position is at the center, and the outlet vents
are distributed on the periphery of the conference room, with ACH
are eight. It represents a similar scenario to case 3, but with a higher
velocity of the central ventilation inlet stream; the droplets are moved
radially outwards with high velocity. The average time taken by drop-
lets to reach the table is further reduced by 23% in case 4 than case 3
(refer to Fig. 14). As the ventilation inlet is at the center, the flow
behavior is similar to case 3. However, due to higher velocity in the
conference room, droplets travel farther than case 3. Nearly 0.5% of
the injected droplets reach to outlet vent within 60s due to the
increased velocity of the central stream coming from the ventilation
inlet. Refer to Fig.12 for the number of droplets reaching various surfa-
ces inside the conference room.

Of the first four cases, case 4 has the least number of droplets pre-
sent inside the domain. The most number of particles reaches side-
walls, and simultaneously the highest number of droplets reached
persons sitting inside the conference room. The characteristics of case
4 are similar to case 3 but with greater randomness in the movement
of droplets inside the conference room. Of all cases, most droplets
(1.55%) reached persons sitting across the table, increasing the chan-
ces of getting exposed to the virus. Hence, the seating arrangement
should such that the person’s sitting location inside the conference
room should not be below the inlet vents.

Case 5

In case 5, the mask as a porous medium is added to case 1, and
everything else is the same. From the simulation results, it is found

that around 35% of the droplets are absorbed in the mask in less than
2.3 ms, as shown in Fig. 12; their trajectory calculations are stopped at
that point. As the number of droplets marching inside the conference
room is decreased, the droplet cloud’s strength is reduced. The
reduced strength of droplets results in a lesser penetration length of
the injected droplets than the first four cases within the initial period,
where droplets follow the cough airflow. Wearing a mask restricts the
spread of droplets inside the conference room; simultaneously, the
number of droplets entrained inside the outlet vent was increased by
6.5% compared to case 1 (without a mask for the same ventilation
conditions). Figure 15 shows droplet distribution at two different time
instances between case 1 (without mask) and case 5 (with mask).

After the cough airflow is diminished, the surrounding fluid’s
effect is more significant on the droplet transmission compared to
cases without a mask. At this stage, particles are still in the center of
the room, and they start traveling toward the outlet vent. The usage of
a mask has decreased the number of droplets going inside the confer-
ence room and improves their tendency to get entrained into the out-
let vent. Compared to the case without a mask for the same
ventilation conditions (case 1), ~6.5% increment is found in the
number of droplets entrained into the outlet vent. The minimum time
required for droplets to reach the outlet is reduced by nearly ~20s,
the average time by ~10 s (refer to Figs. 9 and 16). The mask presents
a safer scenario than the without mask scenario for the same condi-
tions, with fewer droplets inside the indoor space. More droplets can
be extracted via the outlet vent within the same time.

Case 6

The general behavior of case 6 is on similar lines to that of case 5.
The present case has an increased ventilation rate of ACH eight as
compared to case 5. Wearing a mask restricts the spread of droplets
inside the conference room; simultaneously, the number of droplets
entrained inside the outlet vent was increased by 6.5% compared to
case 2 (without a mask for the same ventilation conditions). The
reduction in the number of droplets present in the domain after 60 s is
~4% in cases 5 and 6 compared to cases without a mask for the same
ventilation conditions. However, the increment in the number of
droplets entrained into the outlet vent is ~9% for the double ACH
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FIG. 15. Droplet distribution inside the conference room without the mask and with mask for ACH 4 at various time instances.

Phys. Fluids 33, 065108 (2021); doi: 10.1063/5.0054110 33, 065108-14
Published under an exclusive license by AIP Publishing


https://scitation.org/journal/phf

Physics of Fluids

Residence Time of the Droplets (Case 5)

59.60

50.36
44.94 4458
38.79
0.00 0.00 0.00

Outlet Side walls

Time (s)

19.21

ventilation rate for cases wearing a mask. The minimum time required
for droplets to reach the ventilation outlet is reduced by ~16 s, average
time by ~10s (refer to Figs. 16 and 17), which confirms that the lesser
strength of the droplet cloud generated while wearing a mask pro-
motes early extraction of the droplets from the room. We have simu-
lated case 6 until the 99.9% of the injected droplets are either trapped
or escaped, which required ~584s. Hence, the study recommends
wearing a mask and high ACH to restrain the virus’s transmission in
an indoor environment.

In all the cases without the mask, at least ~80% of the droplets
are deposited on the nearby obstruction provided by the table. In case
1, the ventilation flow effect is minimal and does not significantly
impact droplets’ path. The forces acting on the droplet, the reduction
in diameter due to evaporation play a significant role in determining
droplets’ path. As the velocity of ventilation, inlet streams is increased
in case 2; it increased influence on the transmission of the droplets
with more droplets reaching the outlet vent and smaller residence time
than case 1. The transmission of the droplets in cases 3 and 4 happens
in similar nature. The ventilation inlet is in the center with a lesser
flow area than cases 1 and 2. The velocity has increased further; it has
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more influence on the droplet transmission inside the conference
room. The high-velocity stream coming from the ventilation inlet
alters the droplet cloud present in the domain, and the particles move
outwards from the center with the surrounding flow. This results in
droplets reaching other persons sitting inside the conference room,
not the desired situation. The frequent cleaning of the surfaces/
obstructions present in the room is needed to avoid virus spread
through surface contact. The ventilation position should be such that
it does not randomly distribute the droplets in an indoor space. As the
particles are randomly distributed, they might continue to travel inside
an indoor space, which is also not a desired situation for containing
the virus’s spread.

In the scenario with a mask’s usage, the strength of the droplet
cloud traversing in the surrounding medium gets reduced. The pene-
tration length of the droplets is decreased in the direction of the cough
airflow. The effect of ventilation rates is significant due to a reduction
in the number of droplets present in the domain, promoting the num-
ber of droplets reaching the outlet vent. Compared to the cases without
a mask, wearing a mask provides a safer scenario in an indoor envi-
ronment as more droplets travel faster toward the outlet vent.
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CONCLUSIONS

A numerical study is carried out to analyze the effect of ventila-
tion rate, the position of the vents, and efficacy of the mask on the
droplet transmission inside a conference room. For various ACH val-
ues, the residence time of the droplet is quantified. Results of the study
indicate that for this particular scenario, an increase in ventilation rate
improved the extraction of the droplets through the outlet vent. The
location of the vents determines the flow circulation and has a signifi-
cant influence on the particle trajectories. Wearing a mask allows
fewer droplets inside a conference room, and increased ACH results in
the best scenario out of six cases analyzed in this study. The following
conclusions and recommendations can be made from the results of
this study:

* A large part (~ 80%) of droplets is deposited on the table in cases
without a mask. Therefore, surfaces near the coughing source
must be appropriately cleaned, and touching should be avoided
to reduce the chances of virus spread through surface contact.

* The rate of ventilation increases the number of droplets extracted
from the outlet vent, and changing ACH from four to eight has
increased droplets extraction by ~ 9% within 60s. The percent-
age improvement in the number of droplets that went inside the
outlet vent with the addition of the mask is ~6.5% for both
ACH.

* The location of ventilation vents significantly alters the distribu-
tion of the droplets in the conference room. When the source
location is under the inlet vent, the droplets are randomly carried
along with the airflow, resulting in a random spread. Therefore,
the sitting arrangement should be such that no person is sitting
under the direct influence of the inlet vent.

e Of the six cases we have studied in the present analysis, case 6
represents the best scenario. Case 6 simulation was extended
until 99.9% of the droplets fate is sealed, and within that time, no
droplet has reached the persons sitting across the table.
Therefore, wearing a mask and physical distancing of ~6ft is
recommended inside the conference room or similar indoor
environments.

* For case 6, the time required to extract (either trapped or escaped
at various surfaces) 99.9% of injected droplets from the confer-
ence room was ~584s. A similar time must be mandated
between two consecutive meetings inside the same conference
room. All surfaces/obstructions should be cleaned as well before
the new meeting is started. This minimum time of ~ 10 min is to
ensure that there should not be any virus contamination present
in the conference room when new persons arrive inside.

* The extraction of particles in the outlet vent may concern cen-
tralized air conditioning systems, and the vented air needs to be
disinfected before it is recirculated again.

This study results are restricted to similar indoor conditions to
understand how virus-laden droplets spread from an infected person’s
coughing action. Different arrangements and different standards of
ventilation may require a specific study to analyze the droplet spread.
However, the recommendations provided in this study suits typical
applications. Heat transfer from the human body is neglected in this
study to reduce the numerical setup complications without hampering
the droplets’ transmission inside the conference room. It may be
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assumed that persons sitting inside are wearing well-insulated clothes.
The droplet interaction such as reflection and breakup when coming
in contact with surfaces/obstructions in the conference room is not
considered due to the different kinds of materials, shapes, and sizes
used in practical situations. A more detailed study may be carried out
considering all these aspects.
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