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Abstract

Contemporary issues such as epidemics and the prevalence of infectious indicate that there is a pressing need to better under-
stand the dynamics of transmission in air and facemasks. Consistent with previous literature, coronavirus disease (COVID-
2019) is caused by the novel virus SARS-CoV-2. Coronavirus adds a new element to fluid fragmentation leading to respiratory
droplets and which are transmitted via air during coughing, sneezing and talking. The behavior of virus-laden droplets of
saliva particles arising from a human cough is described by Navier—Stokes equation for turbulent flow. The predicted velocity
and pressure for droplets flow with time are presented. Hence, wall-normal profiles of velocity, pressure and concentration
are obtained from boundary-layer approximations and the Navier—Stokes equations are solved on a two-dimensional shell
mesh. The purpose of this study is to provide a perspective on the role of masks in the COVID-19 pandemic with an empha-
sis on the mechanism of droplet leakage and the droplet dispersion in this masks medical non-pharmaceutical intervention.

Keywords Respiratory droplets - SARS-CoV-2 - Navier—Stokes equations - Velocity - Pressure

1 Introduction

In recent decades, the increasing prevalence of infectious
diseases has posed a serious threat to human health in the
world, as well as for a complex set of social and economic
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outcomes. Microbial viruses and their environmental behav-
ior in the atmosphere pose a significant threat to planet earth
and human life (Anjani et al. 2021). In relation to corona-
virus, several experimental studies have demonstrated that
SARS-CoV-2 genetic material can remain airborne for at
least three hours and potentially up to 16 h. In the case of no
wind, strict recommendations from national governments
were made for a person to keep a distance of at least 2 m
from each other and avoid crowded places, which helps limit
the spread of COVID-19 from one person to another (Cao
et al. 2021; Pongpiachan et al. 2021). In addition, SARS-
Cov-2 transmission arises through the inhalation of aerosol
droplets by large droplets when in close contact between
persons and dry outside the mouth. While facemasks Poly-
propylene (PPN)-based material have emerged as alterna-
tives and to overcome the spread of potentially infectious
respiratory particles. Thus, the importance of studying the
phenomenon of transmission has emerged again. Under-
standing the mechanism underlying the airborne particle
transmission is crucial for national governments, and part-
ners are working urgently to coordinate the rapid develop-
ment of medical countermeasures to know how to accelerate
their diffusion by designing appropriate scenarios. Masks
polymer-based Nano-composites reduce the amount of
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respiratory particles diffusing in the air and emitted by peo-
ple infected with SARS-CoV-2 through coughing, speaking,
and breathing by trapping them in the mask. Likewise, facial
masks made of polypropylene materials are more effective
against large virus-laden respiratory droplets and airborne
transmission. To name just, ambient conditions indicate that
transmission in antimicrobial is relevant to many areas of life
and the physical sciences and there is a need for developing
more efficient filtration masks (EI-Atab et al. 2020). Serious
consideration should be given to the choice of critical medi-
cal devices and the number of layers of material used and
diffusion across the air to transport within individual cells
(Fadare and Okoffo 2020; Zhou et al. 2015).

Mixing of two or more polymers plays a vital role in vari-
ous applications that have been blended together to create
new material or achieving commercially viable products,
which can be done by mechanical or chemical methods. The
study of Additive manufacturing has attracted the attention
of many researchers in various industrial applications over
the years. The use of Polypropylene (PPN) and its deriva-
tives is a rather common strategy used in various fields of
industry. Various blends such as copolymers and polymer
Nano-composites have been developed to improve its func-
tionality towards specific applications, which found appli-
cations in protective coatings (face masks), biofunctional
materials (Schwach and Avérous 2004; Luzi et al. 2019;
Moon et al. 2002; Ulbricht 2006; Malik et al. 2018; Zhu
et al. 2017; Fard et al. 2018; Liu et al. 2019). Positively
charged Polypropylene (PPN) have been proved to possess
aresistance toward microbial and enveloped virus by creat-
ing an interaction between the virus and the facemasks, and
by the use of three modified layers decreased particles flow.
Generally, polypropylene, polyethylene and polystyrene
could also be used to manufacture facial masks and using a
polymer as the material treated with mechanical means, heat
and chemical. The process of air filtration from viral parti-
cles can be done, whereas the polymeric facemask retains
the particles on its surface due to its smaller pores.

According to the National Academies Standing Commit-
tee on Emerging Infectious Diseases and twenty-first Cen-
tury Health Threats, the SARS-CoV-2 virus could be spread
through aerosolized droplets released via patients’ exhala-
tions in conversation or sneeze/cough droplets. Furthermore,
many researchers have shown that coughing could release
potentially infectious saliva. Past research has shown that
when we speak, breathe or sneeze, droplets are formed in
the aerosols. Without taking into account coughing intensity,
we investigate the transmission of droplets falling into the
facial mask from the mouth and nose of the persons with
virus cough. In other words, the transmission of droplets’
of SARS-CoV-2 produced by an infected human from the
mouth and nose to the face mask via sneezing, coughing and
speaking. Our objective is to examine the fluid chemical of

droplets that affects facemask performance. In this paper, we
discuss the 2D transmission-induced mechanical changes
occurring in the face masks medical of Non-woven Polypro-
pylene (PPN) and its effect on sorption kinetic which may
consequently exhibit a Navier—Stokes character. Moreover,
the mathematical based on Navier—Stokes law was found
better in the context of droplets in protective facemasks. The
Navier—Stokes equations describe the motion of droplet sub-
stances (Baron and Willeke 2001; Anjani et al. 2021). In the
present simulation, droplets are tracked by solving Newton's
second law of motion, which equates inertia force on drop-
lets with external forces. Among the obtained results, we
present the profiles of the velocity, pressure and concentra-
tion and weight gain (Fig. 1).

2 Mathematical Modeling

Generally, water is the main media of infectious diseases.
Numerous studies have generally shown that some infections,
e.g. COVID 19 may be transmitted via air and during sneez-
ing by respiratory droplets consisting of water. In addition, in
the mixture of air, the water droplet evaporation causes the
reduction of the droplet size and the distribution of droplets in
a not controlled environment. In physical modeling, the droplet
motion is affected by external forces due to the effect of the
motion of the surrounding fluid. Fluid mechanics is the study
of how droplets move and it’s very complex. Therefore, we can
apply Newton’s laws of motion in an attempt to predict how a
droplet moves through space and time. The dynamics of the
droplets are coupled to the falling dynamics of COVID-19 for
which Newton’s and Stokes laws appeared to be applicable
mostly to the respiratory water droplets (Hongping et al. 2020).
In other words, we consider a saliva droplet as a pure water
sphere with a diameter (D, ), density and viscosity (inversely
proportional according to Stokes’s equation) of an infected per-
son, and that are transmitted through coughing, sneezing, and
expectorating. Between the mouth and the mask, the droplet
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Fig.1 A schematic of the diffusion process of aerosol and the droplet
dispersion
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through the atmosphere is exposed to the gravitational force
but without air resistance. And where, the volumetric fraction
of the droplets is low, compared with the continuous phase
(air), we derived the particle motion equation from Newton’s
second law. This law (Newton’s second law of motion) applies
mostly to big objects flying in the air at a certain height. Nev-
ertheless, this law sufficiently reflect the motion of COVID-19
droplets in the air. And thus, in this study, the SARS-CoV-2
droplet was assumed as a Newtonian media of a spherical
shape with an average diameter (D, ). Therefore, the water
droplet is transported through the surrounding medium and
modeled as a solvent and its transport is modeled using New-
ton's second law of motion (Mirikar et al. 2021). Generally,
the fluid flow behavior of droplets has been modeled using two
phases: discrete phase (large size) and continuous phase (small
size) and is simulated by the Navier—Stokes equations. Moreo-
ver, The Navier—Stokes equations are derived from fundamen-
tal laws such as conservation of mass and momentum. The
governing equations can be given by the continuity equation:

Vi=0, )

where u is the velocity vector (ms™') and in the absence of
an applied overall flow:

u=0. 2)
The differential form of the continuity equation is:

dp , 9om)
E-'_ ox;

13

= 0. 3)

The Momentum equation can be rewritten as:

opu) () B (0(%-)) _ <0_P> o, @)

ot dxj dxj

where ¢, p, p and v denotes, the time, pressure (Pa), den-
sity (kg m~3), and the kinematic viscosity. A mathematical
model more broadly applicable and used to aid decision-
making in flow regimes, is a dimensionless quantity which
represents the ratio of inertial forces to viscous forces, where
the particle Reynolds number is defined as the ratio of iner-
tial forces to viscous forces and is a convenient parameter
for predicting if a flow condition will be laminar or turbulent
(Bale et al. 2021; Chia et al. 2021).

Dvuvpair
9

R =
¢ Mair

&)
where D, is the diameter of a respiratory particle, v, is the
virus velocity vector, p,,, = 1.2kg/m? is the air density at
a temperature of (20 °C) (293 K) and #,;, is the dynamic
viscosity of air. One of the consequences of flow is a force
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called viscous drag F, depends on the droplet’s speed.
For laminar flow around a spherical particle, Stokes’ law
describes the settling of respiratory droplets in a Newtonian
mixture. However, the aerodynamic drag force is given by:

F, = 6nrno,, 6)

where r is the radius of the spherical droplet in meters (m),
n is the relative velocity of the respiratory droplets in kilo-
grams-per-meter-per-second (kg/m/s) (Fig. 2).

When the air buoyancy force becomes negligible; the
gravitational attraction over the air buoyancy force:

Fy =M, ©)

where M respiratory droplet Mass. In addition, the deforma-
tion of a droplet in a shear flow is of fundamental relevance
in many physical systems. More specifically, the study of
the effect of droplet motion and deformation can provide
valuable insights into porous polymers. As a consequence, a
theoretical model has been proposed to predict the deforma-
tion, the droplet motion and breakup in shear stress, where
the droplet maintains its nearly spherical shape:

Ca=—+- ®)

where Ca is the dimensionless hydrodynamic capillary num-
ber; represents the ratio of the viscous force to the interfacial
tension and vy is the dynamic viscosity of the continuous
phase. Respectively, the shear stress is caused by the flow
and deformation of droplets across the facemask and is
directly proportional to the velocity. Thus, the shear stress
can be predicted using the droplet’s viscosity v, and shear
rate %:

ou
02 ©)

o=

Moreover, mass transfer:

%€ _ pyAc+T.Ve =0, (10)
ot
where c is the concentration and D, is the diffusion coef-

ficient. In addition, the gas at the particle surface has zero

Fig.2 Motion of respiratory droplet by laminar flow and the drag
force
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velocity. However, is clear that masks can help prevent the
spread of COVID-19. The present modelling work focuses
on droplet dispersion in a facial mask as small droplets and
as a cloud of spheroid particles. Moreover, we have studied
the Newtonian incompressible fluid with no body forces of
liquid droplets in protective facemasks made from polymer
materials for respiratory protection.

During a human cough, this modeling of the transfer of
liquid droplets from a nose and mouth to a mask is not gov-
erned by the considerations of as; size and shape depending
on each individual’s morphology, the coalescence, breakup,
the saliva droplet’s size distribution, intensity of the cough.
In addition, environmental factors such as temperature,
heat transfer, droplet evaporation, environmental wind,
and humidity could influence the sneeze droplet’s trans-
port. Transmission of COVID-19 via air during coughing
and sneezing is phenomenologically described using the
Navier—Stokes. Aerosol particles contain infectious patho-
gens and the epidemiology of COVID-19. The governing
equation used to represent the physical scenario of diffu-
sion can be described by the incompressible Navier—Stokes
equations in two and three space dimensions. These Aerosol
particles remain in the air for long enough for them to be
inhaled and can be transferred from the mouth and nose to
the facial mask by indoor airflow. Substituting this into the
previous equation, the final form of Navier—Stokes equation
in vector expression is;

Du 2,2
p<E> =-Vp+ VT +F. 11
Therefore, T = uV?21 is the deviatoric stress tensor and
u is the dynamic viscosity of the solvent. During sneezing,
most of the droplets of large size are expelled through the
nose with high velocity. Moreover, the ratio between the
particle inertia and the air viscous drag is presented by the
Stokes number of the particles (Crawford et al. 2021).

pdS}%vt

n 9
tscpair

12

S

where; p, is the particle density, Sp is the particle size, v, is
the typical velocity, and ¢, is the typical scale of the flow.
In this modelling approach, saturation vapor pressure is
dependent on the temperature of droplets. In the absence of
other forces, the concentration of infectious viruses at time
(1) is related to its initial concentration of infectious viruses
(Cy), as described by Stokes’ law for small particles:

C=Cye™, (13)

where (x) is the inactivation rate constant. We suppose,
that the droplet interaction such as breakup when coming
in contact with surfaces is not considered. When coughing

or sneezing, saliva droplets by the mucous coating of the
lungs and vocal cords. But, these droplets do not travel inde-
pendently on their trajectories and the smaller droplets are
often invisible to the naked eye. In this paper, the trans-
mission of the viral particles in the surrounding medium at
standard conditions for temperature and pressure (7=25 °C,
P,,=1 atm, mouth and nose temperature at 34 °C), as the
temperature of the surrounding air does not undergo a dras-
tic change. Transmission electron microscopy showed that
the diameter of the droplets of 50-100 um, droplets spread
occurs with pathogens and pollutants found in exhaled drop-
lets influenza < 5 pm in diameter (Ataei-Pirkooh et al. 2021;
Vuorinen et al. 2020; Dbouk and Drikakis 2020; Chua et al.
2020). The thickness of the mask is taken as 2 mm, if a
COVID-19 virus-laden droplet diameter is less than the criti-
cal diameter (60 pm), it can penetrate through the porous
medium of the face mask (Mirikar et al. 2021). Moreover,
reported physical properties of saliva are being 1.05 for men
and 1.29 for women and the droplet radius R, = 3.107°m
(Dnyanesh et al. 2021). The viscosity is defined as close to
that of water u=0.001 Pa s (Scharfman et al. 2016; Govin-
daraj et al. 2019). For particles 1.0 pm in size, the Brownian
diffusion coefficient D, = 2.9 x 107"'m? /s (Gao et al. 2008).
In addition, the diffusion coefficient of the water vapor into
ambient air; D, = 2,42.107m?/s.

3 The Numerical Results and Discussion

Because it is difficult to examine the transmission of parti-
cles from the respiratory system by experiment, a physical
modeling-dependent numerical method is adopted in this
study. We study in particular the 2D transmission of the
airborne virus transmission through coughed droplets and
sneezed in cloth masks. Furthermore, these modeling have
been used for the efficacy of facemasks and other respirators
to prevent COVID-19 transmission.

The droplets dynamics have been predicted by solving
a 2-D incompressible Navier Stokes equation. The govern-
ing equation cannot be easily solved by analytical methods.
Hence, a numerical approach is necessary to solve the vor-
ticity transport equation of droplets in the facemasks (Ghia
et al. 1982; Tsega and Katiyar 2018; Harlow and Welch
1965; Shukla et al. 2011). And accordingly, a finite-differ-
ence method has been applied to the Poisson equation con-
sisting of the droplets dynamics together with the time of
the dispersion of cough droplets in facemasks. In addition
to the Pressure P, we choose, as additional state variables,
generalized droplets with a viscosity that depends on the
strain rate (u, v). The state variables are therefore as follows:

X = (u,v, P). (14)
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Therefore, we will show that the Navier—Stokes equations
for incompressible droplets in non-dimensional form are:
Continuity equation

Ju  Jv
+ _

—+ —=0.
dx dy (15

Momentum equation (x — dir)

ou__(,ou, ou
ot

1 dp Koo
— -— =(V-u).
”ax 0y+p0x>+p( u) (16)

Momentum equation (y — dir)

ov ov . dv  10p Moo
—=—(u—+v—=+-=)+=(V).
ot <u5x v()y p 0x> p ( v) an

Pressure equation

0x2  0y?

or x & &) R

> o(uv 2 9P
»_ ( )+av +% +LAV. (23)
e
The boundary conditions on the top and bottom bounda-
ries should be imposed by choosing the correct values.
Thus, the boundary conditions are set as follows (Fig. 3):

x=0; u=v=0, 24
x=L; u=v=0, (25)
y=0; u=v=0, (26)
y=L; u=1; v=0. 27

In practice, we discretize and solve the Navier—Stokes

o) ()]

The reduction to simpler models requires us to use dimen-
sionless analysis (Hairch and Afif 2020). We choose the direc-
tion of transmission to be along the Eulerian x-coordinate
and we introduce the following dimensionless quantities for
the state variables, the material coordinate x and time ¢. The
dimensionless variables (reduced variables) and parameters
are defined as (u™, v*, x*, y*, p*):

* u # v * ()C) * <y> * VOI
u = — ), v = — L, x ==,y =\ ’[ = _
v, Vo L L L

Equation using the explicit finite difference method which
allows us to obtain profiles of speech-generated oral fluid
droplets. In the following, we have solved numerically the
Navier—Stokes equation for the transmission process of
droplets dispersed in a continuous polymeric matrix of
polypropylene. We study in particular the 2D transmission
through a thin disposable face masks medical (PPN/PP).

S 19
) <pva>’ )

where (L) stands for the initial thickness of the facemask and
V, is the reference speed. The dimensionless forms of the
governing equations involve the Reynolds number defined
as the ratio of the:
VoL
Re=—. (20)
v

A dimensionless form of the two-dimensional unsteady fil-

tered Navier—Stokes equations is written in the following form:

LR 21
P A @D
g _ _ ﬁ+a(m)+a—}~) +iAﬁ 22
pr x o o) TR (22)

@ Springer

Generally, cloth masks and respirators made of materials
with small pore sizes (range up to 5 pm in diameter) of
polypropylene and water-resistant materials are the most
important piece offering protection to persons and are able
to effectively filter tiny virus-laden droplets.

u=l v=0

u=v=0

3-ply surgical mask  x

U=p=I()

u=v=I()

Fig.3 Flow of droplets in square Cavity of surgical mask: Saliva
droplet cloud kinematics resulting from a human cough
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In this section, we present some of the calculated pro-
files obtained by solving numerically the Eqs. (16-18)
using the finite difference method. Modeling and the
numerical resolution using dimensional analysis technique
of these equations it possible to achieve profiles velocity
components, the pressure and the droplets concentration
in facemasks. We begin by reviewing the numerical data,
and some new results are presented, including the physi-
cal properties of the saliva droplets. Figures 4, 5, 6 show
a formal representation of a surface plot of velocity field

(a) Surface Plot of Velocity Field (x,y) Component, u
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o
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y - ordinate x - ordinate 0

X-Y component where the dimensionless velocity is plot-
ted and pressure profiles.

For both symmetric and asymmetric wakes, the effect
of streamwise development and turbulent velocity field are
documented in detail. It is seen that the plots are identical
in all three categories. The average velocities reported had
a 1.5% deviation while the maximum velocities varied by
0.5%. Using the creeping flow equations, the force per
droplet can easily be translated to permeability in the face-
mask, with the likelihood of survival of coronavirus in a

(b) Surface Plot of Velocity Field (x,y) Component, v
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Fig.4 a Illustration of the surface plot: velocity component, («). b Velocity component (v)
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Fig. 5 a Contours of the velocity component u in the streamwise direction for the steady turbulent flow. b Contour of velocity component, v
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Surface Plot: Pressure, P 3%Layer: PP Non-woven
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7]
2.05
o Fig.7 3-Ply surgical mask Type 2: Non-woven protective mask sin-
A gle use
-1.5
1 ey Therefore, an in vitro experimental model was created
0 e - to test the effect of the face masks medical of (NPP) in pre-
- 0.5 venting and filtering droplets emitted from one person for
y -ordinate x - ordinate four hours (induced to cough) (Jayaweera et al. 2020). We

0 o

Fig.6 The pressure fields for the steady turbulent flow over a back-
ward-facing step

respiratory droplet deposited on a facemask surface. Con-
sequently, the internal force of saliva droplets is propor-
tional to the change of the droplets velocity vector when
the facemask moves away from the mouth in two direc-
tions. In addition, note however the presence of higher
velocity regions of facemask at (x=y=0).

This effect is also evident in Fig. 5 which shows a trend
toward the development of a more symmetric mean veloc-
ity profile is also evident. Regarding the shape of the wake,
a strong asymmetry can be noticed. In particular, profiles
of flow velocity and turbulence quantities at x for several
spanwise locations across the facemask exhibited perfect
collapse. For the asymmetric wake, the local maximum
velocity defect occurs at the centerline of the wake at the
boundary (y=0). This implies that mean velocity becomes
more symmetric with streamwise distance in the facemask.

In addition, we document the streamwise pressure gradi-
ents exhibited by the asymmetric wake mean velocity and
gradients in the droplets flow velocity. For Navier—Stokes
flows, droplet flows are characterized by correlations
between pressure and high velocity as an essential feature.
The result suggests that pressure and velocity are mutu-
ally exclusive and we can use that as an explicit measure
of the velocity—pressure correlation (Fig. 6). Nonetheless,
the pressure moderation in the cavity of the facemask is
unnecessary, where the velocity and pressure are mutually
exclusive. It is well known in fluid mechanics, the droplets
are accelerated when dynamic lower-pressure regions form
in front of them in the facemask, without viscous resist-
ance and that is consistent with the diagnostic equations
of Navier—Stokes flows.

@ Springer

use a surgical mask of (NPP) as a sheet flat and porous of
polypropylene fibers bonded together: Duration of use: 4 h
maximum, Package dimensions: 19.4x10.6x9.2 cm; 200 g.
Moreover, the quantity #, = 10™*Pas is the viscosity of vir-
gin (PP) (Sleiman 2018). Furthermore, the elastic modulus
is in essence the stiffness of a material, is a fundamental
property of every material that cannot be changed and It is
bounded between; G, = (1.1 — 1.6)GPa (Fig. 7).

We study in particular the 2D transmission of the airborne
virus transmission through coughed droplets and sneezed in
cloth masks. Furthermore, these modeling have been used
for the efficacy of facemasks and other respirators to pre-
vent COVID-19 transmission. The droplet’s concentration
has been predicted by solving Stokes’ law for small parti-
cles (Eq. 12). Hence, a numerical approach is necessary to
solve the governing equation of droplets transmission in the
facemasks. And accordingly, Stokes’ law has been applied to
the differential equation consisting of droplets concentration
together with the time of the dispersion of cough droplets
in facemasks. Furthermore, Stokes’ law has been applied to
the differential equation consisting of droplets concentration
together with the time of the dispersion of cough droplets
in facemasks.

The droplets concentration is assumed to be uniform
among all droplets, and so the SARS-CoV-2 virus in a
droplet is proportional to its volume and time of transmis-
sion. The droplets concentration is given a brief derivation
of Stokes’ law for small particles using a Stokes flow as the
drag force. Correspondingly, the drag force for the transmis-
sion of aerosol is the Stokes flow. Likewise and as described
in Fig. 8a, b, Stokes’ law assumes fixed and accurate con-
centration changes with the time of droplets across the plane
through which the flux of particles take place. And thus,
the change of concentration versus thickness at any time
is proportional to the flow of facemasks thickness. As in
the equation for the transmission equation, the minus sign
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3.5
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The Droplets Concentration

The Droplets Concentration
N
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0.5 "
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Fig. 8 a Profiles of droplets concentration (1D) against time. b Profiles of droplets concentration (2D) against thickness of the facemask

reflects that the saliva droplets flow from high to low con- 4 Experimental
centrations of filtering droplets. Therefore, a linear correla-
tion exists between saliva droplets concentration and cough  Several trials of disposable face masks (PPN (70%)/PP

flow rate when wearing the mask. Furthermore, the relation-  (30%)) have been conducted in a laboratory are designed
ship between the mask, mass-uptake of droplets and cough  to reduce the user’s exposure to airborne particles and bio-
flow rate with time was investigated. logical aerosols generated from sneezing. To do so, first

and in all the experiments, we have calculated the initial

Fig.9 a Professional precision balances with a maximum weighing capacity of up to 210 g and a display resolution between 1 mg (0001 g) and
1 g. b Oven set to a constant temperature of 60 °C. ¢ Desiccator.
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Fig. 10 Variation of coughed droplets uptake with time of (PPN 70%/
PP 30%) facemask

masks content (w;: Initial weight) with a precision balance
(Fig. 9a). After 8 h of use by three persons, we have deter-
mined the final weight of the face masks (wy: Initial weight)
at a fixed temperature. Thereafter, the masks are then placed
in an oven set to a constant temperature of 60 °C for 2 h to
achieve a drying of the facemask materials (Fig. 9b). Sub-
sequently, the face masks are introduced inside a desiccator
(sealable enclosure) containing desiccants used for preserv-
ing moisture-sensitive items (Fig. 9c).

Three series of measurements are carried out, each con-
sisting of twenty-four measuring points. We dry out the
samples at 60 °C for a period of 2 h and then weigh them
once again to determine the droplets-free dried-out mass.
At every 250 s, we determined the weight loss percentage
of the face masks by assessing the ratio of the weight of
the respiratory droplets (respiratory droplets > 5 pm) water
content present in the face masks. During drying, face masks
will lose weight due to loss of moisture:

Wi_Wy
Tow = ——.

” @7)
In return, we here present only the available experimental
data of face masks (PPN 70%/PP 30%) versus the time (time
in seconds). Therefore, the behaviour of droplets uptake
transport is shown in (Fig. 10) and influenced by the internal
structure of this type of mask. The continuous curves cor-
respond to the experimental data of the sorption of droplets
in a (PPN 70%/PP 30%) facemask at room temperature.
Likewise, a good agreement is found when comparing
the experimental data of coughed droplets in face masks

@ Springer

[PPN (70%)/PP (30%)]. We varied the three facemask, the
results indicate that the mass-uptake is strongly influenced
by the amount of cough drops per person as well as by the
experimental condition. Although there was some leakage
at the top of the face mask between the nose and the cloth
polypropylene material, the mask reduced the spread of the
droplets. Although the face masks tested in this study experi-
enced varying results of flow leakage, they are to be effective
in stopping respiratory droplets. Face masks combined with
preventive measures, such as frequent physical distancing,
can help slow the spread of COVID-19, also filters out par-
ticles in the air when the wearer breathes in. these results
provide evidence of droplet transmission prevention by face
masks and can't cause health problems.

5 Conclusion

Aerosol dispersion flows are often complex. Moreover, res-
piratory droplet motion is considered critical for the rapid
diffusion of viruses by human expiratory droplets. In this
paper, we have modeled physical processes related to viral
particles in masks polymers and focused on diffusion by
human cough in the context of COVID-19. The model
mimics droplet transmission by modelling approach, which
closely resembles cough experiments and supports the use
of face masks to prevent COVID-19 transmission. The pre-
sent study represents an effort to employ the finite-difference
method in the solution of the Navier—Stokes equations for a
model droplets dynamics problem with a goal of obtaining
solutions for both velocity field and pressure. The integrated
space—time finite-difference method for droplets dynamics,
based on a unified discretization of space and time, has
been developed. We have calculated numerically the pro-
files of the velocity and pressure. In practice, the diffusion
equation is solved numerically using the finite difference
method. This contribution investigates, through both scaling
analysis and numerical resolution, the mass-uptake kinet-
ics during the sorption process of measured droplets spread
into face masks. Amongst the obtained results, the output
of the model consists of profiles of the mass fraction and
the mass uptake of respiratory droplets generated when a
person coughs or sneezes. Finally, we believe that the results
of our study will have interest and helps researchers realize
the transmission mechanisms of COVID-19 and understand
the effectiveness of the face masks. However, wearing the
mask by covering the mouth and nose is not only to protect
the person’s inhalation of the COVID-19 virus but also to
prevent the spread of airborne SARS-CoV-2 viruses into the
air and into the environment in respiratory droplets.



Aerosol Science and Engineering (2022) 6:370-380

379

Acknowledgements This research received no specific grant from any
funding agency in the public, commercial or not-for-profit sectors.

Declarations

Conflict of Interest The authors declare no conflict of interest.

References

Anjani RKG, Sneha G, Santosh M, Harihara AS, Rajiv G, Vincent SJ,
Chi-Min S (2021) Bioaerosols: characterization, pathways, sam-
pling strategies, and challenges to geo-environment and health. J
Gondwana Res 99(026130):178-203

Ataei-Pirkooh A, Alavi A, Kianirad M, Bagherzadeh K, Ghasempour
A, Pourdakan O, Adl R, Kiani SJ, Mirzaei M, Mehravi B (2021)
Destruction mechanisms of ozone over SARS-CoV-2. J Sci Rep
11(1):18851

Bale R, Li C-G, Yamakawa M, Iida A, Kurose R, Tsubokura M (2021)
Simulation of droplet dispersion in COVID-19 type pandemics on
Fugaku. In: Proceedings of the platform for advanced scientific
computing conference, pp 1-11

Baron PA, Willeke K (2001) Aerosol measurement principles, tech-
niques and applications, 2nd edn. Wiley, New York

Cao J, Zhang Y, Chen Q, Yao M, Pei R, Wang Y, Yang Yue Yu, Huang
JW, Guan W (2021) Ozone gas inhibits SARS-CoV-2 transmis-
sion and provides possible control measures. J Aerosol Sci Eng
5:516-523

Chia WN, Zhu F, Ong SWX, Young BE, Fong S-W, Le Bert N, Tan
CW, Tiu C, Zhang J, Tan SY, Pada S, Chan Y-H, Tham CYL,
Kunasegaran K, Chen MI-C, Low JGH, Leo Y-S, Renia L, Berto-
letti A, Ng LFP, Lye DC, Wang L-F (2021) Dynamics of SARS-
CoV-2 neutralising antibody responses and duration of immunity:
a longitudinal study. Lancet Microbe 2(6):e240—e249

Chua MH, Cheng W, Goh SS, Kong J, Li B, Lim JYC, Mao Lu, Wang
S, Xue K, Yang Le, Ye E, Zhang K, Cheong WCD, Tan BH, Li
Z, Tan BH, Loh XJ (2020) Face masks in the new COVID-19
normal: materials, testing, and perspectives. J Res 7286735:1-40

Crawford C, Vanoli E, Decorde B, Lancelot M, Duprat C, Josserand
C, Jilesen J, Bouadma L, Timsit JF (2021) Modeling of aerosol
transmission of airborne pathogens in ICU rooms of COVID-19
patients with acute respiratory failure. Sci Rep 11(1):1-12

Dbouk T, Drikakis D (2020) On coughing and airborne droplet trans-
mission to humans. J Phys Fluids 32(5):053310

Dnyanesh M, Silambarasan P, Venugopal A (2021) Droplet fate, effi-
cacy of face mask, and transmission of virus-laden droplets inside
a conference room. J Phys Fluids 32(5):065108

El-Atab N, Qaiser N, Badghaish HS, Shaikh SF, Hussain MM (2020)
Flexible nanoporous template for the design and development of
reusable anti-COVID-19 hydrophobic face masks. J ACS Nano
14(6):7659-7665

Fadare OO, Okoffo ED (2020) Covid-19 face masks: a potential source
of microplastic fibers in the environment. J Sci Total Environ
737:140279

Fard AK, McKay GM, Buekenhoudt A, Al Sulaiti H, Motmans F,
Khraisheh M, Muataz A (2018) Inorganic membranes: prepara-
tion and application for water treatment and desalination. ] Mater
11(1):74

Gao N, Niu J, Morawska L (2008) Distribution of respiratory droplets
in enclosed environments under different air distribution methods.
J Build Simul 1(4):326-335

Ghia U, Ghia KN, Shin CT (1982) High-Re solutions for incompress-
ible flow using the Navier—Stokes equations and a multigrid
method. J Comput Phys 48:387-411

Govindaraj S, Daniel MJ, Vasudevan SS, Kumaran JV (2019) Changes
in salivary flow rate, pH, and viscosity among working men and
women. J Dent Med Res 7:56-59

Hairch Y, El Afif A (2020) Mesoscopic modeling of mass transport in
viscoelastic phase-separated polymeric membranes embedding
complex deformable interfaces. J Membr Sci 596:117589

Harlow FH, Welch JE (1965) Numerical calculation of time depend-
ent viscous incompressible flow with free surface. Phys Fluids
8:2182-2189

Hongping W, Zhaobin L, Xinlei Z, Lixing Z, Yi L, Shizhao W (2020)
The motion of respiratory droplets produced by coughing. J Phys
Fluids 32(12):125102

Jayaweera M, Perera H, Gunawardana B, Manatunge J (2020) Trans-
mission of COVID-19 virus by droplets and aerosols: a critical
review on the unresolved dichotomy. J Environ Res 188:109819

Liu Y, Luo J, Chen X, Liu W, Chen T (2019) Cell membrane coating
technology: a promising strategy for biomedical applications. J
Nano-Micro Lett 11(1):100

Luzi F, Torre L, Kenny J, Puglia D (2019) Bio- and fossil-based poly-
meric blends and nanocomposites for packaging: structure—prop-
erty relationship. J Mater 12(3):471

Malik T, Razzaq H, Razzaque S, Nawaz H, Siddiqa A, Siddiq M,
Qaisar S (2018) Design and synthesis of polymeric membranes
using water-soluble pore formers: an overview. J] Polym Bull
76:4879-4901

Mirikar D, Palanivel S, Arumurua V (2021) Droplet fate, efficacy of
face mask, and transmission of virus-laden droplets inside a con-
ference room. J Phys Fluids 33:065108

Moon E, Yoo J, Choi H, Kim C (2002) Gas transport and thermo-
dynamic properties of PMMA/PVME blends containing PS-b-
PMMA as a compatibilizer. ] Membr Sci 204:283-294

Pongpiachan S, Chetiyanukornkul T, Manassanitwong W (2021) Rela-
tionship between COVID-19-infected number and PM2.5 level in
ambient air of Bangkok, Thailand. Aerosol Sci Eng 5:383-392

Scharfman BE, Techet AH, Bush JWM, Bourouiba L (2016) Visuali-
zation of sneeze ejecta: steps of fluid fragmentation leading to
respiratory droplets. Exp Fluids 57(2):1-9

Schwach E, Avérous L (2004) Starch-based biodegradable blends:
morphology and interface properties. J Polym Int 53:2115-2124

Shukla A, Singh AK, Singh P (2011) A comparative study of finite vol-
ume method and finite difference method for convection-diffusion
problem. Am J Comput Appl Math 1(2):67-73

Sleiman GE (2018) Aptitude a la mise en oeuvre de thermoplastiques
recyclés. Analyse thermorhéologique de mélanges PP/PE. thesis,
University of Brittany Loire

Tsega EG, Katiyar VK (2018) Finite element solution of the two-
dimensional incompressible Navier—Stokes equations using MAT-
LAB. Appl Appl Math Int ] AAM 13:535-565

Ulbricht M (2006) Advanced functional polymer membranes. J Polym
47:2217-2262

Vuorinen V, Aarnio M, Alava M, Alopaeus V, Atanasova N, Auvinen
M, Balasubramanian N, Bordbar H, Eristo P, Grande R, Hayward
N, Hellsten A, Hostikka S, Hokkanen J, Kaario O, Karvinen A,
Kivistd I, Korhonen M, Kosonen R, Kuusela J, Lestinen S, Laurila

@ Springer



380

Aerosol Science and Engineering (2022) 6:370-380

E (2020) Modelling aerosol transport and virus exposure with
numerical simulations in relation to SARS-CoV-2 transmission
by inhalation indoors. Saf Sci 130:104866

Zhou L, Nyberg K, Rowat AC (2015) Understanding diffusion theory
and Fick’s law through food and cooking. J Adv Physiol Educ
39(3):192-197

ZhuJ, Hou J, Zhang Y, Tian M, He T, Liu J, Chen V (2017) Polymeric
antimicrobial membranes enabled by nanomaterials for water
treatment. J Membr Sci S0376-7388(17):32978-32982

@ Springer

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.



	Modeling and Simulations of Moving Droplets in Relation to SARS-CoV-19 Generated by Respiratory System
	Abstract
	1 Introduction
	2 Mathematical Modeling
	3 The Numerical Results and Discussion
	4 Experimental
	5 Conclusion
	Acknowledgements 
	References




