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Due to the COVID-19 pandemic, many questions have been raised regarding the
spread of the virus in public offices. In this type of environment, surfaces such as door
handles, tables and screens are most susceptible to contamination. The potential of
viral spreading via contaminated surfaces depends particularly on the ability of the
virus to maintain infectivity whilst it is in the environment. This study focuses on the
physical factors, specifically how indoor air flow influences the separation of viruses
from the contaminated surfaces. Common building surfaces were modelled into two
configurations of flat and cylindrical shapes. The finite difference method was utilized
to numerically model the formation of laminar boundary layers, applied drag forces,
and wall shear, which were resulted from five free stream velocities of airflows. The
assessment of the indoor air potential for moving viruses is captured based on the
comparison of adhesion force between the virus and solid surfaces and applied shear
and drag forces on the viruses. Results are presented for both plain and rough surfaces.
The effect of the roughness was considered for three different materials including
glass, steel, and wood. Rough surfaces were modeled for a worst-case scenario of
vulnerability of viruses against the airflow, in which an isolated virus exposed to the
airflow on the bumps with a height equal to the mean roughness values. The results
show that in most cases, the adhesion force of the virus to the surface is noticeably
greater compared to the drag force caused by the airflow and it is very unlikely that the
indoor air flow splits the viruses from the surface. The exception applies to the very
unlikely high velocities (above 5 ms-1) on the edge of the flat surfaces, or at the specific
angles (50°<®d<51°) of the cylindrical model.

Nomenclature

Introduction

world, and, to date, the virus has affected more than 200 countries,

causing severe health, economic, and social disruption to the entire

The Coronavirus disease 2019 (COVID-19) is a devastating
challenge for many countries worldwide. A new class of
Coronavirus, known as SARS-CoV-2 (Severe Acute Respiratory
Syndrome Coronavirus 2) has been found to be responsible for
the occurrence of this disease. According to the World Health
Organization (WHO), the disease is rapidly spreading around the

human population [1]. There are two modes of transmission: the
first is through respiratory droplets, while the second is through
contact routes [2-4]. Respiratory droplet transmission is due to
coughing or sneezing by an infected person to a healthy person.
This type of transmission can be avoided by keeping a safe distance
between people, and by not coughing or sneezing in open air [5]
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Another form of transmission is through contact route, in which
the infected person somehow transmits the virus onto a surface
and infects healthy persons through various mechanisms, such as
the airborne contaminations considered in this investigation. This
type of transmission depends upon surface stability, which is the
duration of time a material can hold the virus. The Coronavirus can
sustain itself up to 72 hours on surfaces like plastic and steel [6,1].

One of the principal uncertainties is related to how COVID-19
is transmitted, especially the factors which may accelerate or delay
its spread. These factors include the mode and speed of transition,
and interaction of Coronavirus with surfaces such as landing,
attachment, survival and detachment. This is particularly important
in indoor spaces, where density of people, availability of open
surfaces, and circulating airstream can possibly increase the risk of
infection. In this regard, World Health Organization (WHO) believes
itis urgent to investigate the transmissibility of Coronaviruses from
contaminated surfaces [7]. Very recent case studies in localized
outbreaks of COVID-19, such as the Diamond Princess Cruise ship
in Japan, some restaurants in China [8], and some Call Centers in
South Korea [9], have shown that contaminated surfaces in indoor
spaces are potential sources for spreading the Coronavirus. In the
United States, Centers for Disease Control and Prevention (CDC)
believes that because respiratory droplets can land and survive
on some surfaces, it is possible that surfaces could be a real issue
in transmission of COVID-19 (CDC, 2020). In fact, due to the lack
of information, the mechanism by which a contaminated surface
spreads the Corona virus is not clearly understood. It is crucially
important to study whether the main cause of the Coronavirus
spread is separation from surfaces by indoor airstream or touching
of the contaminated surfaces.

The potential of viral spreading via contaminated surfaces
depends particularly on the ability of the virus to maintain infectivity
whilst it is in the environment. This is affected by a combination
of biological, physical, and chemical factors. Rapid spread of viral
infections through contaminated surfaces is common, particularly
in crowded indoor establishments, such as schools, day-care
facilities, nursing homes, business offices, hospitals, and transport
systems [10]. Interactions that take place between viruses and
surfaces are determined by their characteristics, which involve
electrostatic, hydrophobic, and/or ionic strength of the virus
[11,12]. Therefore, it is necessary to systematically investigate how
ambient airflow influences the contaminated surfaces. Viruses are
believed to be the most disinfection-resistant microbial pathogens
[13]. Therefore, a better understanding of how they relocate and
attach to surfaces is very important. In this regard, one of the
significant factors that governs the spread of a virus is how it
interacts with surrounding surfaces and the strength of the virus-

surface bond. This is especially important in indoor spaces such as

hospitals, classrooms, offices, etc. When a virus lands on a surface, a
variety of bonds can play role(s) in virus-surface interactions, such
as electrostatic bonds, hydrophobic bonds, Van der Waals bonds,
hydrogen bonds, charge-transfer bonds, and biospecific bonds
[14]. In this list, electrostatic interaction has been recognized as
the dominant factor for virus-virus or virus-surface interactions
[15-19]. Viruses are colloid-sized particles composed of capsid
proteins encapsulating infectious genetic material (nucleic acids).
The surface charge on viruses is caused by ionization of the typical
amino acid groups.

Surface functional groups on these amino acids are dominated
by carboxyl and amine groups, which yield viruses with amphoteric
surfaces and pH values ranging from 3 to 7. Therefore, viruses may
be positively or negatively charged [20]. Many studies have been
performed to measure the force needed to detach a virus from a
surface. Several techniques have been developed for measuring
forces between biological structures, including mechanical springs
made from glass fibers [21], vesicle-based force transducers [22],
optical tweezers [23], and surface-force apparatus [24]. These
methods have sufficient sensitivity (0.01-1 nN) to detect the
intermolecular forces between protein bindings but lack spatial
resolution. Atomic force microscopy (AFM) has been extensively
used to measure the adhesive force of the protein-based structure
of a virus to the surface. The major advantage of AFM over these
other techniques is its spatial resolution and lateral resolution,
which is of paramount importance at micron and nanoscales [25].
The average adhesion force of proteins (including Coronaviruses)
to different surfaces has been reported from 44 up to 250 pN
[26], 140 to 180 pN (ROHDE, 2020), and 257425 PN [27]. The
adhesion force between a surface and a protein-based structure can
change due to a variation of many parameters such as the type of
protein, pH, the morphology, and the materials of the surface. In
this study, the average adhesion force of a virus to a surface (F)
is considered between 40 and 140 pN. Moreover, Coronavirus
virions are assumed spherical, with diameters of approximately
125 nm, as depicted in recent studies by cryo-electron tomography

and cryo-electron microscopy [28-30].

SARS-CoV-2 viruses could be spread in the surrounding air
due to the regular human activities such as exhaling, sneezing,
coughing, talking etc. The virus can be considered airborne until the
time that it deposits onto a surface. There have been several studies
that investigated the motion and spread of the suspended viruses
in air before their deposition on surfaces [31-34]. Deposition of
the airborne particles on surfaces depend on different factors
including the size, shape, and weight of the particles, and the
velocity and direction of airflow (flow pattern) [35,36]. Numerous
experimental and theoretical investigations have been conducted
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to study the conditions of particles’ deposition on solid surfaces
[36-41]. Once the particles settled on a surface, the resuspension of
the particles depend on the application of external force to detach
the particle from the surface. Studies show that about 70% of the
aerosol particles and droplets settle on the surfaces and walls.
There have been several studies, which linked the transmission
rate of SARS-CoV-2 viruses to the direct contact of the humans
with contaminated surfaces [42-44]. However, if the indoor airflow
could cause the resuspension of the SARS-CoV-2 viruses, then it
increases the chance to be inhaled by the occupants in the vicinity
of the surfaces.

This study focuses on the effect of airflow (the speed of air
current flowing through indoor spaces) on transmissibility of
the Coronavirus. Its aim is to investigate whether or not the
Coronavirus can be dispersed from a contaminated surface into the
air and transferred onto a new surface. The findings of this study
can help us to have a better risk assessment of being in closed
spaces, where Coronavirus contaminated surfaces exist. In this
regard, regular surfaces in a typical building are simply modeled
in two major categories, including flat plates and circular cylinders.
Furthermore, the effect of surface roughness has been considered
in the models. Three main categories of materials were considered
in this study including glass, steel, and wood, with mean roughness
values of 1,46, and 183 um respectively [45]. Based on the ASHRAE
standards [46], the velocity of air in a room depends on the various
factors such as the floor area, height of the ceiling, cooling or
heating purposes, number of occupants, and types of the buildings.

'y

/}J/ -

However, regardless of the mentioned factors, generally, the goal
is to keep the indoors air velocity below 0.25 ms™ for cooling and
less than 0.15 ms™ for heating. Moreover, the duct design standards
of ASHRAE, holds the limitation of 12.6 ms™ of the maximum
airflow through the ducts with different shapes [47]. A study
by Gong et al. suggests that the acceptable air velocity range for
local air movement, is between 0.3 and 0.9 ms™ [48]. In this study,
five different velocities including 0.1, 0.5, 1, 5, and 10 ms® were
considered in order to cover the overall range of indoor airflows
from regular applications to the very unlikely extreme cases. The
indoor air flows have random directions, and the stagnant areas
are also common; therefore, the exposure of the surfaces to the
airflow varies with that regard. In this study, it was assumed a fan
controlled the direction of the airflow with respect to the surface. In
this regard, three conditions were considered: airflow parallel to a
flat surface, perpendicular airflow toward a flat surface, and airflow
over a circular cylinder.

Methodology
Airflow towards a Flat Plate

A condition can be considered, in which air flows toward a
flat surface (e.g. fan blowing toward a screen, see Figure 1). If the
direction of the airflow is perpendicular to the flat surface (Figure
1), the resulted momentum force on the surface is calculated from
the following [49]:
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Figure 1: Schematic of the momentum impact of the fluid flow perpendicular to the plate.

Where, F; (N) is the normal momentum impact on the area
attacked by the fluid flow. The negative sign in Eq. 1 means that
F, is in opposite direction to the incoming fluid jet. UA (ms™) is

the velocity of the air flow in x direction. p = 1.204 kgm, is the
air density at T = 20°C, LA (m) is the thickness of the jet, and b
(m) is the width of the plate in Z direction. Considering Eq. 1, F,
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is calculated based on the area of attack, L,xb. By assuming that
L, =b = 1cm (the approximate area of the tip of a fingerprint),
the calculated momentum impact with respect to the array of
the applied velocities, U = {0.1, 0.5, 1, 5, 10} ms™, was calculated.
By modeling a Coronavirus as a sphere with diameter of D =
125 nm (Fehr and Perlman, 2015), the surface area of a virus is

A
A, =47r’ =491x10""m* Therefore, "~ = 2,036,659.878  (irises
can be fitted in an area of the tip of a fingerprint (A=10* m?). By
assuming that, the whole area covered by n number of viruses, the

momentum impact on each virus was calculated by:

A viscous region with thickness of L =L, forms along the flow
in y direction in Figure 1.The analysis of the flow in those regions
are similar to the boundary layer of a laminar flow parallel to the

horizontal flat plate. If the airflow hits an inclined flat plate with
the angle of B, the resultant momentum force is less or equal to the

perpendicular air flow jet (=0).
Airflow Parallel to the Flat Plate

Figure 2 shows the schematic of the flow over a flat plate. By
assuming a one-dimensional flow (U>>V) over the plate, at room
temperature as T = 20°C, and atmospheric pressure, the 2-D Naiver-
Stokes equations for laminar, incompressible, steady state flow (Eq.
3) was solved with finite difference method.

a_u+g =0
Continuity ox oy  Eg3-a
ou ou_1op ,0u
Momentum-x ”a"'vg__;aﬁ' ? Eg.3-b
@ _,
Momentum-y P Eg.3-c
5, u= 0990

-’-#

A

Figure 2: A schematic of the parallel laminar airflow passes over a horizontal flat plate in macroscopic and microscopic scales

(a model for a desk).

The nodal network considered as square with Ax=Ay=1pm. The
boundary conditions were as in the following:

Boundary Conditions #(x,0) =v(0,y) =v(x,0)=0 Eq. 3-d
u(0,y) =u(x,y »>0=U

The assumption of non-slippery wall boundary condition was
made based on the calculation of Knudsen number, K =2/L, where
A is the mean free path of the gas (in current case, air at atmosphere
pressure, A =68nm)and Lis thelength-scale of the flow (in current

case L=1cm). Based on theory [45],if K is significantly smaller than
one (in current case, K, =68x107), the wall can be considered non-
slippery. The wall shear stress can be calculated with the Blasius
exact solution for laminar boundary layer as the following:

2
__0664pU

Blasius ©  2,[Re, Eq.4

The production of the surface area of a virus and the wall shear
stress resulted from the airflow provides a good estimation of the
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amount of force applied to a single virus attached on a flat plate.
Two assumptions were applied in this calculation (Eq. 5); first, the
wall shear was calculated without considering the existence of a
virus. Moreover, it was assumed the shear wall was applied 62.5 nm
above of the flat surface at the equator of the sphere (see Figure 3).

F,, =1, x4 Eq.5

TwxA,

1 -
62.5 nm

TTTTTETTTTTTTTTI T T

Figure 3: Force acted on the virus attached on a flat surface.

The Effect of the Surface Roughness on the Force Applied
on a Single Coronavirus

The mean roughness value is specifying and comparing the
height difference between the peaks on an otherwise smooth
surface or troughs of the same amplitude. The nanometer-scale
viruses with unknown numbers can randomly occupy the entire
peaks and valleys of a surface. On the other hand, the shape, height,
and the number of micrometer-scale bumps and troughs are
random on a rough surface (Figure 4). In order to investigate the
effect of the roughness on vulnerability or resistance of an attached
virus against the airflow, two models are considered. The models
were considered based on Dejaguin method [50], which has been

widely practiced for particle resuspension studies [51,52].

a) Model 1: Ziskind showed that particles tend to occupy

stable positions. Therefore, if the roughness of the surface is greater
than the particle sizes, the particles mainly occupy the vacant areas
between the peaks. Those picks which surrounded the particles were
actually protect the particles from the applied external flow rates
and decrease the resuspension rate of the particles significantly.
We assumed that the viruses were accumulated in a sharp corner
or valley and attached there (Figure 5). Based on the Falkner-Skan
solution of the inviscid flow passing corners [45,53], the maximum
velocity that a fluid can reach into a valley is u _ =0.9999 u . The
velocity in the valley depends on 6 as shown in Figure 5; however,
regardless of the shape of the valley, it cannot reach a value higher

than u__. This means the viruses will be protected against the

a
airflow inside the valley and will be less vulnerable to the airflow
in comparison to the situation in which the virus are attached on
the plane plate. Deeper in the valley, the re-circulating eddies form
making the velocities even smaller in comparison with the velocity

on the flat plate ().

b) Model 2: In this model, itis assumed that an isolated virus
attached to a single peak next to a perfect plane plate under the
influence of the air flow. The peaks and valleys of a rough surface
work like obstacles and decrease the velocity of the flow passing
through them. It can be concluded the most vulnerable condition
for a virus against the attacking flow occurs when it is sitting at the
top of a peak. (See Figure 6). The solutions of 2-D Naiver-Stokes
equations with finite difference method, provide the value of the
velocity vectors at each node with any desirable height. Moreover,
by assuming the height of a peak (H) is equal to the mean roughness
(R,) value of a material, the amount of the drag force, which is
applied on an isolated virus at the peak can be calculated by Stokes’

sphere-drag equation:

Fyy=6mulUr Eq.6

jem

(a)

m

(b)

Figure 4: The random number of valleys and peaks with different heights and depths form a rough surface,

a) smooth surface of a glass sample
b) rough surface of a steel sample.
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Figure 5: The schematic of the viruses attached in a shallow crevice.

BRI

Figure 6: The schematic of an assumption that a single virus attached at the peak of a rough surface just next to a perfect plane
plate in order to guarantee the extreme possible vulnerability of a virus against an undisturbed airflow.

where U is the applied velocity, p=1.825x10° Pa.s is the
dynamic viscosity of air at T=20°P=1 atm, and r=62.5 nm is the
radius of a Coronavirus. The Stokes’ equation is valid if ; however,
for the airflow over a Coronavirus the Knudsen number is . In this
situation, a slip correction factor is needed to be considered to
adjust the Stokes’ drag force [53,54]. By calculating the Cunningham
slip correction factor (C) [54,55], the corrected drag force is equal

F,

to Fo comecei- ?LS)'CS is as the following:

Cs :1+£Z—’1][A1 t A ]
P

Where A =1.257, A 2=0.4, and A,=0.55 are empirically
determined constants [56,57] CS is 2.53 and therefore, the
calculated drag forces are needed to be divided by 2.53 to count for
non-slippery condition; however, in order to increase the margin
of safety and work with the higher values of applied forces on a
modeled virus and roughness, the Cunningham correction is not

considered in the current study.
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Flow Over a Cylinder

Door handles are among the most touched surfaces in a room
and their contamination with Coronaviruses are very likely. A
typical door handle can be modeled as a circular cylinder with
the diameter of 2.5 cm. It was assumed that the freestream wind

velocity in x direction, U_, is much greater than two other velocity

U,D
components, V and W. The Reynolds number (Re), :?) of the
different air flows pass the cylinder with applied velocities of U_
={0.1,0.5,1,5, 10} ms?, at T = 20°C (v = 1.516x10° m?s), are
far less than the critical Reynolds number, ReD’C = 250,000, which
guaranties the laminar flow regime around the cylinder. The
Hiemenz’s polynomial velocity distribution [46] was considered for
calculating the boundary layer with finite difference method.

Mz 1.814x" —0.271x* —0.0471x*° Eq. 8

o

Where, x"*=x/r is the dimensionless arc length and r is the
radius of the cylinder. By considering x as the tangential and y as
the vertical directions on the surface of the cylinder, a domain was
defined like shown in Figure 5. The domain was considered for 2-D
finite different solution of Naiver-Stokes equations on the cylinder.
Based on Hiemenz model, the separation point takes place at @_

sep~80.5°; therefore, the domain in x direction was considered as

0<x<Z while Av=2X = A$=05° and Ay=1 um. Higher freest
P . y Um. lg er [reestream

,
velocities result in smaller thickness of boundary layers; therefore,

the domain of 0<y<25 mm was considered for U_=0.1,0.5 ms’
Lwhile 0<y<2.5 mm was taken for U_=1,5 and 10 ms™. The
two-dimensional, steady, laminar, incompressible boundary layer
equations at constant temperature and pressure are the same as
Eq. 3-a and 3-b. The boundary conditions of the system were as the

following:
Boundary Conditions #(0,y) =u(x,0) =v(x,0)=0 Eq.9
Result and Discussion

Momentum Impact of the Airflow Perpendicular to a
Plane and Rough Plate

The adhesion force (F) between a Coronavirus and a solid
surface is estimated as 40<F, <140p,. The applied forces on
a Coronavirus with respect to the jet velocities are shown in
Table 1. Considering the values of the applied forces due to the
perpendicular airflow jets, even for the extreme case of , is far
less than . Therefore, it is very unlikely that such vertical airflow-
jets cause any movement or removal of a Coronavirus from a
plane plate. Since the direction of the jet flow is perpendicular to
the surface, the two roughness models in this study do not play a
significant role. If model 1 is considered, the airflow should impact
a virus in a sharp corner which is less vulnerable to the applied
force at the plane plate. On the other hand, if model 2 is considered,
the condition of a virus located just a few micrometers closer to the
airflow jet makes no difference in compression with the condition
of the attached virus on a plane plate.

Table 1: Momentum impact of the vertical airflow jet on the 1 cm2 of a plane plate and a sphere-modeled Corona virus with D=125

nm.
Jet velocity UA(ms") 0.1 0.5 1 5 10
F,(4N) On the tip of a fingerprint (4 =1cm®) 1.204 30.1 1204 3010 12040
F,,(pN) on a Coronavirus (As = 4.91x10"*m?) 0.000006 0.0002 0.0006 0.0148 0.0591

The Force Applied to an Isolated Virus Resulted from the
Parallel Airflow to a Plane and Rough Plate

Considering the exact solution of Blasius for a laminar flow over
a flat plate (Eq. 4), the wall shear stress leads to infinity at x=0. This
means if a virus is attached to the edge of the plate x=0, it will be
removed from the surface regardless of the free stream velocity of
air. If a Coronavirus is attached at x=1 nm on a plane plate, then the
wall shear for the highest velocity of airflow, U=10 ms?, is Ty =1.56
kPa which leads into F,=76.4 pN . This value indicates that the
movement of a Coronavirus at x=1 nm is still possible with such an

applied velocity. However, 3 nm further, at x=4 nm, the movement of

virus becomes very unlikely since F , (x=4 nm) =38.2 pN for U=10
ms™. It is also very important to consider the fact that experiencing
velocities like U=5 or 10 ms?, is extremely unlikely in a building
and such velocities exist only inside the big air canals. Even for the
extreme case of U=10 ms?, only at the first 3 nm from the plates’
edge, an isolated virus is vulnerable to movement or removal from
the surface. Figure 7 shows the magnitude of the force, F,, =7, x 4,
, applied on an isolated virus due to the wall shear at the first 100
nm of a plate from its edge for 2 free stream velocities of U=5 and 10
ms™. The max value of F , for different applied freestream velocities
at x=1 nm are shown in Table 2.
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Figure 7: Magnitude of the forces applied on an isolated virus due to the shear stress on a plane plate in the first 100 nm from

the edge of the plate.

Table 2: Force applied on an isolated virus located at x=1 nm from the edge of the plane plate due to shear stress.

U(ms™) 0.1

0.5 10

Fp, =7,4(PN) atx =1nm 0.08

0.85 2.42 27 76.4

Considering Figure 6, since the peak-height of the smoothest
material, glass, with R =1 um, stands outside of the boundary layer
at x=0, the applied free stream velocity will hit the isolated virus
at tip of the bump (see Figure 8a). The Stokes drag forces (Eq. 6),
which applied on a virus due to the different applied free stream
velocities are shown in Table 3. The force values in Table 3 show
that even for the unreal extreme model 2 case (considering an
isolated virus at the peak of a rough surface), at unlikely position
of the edge of a plate (x=0), it is impossible for regular air velocities
in a building to overcome the adhesion force (F,) between a single
Coronavirus and a solid surface. However, the results show that
for extreme applied velocities with consideration of all extreme
assumptions, it is possible for the airflow to move the virus from
the edge of a flat surface. In this study, the highest peak of a rough
surface is wood with H

wood

=183 pm. The thickness of a boundary
layer depends on the applied free stream velocity. Higher velocities
result in boundaries with steeper edges and smaller thicknesses, 8.
Therefore, in order to keep the peak of the rough surfaces inside the
boundary layer, the peaks should be considered further far away
from x=0 with respect to the applied free stream velocities. For
U=10 ms’, the first point at which the wood-peak will be located
inside the boundary layer is at x=346 pm.

This is the furthest point among all applied velocities. Inside the

boundary layer, the velocity of each node can result in a drag force
applied on a single Coronavirus at the peak of a rough surface (see
Figure 8b). The x-component velocities (u) versus x are depicted in
Figure 9 at y=183 pm through the entire domain, 0 < x <10 mm,
for U=1 and 10 ms™. The trends of the graphs for the other applied
velocities are the same, but the (u) values are different. It is clear
in Figure 10b that during the first 346 um, the peak of a rough
wooden surface stands outside the boundary layer u=U=10 ms™.
The average applied drag forces due to the x-component velocities
at y=1,46 and 183 pum for all cases in the domain of 0 < x <10
mm are summarized in Table 4. The possibility of the movement
of an isolated virus from the peak of a modeled rough surface is
relatively high for the free stream velocities of U=5 and 10ms™ in 1
cm distance from the edge of the plate. However, it is very unlikely
the other applied velocities cause the removal of the virus from the
peak in that domain. The applied drag forces with respect to the
free stream velocities in Model 2 of the roughness at x=10 mm, are
summarized in Table 5. It is obvious that the movement of the virus
is only possible for U=10ms™ on the wooden-surface at x=10 mm.
This means that within 1 cm distance from the edge of the plate,
the displacement of an isolated virus is possible for freestream
velocities equal or higher than U=10 ms?, which exceeds the
common indoors air velocities.
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Figure 8: The condition of the peak of a rough surface with respect to the boundary layer.
a) at x =0, the green peak, all the peaks stand outside of the boundary layer.
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b) The peaks (e.g. the orange one) of all three materials are inside the boundary layer at x > 346 pm for all the applied free
stream velocities.
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Figure 9: Schematic of the laminar airflow passes the circular cylinder and the defined domain in order to study its boundary
layer.
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Figure 10: The velocity components in x direction at y=186 pm above the flat surface, representing the peak of a wooden rough
surface, for two applied velocities

a) U=1 ms?, and

b) U=10 ms™!

Table 3: The magnitude of force applied on an isolated virus attached at the peak of a rough surface at the edge of the plate (x=0 nm)
outside the boundary layer.

U(ms™) 0.1 0.5 1 5 10

F,y = 62uUr(pN) 4t x=0 2.2 10.8 215 107.5 215
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Table 4: The average applied drag force due to the x-component velocities at y=1, 46 and 183 pm for all applied free stream velocities

in the domain of 0<x<10 mm.

U(ms™) 0.1 0.5 1 5 10
Fpavg(pN),_im 1.075 5.376 10.761 53.853 107.8
Fpavg(PN),_s6m 1.08 5.4 11.233 58.362 120545
Fpiavgat(pN) g3, 1271 5.475 12.7 72.26 159.912

Table 5: The applied drag force due to the x-component velocities at y=1,46 and 183 pm for all applied free stream velocities at x=10

mim.
U(ms™) 0.1 0.5 1 5 10
Fsmin (DN) oy X = 10mm 2.15x10°% 0.011 0.022 0.204 0.581
Fpynin (PN) s> X = 10mm 0.097 0.484 0.965 9.22 26.082
Fpyin(DN) i3 msx = 10mm 0.391 1.991 3.91 37.02 104.82

The Force Applied to an Isolated Virus Resulted from
Airflow Over Plane and Rough Circular Cylinder

he Hiemenz velocity distribution model (Eq. 8) indicates that
the maximum free stream velocity, U(x*), takes place at §=71.2°
regardless of the applied U_; however, the maximum wall shear
stress forms between ¢=50°-60° for different applied U_. Figure
11 shows how the boundary-layer profile forms along the curve
from the stagnation point for every A@=20° until it reaches its
separation point at 059p=81°. The favorable gradient increases
the wall shear stress up to @=60°. Figure 12 shows the shear wall
profile of the U_=1 ms™ over the cylinder model. The trends of the
shear wall profiles around the cylinder are as the same as Figure
12 for all five applied U_, but the maximum values and their point
of occurrences are different (Table 6). Even for the highest applied

velocity U_=10 ms™, the drag force on an isolated Coronavirus is
less than the adhesion force. Considering Figure 6, it would be
necessary to figure out about the velocity profiles at y= 1,46 and
183 pm, which represent the peak of the glass, steel and wood
surfaces inside the boundary layer around the cylinder (model 2).
Having the velocity profile at each height, the max velocity will be
considered in order to calculate the highest possible applied drag
force on an isolated virus at the peak of a rough surface (F,). Figure
13 Error! Reference source not found. shows the velocity profile of
Uco=1 ms™ at three desirable heights. The maximum velocity takes
place around ®=50°. The trends of the graphs for the other applied
incident velocities (U_) are the same with U_=1 ms™; however, the
resulted velocities at each peak inside the boundary layer varies
with respect to the applied incident velocities.
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Figure 11: Velocity profile of the laminar flow pass a cylinder with free stream velocity of U =1 ms™ based on Hiemenz model

at four different arc ranges A@ = 20°,40°,60°,80°.
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Figure 12: Wall Shear profile on a cylinder exposed to the laminar external air flow with U_=1 ms™.
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Figure 13: Velocity profiles in x direction at y= 1, 46, and 183 pm, representing the applied velocity at the peak of the three
rough surfaces: glass, steel, wood consequently.
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Table 6: The locations where the maximum wall shear stress takes place on the surface of a cylinder exposed to the laminar airflows
with the various U and its representative force with respect to the surface area of an isolated corona virus modelled as a sphere (AS).

U, (ms™ 0.1 0.5 1 5 10
(") 50.4 - 50.6 43.6-56.6 45.4 - 63.4 51-51.2 50-51
0
Tomax = ﬂ@y =0(pa) 2.718x10* 0.003 0.0125 0.0979 0.2717
Fmax = Toommax X A, (PN) 1.33x10° 1.47x10* 6.138x10* 4.81x10° 0.013

Table 7 shows FD3,max values, it also indicates that only in the
case of U_=10ms?, the maximum velocity at y=186 pm (wood
model) within the boundary layer will result in a drag force of

F

p3.max =55.75 pN . Such a drag force may cause the removal of
an isolated Coronavirus from the peak. Considering the extreme
rareness of such an incident velocity in a room, it can be concluded
that it is very unlikely that the regular airflows over the cylindrical
shape objects (e.g. door handle) can cause the movement or removal
of Coronaviruses from a surface.3.4 Verification of the obtained

results. The mean roughness value of the surface in addition to the
size of the particles specify the adhesion force between the particle
and the surface and also determine the effect of external flow on
the particles. However, it has shown in several research papers that
when the size of particles are reduced from micro- to nano-scale,
the topography of surfaces and the dimension of the particles play
more important role in determination of required drag force for
resuspension rather than the types and materials of the particles
[58].

Table 7: Maximum possible drag forces, which resulted from the velocity profiles around the circular cylinder, applied at an isolated

virus at the peak of three rough surfaces: glass, steel and wood.

U, (ms™ 0.1 0.5 1 5 10
Frsmx =(PN) y=1m,50° < <51° 3.2x10* 3.58x10° 0.015 0.116 0.32
FDS,max = (pN)
. . 0.014 0.161 0.664 5.14 14.2
y=46m,50" <$<51
FD3,max = (pN)
. . 0.058 0.655 271 20.49 55.75
y=183um,50" <¢ <51

Ziskind, Ibrahim et al, Jiang et al, Mukai et al.,, and Soltani and
Ahmadi showed that for given flow and surface conditions the size
of the particle plays the most important role in detachment [59-62].
Kim, and Corn and Stein showed that by decreasing the size of the
particles the required drag force for resuspension of them increases
significantly [63,64]. Therefore, due to the very small size of the
SARS-CoV-2 viruses, it is justifiable to consider the experimental
studies which conducted on the particles with the same sizes as the
virus. Hubbe showed in his experimental studies that the required
shear stress for detachment of T,0, particles with diameter of 144
nm is about 200 Pa [65]. Considering the diameter of a Coronavirus,
dp =125 nm, it can be concluded the applied shear must be greater
than 200 Pa in order to detach the Coronavirus from the plane
surface. Based on the analytical calculation provided in our study,
the wall shear stresses resulted from the applied free stream

velocities of U =10 and 5 ms™ can only reach over 200 Pa at the first
20 nm of the edge of the flat plate.

Such a conclusion can be made by only comparing the wall shear
values and the obtained experimental results from other studies.
In our studies, we concluded that the only first 4 nanometers from
the edge of the flat plane can be regarded as a potential region for
resuspension when U=10 ms™ was applied [66]. showed in their
experimental studies that the glass particles with the diameter
of between 1-10 pm on hardwood and vinyl flooring were not
detached by the applied freestream velocities less than 18 ms™*
[66]. Corn and Stein observed that the velocity up to 117 ms™* was
required for resuspension of glass particles with the diameter
of 10.6 um on smooth glass surfaces and Jiang et al. found that
velocities greater than 50 ms? were necessary to resuspend 11
pum poly (methyl methacrylate) (PMMA) particles [67,68] gathered
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a wide range of experimental studies indicating that an average
velocity of 25 ms?! is required for resuspension of micro-scale
particles from different surfaces [69]. Such experimental results
support the provided conclusion in our study since for nano-scale
size of a Coronavirus even greater applied velocities are required
than the ranges suggested based on experiments in previous
studies for micro-scale particles.

In addition to the technical fluid mechanics studies, the new
experimental studies in real situations are in strong agreement
with the conclusions of our model. For example, [70]. investigated
the risk assessment of viral transmission of SARS-CoV-2 viruses
from the contaminated surfaces due to the indoor airflows [70].
In their comprehensive study of Shanghai Public Health Clinical
Center with 115 rooms, they concluded that the indoor airflow
could not resuspend the SARS-CoV-2 viruses from various
contaminated surfaces. They collected samples from floors, walls,
washbasins, furniture, medical and personal protective equipment
surfaces, as well as air samples, from airborne infectious isolation
rooms. They also collected air samples from 15 rooms and areas
close to the surfaces. They found no SARS-CoV-2 virus in the air
close to the surfaces which all exposed to air supply from the air
conditioning system in the rooms. Moreover, they collected surface
samples from air exhaust and HEPEA filters and failed to detect
any virus. Similarly, air samples collected in the corridor or the
changing rooms of the semi-contaminated area did not show any
presence of the virus. They finally concluded the risk of airborne
transmission of SARS-CoV-2 in airborne infectious isolation rooms

was low (1.62%) due to the directional airflows.

Many other studies have been conducted since the beginning
of the pandemic, which do not directly verify the obtained results
of our model; however, they show almost no evidence of the
resuspension and spread of SARS-CoV-2 viruses due to the indoor
airflows. For example, in a research study regarding the virus
transmission in plane cabins, [71] concluded that in the regularly
ventilated cabin, those who seated near the windows were subject
to less infectious particles. [72] In their review and interpretation
of [73]. investigation showed that despite the existence of the
contaminated surfaces like windows, seats, laptops etc.,, the
nearby passengers did not get infected by the viruses, while the
direct air supply from the ceiling air inlets continuously reached
those surfaces [74]. Some other studies like modeling study of
the COVID-19 outbreak on the Diamond Princess cruise ship by
Huang, et al. [75], or the epidemiological and modelling study of
the COVID-19 transmission in train passengers by Hu et al. show
no evidence of resuspension of the SARS-CoV-2 viruses due to the
indoor airflows [76-80].

Conclusion

In this study, the effect of the indoor air circulation on the
separation of a Coronavirus from surfaces was investigated. For
this purpose, different configurations of the surface models with
respect to the directions of airflows were considered. Regarding
to the results, the following conclusions were made. In the case,
where airflow applied perpendicularly on a flat plate, even for the
highest applied velocity (10 ms™), the separation of a Coronavirus
is unlikely. The indoor parallel airflows to the flat surfaces have low
potential to remove attached viruses in most of the conditions. In
the case of the plane plates, at the edge of the plate, the applied
shear is infinity due to the Blasius equation. At locations more than 4
nm away from the edge, even for the highest applied velocity (U=10
ms?), the drag force applied on an isolated Coronavirus is less than
the minimum adhesion force. In the case of the rough plates, at the
edge of the plates, all of the modeled peaks are protruding out of
the boundary layer. Therefore, the drag force was calculated on an
isolated Coronavirus considering the freestream velocity. For three
cases, where the free stream velocities were 0.1, 0.5 and 1 ms™, the
separation of a Coronavirus was unlikely. For two other cases, U=5
and 10 ms’, the drag forces were 107.5 and 215 PN , respectively.
Therefore, the viruses were vulnerable to removal. In the regions, a
few micrometers away from the edge of the plate, where the peak of
a rough model stood in the boundary layer, the applied drag forces
were negligible for all the rough models except for U=5 and 10
ms™. In the case of U= 10 ms* applied on the wooden-surface; the
possibility of the virus movement was high since the minimum drag

force in the domain of 1 cm from the edge was more than 100 PN .

For plane surface of a cylinder, the calculated drag forces were
less than 1 PN for all applied velocities; therefore, the separation
of an isolated Coronavirus was extremely unlikely. In the case of the
airflow over the rough circular cylinders, most of the calculated drag
forces were less than 40 pN, except for U= 10ms™) applied on the
wooden-rough model at ¢=50°, which was 55.75 pN . Therefore,
the separation of a Coronavirus from a rough cylindrical surface is
very unlikely. Overall, it is very unlikely that typical indoor airflows
could remove Coronavirus from different surfaces. The separation
of viruses may take place at very high air velocities (e.g. 5 and 10
ms™), at locations such as edges of flat plates or at specific angles
with respect to the horizontal plane (¢=50°) on cylindrical surfaces.
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