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Abstract

Coronavirus and its spread all over the world have been the most challenging crisis in 2020. Hospitals are categorized
among the most vulnerable centers due to their presumably highest traffic of this virus. In this study, centrifugal isolation
of coronavirus is successfully deployed for purifying hospitals’ air using air conditioners and ducts, suggesting an efficient
setup. Numerical simulations have been used to testify the proposed setup due to the complexities of using experimental
investigation such as high cost and clinical hazards of the airborne SARS-CoV-2 in the air. Results show that a 20-cm pipe
with an inlet velocity of 4 m/s constitutes the best choice for the separation and purification of air from the virus. The pro-
posed scalable method also efficiently separates larger particles, but it can separate smaller particles too. Numerical results
also suggest installing the air purifying system on the floor of the hospitals’ room for maximum efficiency.

Keywords Coronavirus - Aerosol - Computational fluid dynamics - Air pollution prevention - Numerical simulation - Virus

transmission

1 Introduction

SARS-CoV-2, which is also known by the name coronavirus
2, has been the most challenging crisis in 2019-2020. This
virus emerged in Wuhan City, China, and after a short time
had spread. As of writing, about 79 million cases of infection
were reported which more than one million of them are in
Iran (World Health Organization 2020a).
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The main reason for coronavirus’s power to spread is its
ability to transmit airborne which is almost uncontrollable.
Therefore, it is vital to understand the transmission routes
of coronavirus to decrease its spreading. Based on WHO
reports, SARS-CoV-2 is mainly transmitted by respira-
tory droplets. The transmission happens when two people
or more are near each other (less than one meter distance
(World Health Organization 2020b)). However, some studies
examined and showed the transmission of viruses by aero-
sols. Some small particles called droplet nuclei which could
be generated during daily activities also can be another way
of airborne transmission of viruses (Judson and Munster
2019; Tellier et al. 2019). Other studies investigate transmis-
sion ways of SARS-CoV-2 from various perspectives such
as aerosol generation from expiratory, fluid mechanics, and
social distancing (Asadi et al. 2020; Mittal et al. 2020; Setti
et al. 2020). A study by Van Doremalen et al. (2020) revealed
that the SARS-CoV-2 was viable in the air after three hours
. Many other studies have reported the detection of SARS-
CoV-2 genetic materials in the air. In Nebraska and Wuhan,
air samples were gathered and researchers conducted SARS-
CoV-2 nucleic acid tests on them. Results became positive in
a patient room of Nebraska medical center and the hospital
of Wuhan (Guo et al. 2020; Santarpia et al. 2020). SARS-
CoV-2 was found in the air sample from a student health care
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center in Florida (Lednicky et al. 2020b). RT-PCR analysis
of air samples approved the existence of SARS-CoV-2 in
room air where infected patients were kept there in Singa-
pore (Chia et al. 2020). Lednicky et al. showed in a study in
2020 that SARS-CoV-2 exists in samples of the surround-
ing of the patient (about 2—to 4.8 m away) (Lednicky et al.
2020a). The detection and existence of SARS-CoV-2 in air
samples reveal that coronavirus bioaerosols existed at all the
sampling locations including hospitals.

Since the air of public places like hospitals is contami-
nated by SARS-CoV-2, the need for purifying their air is
highly sensed these days. In this study, an investigation on
the separation of SARS-CoV-2 from the hospital’s air and
purifying it is done. Considering that experimental inves-
tigation in this area has its complexities such as high cost
and unsafe procedure during the need for the existence of
SARS-CoV-2 in the air, numerical investigations and simu-
lations have to be used to help us developing and testifying
our model. So, computational methods are deployed in this
study. Such simulations have been done before by authors in
other biological systems (Asiaei et al. 2019; Darvishi et al.
2019).

2 Mathematical modeling of the separation
medium

The separation which has been used in this study is based on
centrifugal force exerted on aerosols when they are passing
the curved shape part of the cylinder. Particles feel a cen-
trifugal force when they are passing a curve. The centrifugal
force is perpendicular to the flow direction and raise by
raising the mass of particles and as a consequence, heavier
particles approach the outer wall of the curved cylinder at a
higher rate. By using the fact that the mass of SARS-CoV-2
and aerosols carrying them is higher than air and its ele-
ments, centrifugal force is deployed for the separation of
coronavirus from the air.

In the present work, parameters affecting the separation
percentage have been justified to have a proper particle
separation. These parameters are the inlet velocity of the
airflow and the cylindrical pipe diameter. A range of particle
diameters is also examined since there are different sizes of
aerosols in the air that can be a carrier for coronavirus (Lee
2020).

To reduce the complexities of fabrication, a simple
curved pipe channel is used in simulations. The schematic
of the channel is depicted in Fig. 1. The main goal of this
study is to have the least aerosols exiting half lower of the
output of pipe. In this respect and by having exiting flow
from the lower output of pipe as a flow that will return to
the hospitals’ room, we can design a system to reduce the
pollution of SARS-CoV-2 and finally purify it.
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Fig. 1 Schematic of the channel used for SARS-CoV-2 separation

The geometry of the model consists of two straight and a
90° cylindrical pipes. Each straight pipe has a 50 cm length
and 20 cm diameter and curved pipe bend with a 50 cm
radius of curvature (Fig. 1). In the beginning, the geometri-
cal parameters are tuned using CFD simulations to make the
separation of SARS-CoV-2 from air happen. In the next step,
the geometry parameters are fixed and other hydrodynamic
and physicochemical parameters are tuned to examine the
percentage of separation in different conditions and maxi-
mize it.

To investigate the behavior of particles, two definitions can
be introduced: 1. purification percentage and 2. ratio of aero-
sols exit from the lower half of pipe to the total number of
aerosols reach the output. Purification percentage represents
the percentage of aerosols that are filtered in the mentioned
channel and can be obtained by (Total number of aerosols
inter the pipe — Total number of aerosols exit from the lower

half of pipe) division to (Total number of aerosol inter the

plpe) Or Total number of aerosols inter the pipe ~ Total number of acrosols exit from the lower half of the pipe
Total number of aerosol inter the pipe :

The total number of aerosols exit from the lower half of pipe
division to the total number of aerosols reaches the output
cross 100 (this percentage will be expressed by a in the fol-
lowing) which also can be used to describe and investigate the
effects of centrifugal force on aerosols.

2.1 Governing equations and effective forces

In this simulation, there is a continuous phase and the
velocity field could be described by Reynolds-averaged
Navier—Stokes (RANS) equation and continuity equation
represented in Eqgs. 1 and 2. By having high flow rates and
as a consequence high Reynolds number, the flow field
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exhibits small eddies and at least for the model presented
in this study, the temporal and spatial scales of the oscilla-
tions become so small. In such a situation, it is unfeasible to
resolve them using the Navier—Stokes equations computa-
tionally. By having this flow regime, RANS formulation can
be used. RANS formulation is based on the fact that the flow
field experiences small, local oscillations over time and so
can be treated in a time-averaged sense (Tian and Ahmadi
2007) (Wilcox 2006).

pu- Vyu =V - [—pl + (u + pr) (Vu+ (Vu)")
)

—%(u +pr) (V- - %pkl] +F

V- (pu)=0 2)

where u and p are the time-averaged velocity and pressure,
respectively. p, u, uy, I, and F are fluid density, fluid viscos-
ity, turbulent viscosity, identity tensor, and external forces,
respectively. € and k denote dissipation rate and turbulence
kinetic energy, respectively.

Also, by knowing that the inlet velocity of flow in this
study is in the range of 0.5-20 ? the Mach number is in the
range of 0.00145 and 0.0583 so the air that is considered as
the fluid in this study can be considered as an incompressible
flow (Anderson 2010). As a result, Egs. 1 and 2 simplify to
Eqgs. 3 and 4, respectively:

pu-Vyu=V - [=pl + (u+pr)(Vu+ (V)" )| +F.  (3)

pV - (u) = 0. ()

It has to be noted that for solving the RANS equation,
there is a need to have additional transport equations to
introduce turbulence variables described in Eq. 3(y1). Exam-
ples of these additional equations are the turbulence kinetic
energy and the dissipation rate which are described in Egs. 5

Po= pr[Vu : (Vu+(Vu)')] (7

k
Hr = pC,,; (®)

The remaining auxiliary relations and closure coefficients
include (Wilcox 2006):

op=10,=13,C, = 144,
C, =192,C, =0.09

Due to the high flow rate in this study and as described
before, incompressible turbulence flow conditions exist and
the forces of buoyancy, gravity, and inertia (drag) affect the
particle and accelerate it. Newton’s second law for a particle

is represented as follows (Minea 2015):
d(m v)
P
—— =)V F 9
d, Z ©)
By considering various forces that affect the particle,

Eq. 9 can be turned to:

d(mpv)

d,

=Fp+F,— Fy (10)

where My, Vv, 8, s and pp denote particle mass, particle veloc-
ity, gravity, fluid density, and particle density, respectively.
Terms presented on the right side of Eq. 10 are drag force,
gravity force, and buoyancy force exerted on the particle,
respectively.

2.1.1 Drag force

In high Reynolds turbulence flow, the drag force is obtained
from standard drag correlations. Also and by using the dis-
crete random walk model (DRW), the instantaneous velocity
is modeled (Clift et al. 2005).

and 6 (Wilcox 2006). Fp= Tlmp(u/ —v) (n
p
Ht
pu-Vk=V- [(ﬂ+—>Vk]+Pk—ps 5)
%k 4p_d?
P7p
= (12)
P 3ucpRe,
HT £ g2
p(u-V)e=V- [(/4 + —>Vs] + Cel%Pk - Cezp? ©6)
[0}
‘ plu = vld,
Re,=—F (13)
U
cp =f(Re,) =
log Cpy = —2.4571 + 2.555w — 0.9295w2 + 0.1049w? if 1500 < Re, < 1.2 x 10* (14)
log Cp, = —1.9181 + 0.637w — 0.0636w? if 1.2 x 10* < Re, < 4.4 x 10*
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, 2k
w=u+Au and Au=¢ EY and w = logRe,
(15)
where rp,dp, ¢p» Re,, u, Au, § are particle velocity response

time, particle diameter, drag coefficient, relative Reynolds
number, the time-averaged velocity of the air, instantane-
ous fluid velocity, and normally distributed random number,
respectively.

2.1.2 Gravity force

Gravity which is proportional to particles’ mass has been
considered. By considering aerosols spherical, the gravity
force can be written as:

4 3
Fg = gﬂrpppg (16)
where r,, and g are particle radius and gravity acceleration,
respectively.

2.1.3 Buoyancy force

The buoyancy force is defined as an upward force made by
fluid pressure which opposes the gravity force (Minea 2015)
and can be written as:

p
Fg=m,g—

Pp an

By using Egs. (3—11), the real-time total force on aerosols
will be determined. The inlet velocity is around 1 %, and the
outlet discharges to the atmosphere. The boundary condi-
tions are illustrated in Table 1.

A numerical model has been implemented using Mul-
tiphysics software, and the Lagrangian approach also has
been used to observe the particle trajectory in the airflow.

2.1.4 Rotating frame

The force that aerosol experiences in a curved pipe include
centrifugal, Coriolis, and Euler forces.

Centrifugal force is an inertial force that is formulated in
a rotating frame of reference (RFoR) and can be written as
(Landau and Lifshitz 2013):

Foen =myQ X (rxQ) (18)

Table 1 Boundary conditions

x(cm) y(cm) z(cm) u(m/s) P(pa)
-10<x<10 —-10<y<10 0 u=4 N/A
—-10<x<10 100 90<z<110 N/A Pd=0
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where €, ¢, and ry,, are angular velocity, particle position,
and a center of rotation, respectively.

Coriolis force acts on objects which are in motion within
an RFoR that rotates concerning an inertial frame and can
be described as (Landau and Lifshitz 2013):

F., = 2mpv X Q (20)

where v denotes velocity.

Euler force is the last inertial force that appears when a
non-uniform RFoR is used to analyze the motion and can be
written as (Landau and Lifshitz 2013):

F,

C

ul =mpr><Q 1)

where Q denotes angular acceleration.

All these forces affect the motion of an object in a rotating
system such as a curved pipe. Nevertheless, they only appear
in rotating coordinate systems.

3 Results and discussion

By using numerical simulation, the real-time separation is
determined. The COMSOL Multiphysics solved the differ-
ential equations which were constructed for the numerical
model. Tetrahedral 3D elements were used for meshing, and
the size of meshes is refined to achieve a 1 percent difference
in the numerical results which are obtained of finer and extra
finer mesh. A maximum absolute tolerance of 10~ was used
in the time dependence solver.

Our numerical model has been verified against the numer-
ical and experimental results of (Zhao et al. 2008), with the
same initial and boundary conditions and particle proper-
ties. The field velocity was calculated, and the refinement
of meshes was continued till their reports and our results
deviated below 1 percent from each other. The results of the
validation are illustrated in Fig. 2.

The physical and mechanical properties used in this
numerical study are illustrated in Table 2.

3.1 The practicality of separation of SARS-CoV-2
by using centrifugal force

The feasibility of using the centrifugal method for purifica-
tion of the hospital’s air from coronavirus is examined in
the first step. As it is illustrated in Fig. 3a and by using a
90° curved shape pipe, a total purification of 87% has been
achieved. This purification happens in a situation that by
having a straight pipe, purification and separation do not
happen as it is shown in Fig 3b.
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Fig.2 Mesh independency and coincidence with (Zhao et al. 2008).
The velocity field is calculated in the x-direction

Table 2 Boundary conditions

Parameters Air(Montgomery 1947) Aerosol(Joshi
1988)

Density (kg m™) 1.204 1550

Dynamic viscosity (kg 1.825E-5 N/A

m's™h

3.2 Pipe diameter

Three different diameters are considered for designing
and investigating proper pipe diameters. The range for this
choice is based on commercial pipe diameters which are
used for air conditioning (ToolBox 2005).

As it is illustrated in Fig. 4 and by having the minimum
diameter for pipe, the maximum purification could be
achieved. Another point that can play the main role in choos-
ing the proper diameter is the time needed for every pipe to
purify the room’s air completely. By lowering the diameter
from 30 to 10 cm, the volume purification rate changes from
1.131 t0 0.126 2, respectively, considering 4 = as inlet flow
rate. In other words, by considering a diameter of 10 cm, it

takes about 10 times longer than using 30 cm as the diam-
eter of the pipe to purify a room’s air. By considering these
two parameters, the diameter of 20 cm is considered as pipe
diameter to have more volume purification rate compared to
10 cm diameter and better separation and purification com-
pared to 30 cm diameter.

3.3 Inlet velocity

To determine the role of inlet velocity and the effects of this
parameter on the separation of coronavirus and percent of
purification, six different velocities have been investigated.
Choosing this range for inlet velocity is based on the sug-
gestion of building engineering organization in which they
suggested a range of 4-7 ? for inlet velocity of air condi-
tioning to have the best circulation without making a distur-
bance in the room’s air (ToolBox 2008). In addition to this
range, lower and higher velocities are also considered to
have a better understanding of the effects of this parameter
on separation.

By raising the inlet velocity, more aerosols reach the
output of the pipe. In the range between 0.5 and 10 ?, the
total number of aerosols exit from the lower half of the pipe
increases which means a decrease in the percentage of puri-
fication as shown in Fig. 5. For inlet velocities higher than
10 %, this percentage is constant.

Results shown in Fig. 6 represent that although the total
number of aerosols which they reach the output is increased
and as a consequence, the purification percentage is reduced,
a decrease happens in . This decrease in the ratio shows that
by increasing the inlet velocity, aerosols passing the curved
shape pipe experience higher centrifugal force.

3.4 Different aerosols diameters

Based on previous experimental investigations, ranges from
0.07 to0 0.09 pm are determined for the size of SARS-CoV-2
(Park et al. 2020; Wolfel et al. 2020). Lee BU introduced the
range between 0.09 and 42 pm for aerosols carrying coro-
navirus, which has 100% and 0.000001% viruses, respec-
tively (Lee 2020). To investigate the percent of separation
of each aerosol based on their diameter, a range between 1
and 40 pm is considered since base numerical results show
no changes for diameters lower than 1 pm. An inlet velocity
of 4 ? and pipe diameter of 20 cm are also considered based
on previous sections.

Results show that by increasing the aerosols’ diameter,
the percent of purification increases as shown in Fig. 7. To
put it in other words, bigger aerosols can be separated better
than smaller aerosols. This phenomenon happens because
centrifugal force increases by increasing the mass and mass
of an aerosol increases by increasing its diameter.

@ Springer
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As depicted in Fig. 8, the ratio of aerosols exit from the
lower half of pipe to the total number of aerosols reaches
the output of pipe which also decreases by increasing the
aerosols’ diameter.

As illustrated in Fig. 9, two different methods of using the
proposed channel in hospitals’ rooms (in the ceiling or on
the floor) are investigated. This investigation is based on the
direction of gravity force (agreeing with the direction of the
centrifugal force in model A and opposite of the direction
of centrifugal force in model B). Based on results, there is
zero percent difference in separation with or without con-
sidering gravity. However, by knowing that gravity force can
be neglected and so there is no difference between model A
and model B respecting this point of view, model A is sug-
gested by authors because aerosols are heavier than air and
its components so their concentration is so much higher near
the floor compared to the ceiling.

4 Conclusion

In this study, a system is designed and tested to purify hospi-
tals’ air from SARS-CoV-2. The centrifugal force has been
successfully deployed for the separation of coronavirus and
purification of air. Some parameters such as inlet velocity,
pipe diameter, and aerosols’ diameter that affect the percent-
age of purification are also investigated.

The result shows that centrifugal separation of SARS-
CoV-2 is a promising method to purifying the air of hospi-
tals due to the high density of aerosols carrying coronavirus.
Inlet velocity and pipe diameter can play an important role
in this separation. In this study, the best inlet velocities and
diameters considered 4 ? and 20 cm, respectively, to have
proper separation and air conditioning but based on engi-
neering designing can vary for different hospitals. Also, the
best separation happens for bigger aerosols.

Result also indicates that buoyancy and gravity forces
do not affect the separation due to the small dimension of
aerosols and can be neglected. But in designing this system
for separation, it is better to put the inlet of the channel on
the floor (and not on the roof) since aerosols are heavier than
air and its components and will come near to the ground
after a while.
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