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This study investigates the droplet dispersion and infection risk for airborne diseases in various seating
arrangements and wind flow conditions in flat and inclined environments. A numerical framework
‘CUBE’, which is combined a fully compressible Navier-Stokes solver and a Lagrangian droplet dynamics
model to enable large-scale parallel simulations, are utilized. This framework is built on a BCM meshing
methodology to model the Eulerian mesh and decomposed Lagrangian marker particle data on each cube
unit to ensure efficient parallel performance. Numerical results show that droplet dispersion and infection
risk are strongly dependent on seating arrangements and wind direction. For instance, wind flow from 90°
can significantly reduce local concentration of droplet dispersion and global infection risk than those of
wind flow from 0°. Thus, proper seating arrangements can effectively reduce infection risk in different
environments and wind flow conditions to minimize the spread of airborne diseases.
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1. Introduction

While some airborne diseases, such as the common cold and
seasonal influenza, are not very severe, several highly infectious
and communicable diseases have emerged in recent decades [1,
2, 3]. In particular, as we all know, COVID-19 rapidly
transformed from a local epidemic to a global pandemic since
its emergence, and the usage of masks can help contain the
spread of COVID-19.

However, in social situations where wearing a mask is not
possible, there remains infection risk when people gather in
densely packed outdoor stadiums or concert halls. In such
circumstances, airborne dispersion of virus-laden sputum
droplets can result in airborne disease transmission, posing a
significant risk to public health. To investigate these severe
situations, the numerical simulation has significant potential to
predict the spread of infectious diseases in advance for various
situations.

In this work, we investigate the dispersion of sputum droplets
due to speaking to better understand on the dynamics of disease
transmission by analyzing the effect of wind directions and
velocity on infection risk. To that end, we adopt a fully
compressible Navier-Stokes solver wherein the evaporated
phase of the droplet and its effect on droplet evaporation is
modelled [6, 7], and a discrete Lagrangian droplet model was
used to model droplet transport and evaporation.

2. Governing Equations
The discretized equations for conserving mass, momentum,
and energy with gas phase species reside on the Eulerian mesh.
The conservation equations are provided in compact vector
notation as follows:
ou
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Here, the vector U and S represent the primitive flow variables
and the source term, respectively, while F encompasses both the
convective and diffusive terms, U and F are given below.
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The source term S in the governing equation arises from the
buoyancy term and the evaporation of droplets. The source term
vector is expressed as follows:
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where p and p, represent the local and far-field ambient
densities, respectively, while g represents the acceleration due
to gravity. Sy, represents the species source terms.

3. Droplet Equations

The single droplet model is utilized for simulating the sputum
droplet dynamics. In this method, the evaporation and transport
of each droplet are individually tracked. The model primarily
focuses on the interaction of each droplet with the surrounding
gas phase, as well as solid surfaces [8]. The governing equations
for droplet transport, dispersion, and settling of the droplets are
provided as below.

dXd
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where ug, x4 represent the droplet velocity and position, and
the droplet drag coefficient C, is defined as a function of the
droplet Reynolds number with the droplet diameter, d.

The droplet evaporation is modeled using the energy balance
equation to monitor the droplet surface temperature and the
evaporation mass flux equation. The energy balance equation is
given as follows:

dTy  Nucp fy - 1 (dmd) Ly
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Here, m, represents the mass of the droplet. T;, and T
temperature of the droplet and the ambient air, respectively. Ly
denotes the latent heat of evaporation at the droplet temperature.
fi is a correction factor for heat transfer due to droplet
evaporation [9, 10]. Second, in order to evaluate the evaporation
mass flux for tracking the mass of the droplet, we employ the
non-equilibrium Langmuir-Knudsen model [11], and the
equation is given as follows:
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Where Sh, Sc and B,, represent the Sherwood, Schmidt

numbers, and the mass transfer number, respectively.
Additional information can be discovered in the studies

conducted by Bale et al [6, 12].

4. Numerical Method

In this work, we employ the Building Cube Method (BCM)
[13] for meshing methodology to model the Eulerian mesh as
shown in Fig. 1. BCM decomposes the computational domain
into discrete blocks known as cubes, which have equal sides at
the same level. Based on problem requirements, larger cubes are
successively subdivided into finer cubes, creating a hierarchy of
smaller cubes over layers of larger cubes with a refinement ratio
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of two. As a result, the cubic unit of the computational domain
serves as the fundamental unit for domain decomposition during
parallel computing, offering excellent scalability.

To model solid geometries immersed in the fluid, we adopt a
discrete forcing immersed boundary method [14, 15]. This
approach is also employed to model the sputum droplets. Here,
a collection of the same sized droplet is grouped into a
computational parcel. Lagrangian data structures for both cases
are treated as the same discretization strategy as BCM for
computational  performance optimization. For domain
decomposition in parallel computing, the computational domain
is divided so that the Eulerian mesh and the Lagrangian marker
particles spatially overlap.

We use a split time integration approach, separating the
temporal integration of fluid flow equations and the species
transport equations, to investigate the impact of droplet
dispersion on disease spread over extensive spatial distances
and long time periods. This approach is feasible if there is no
strong coupling between the fluid flow and species transport
equations. Therefore, the coupling mechanism for the sputum
droplet modelling adopts a weak one-way coupling between the
two equations. In this approach, the species transport is
influenced by the fluid flow, but the species concentration
remains unaffected. Moreover, to maintain numerical stability,
the effect of droplet evaporation is incorporated only into the
species transport equations, while the droplet source term for
the fluid flow equations is ignored. This weak one-way coupling
approach is frequently employed in modeling sputum droplet
dispersion since the contribution of droplets to fluid flow, in
terms of momentum and energy, are anticipated to be
negligible[16, 17].

Fig. 1 Example on discretization of a computational domain into
cubic blocks and subdivision of cubes into cells (close-up).
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5. Sputum Droplet Modeling

This section outlines the modeling parameters for simulating
sputum droplets as follows. The distribution of droplet
diameters and numbers for loud speaking, adopted for the
numerical simulations in this work, further details available in
Bale et al. [18]. For the flow generated from the mouth during
speech, we adopt a sinusoidal model, and the flow velocity over
one cycle of counting from one to ten, including the two
inhalations. Details can be found in the work of Gupta et al. [19].
The final parameter for the mouth opening, an average mouth
opening size of 4 cm? was reported by Gupta et al. [2]. We
choose a circular surface with an area of 6 cm? to model the
mouth opening during speech by assuming it is larger than the
opening during cough.

6. Boundary and Initial Conditions

In all cases presented in this work, the ambient air conditions
are approximated as follows: 60% relative humidity, 300 K
temperature and 1 atm pressure. Stagnant ambient air is applied
as the initial condition for the simulations. The initial conditions
for the droplets are set as follows: 0 m/s velocity, 1000 kg/m?
density, and 307 K temperature. The droplets are driven by the
flow at the time of injection to the domain. A relatively large
computational domain is —25m to 25m along the X, y, and z
directions. The droplet dispersion was investigated under the
conditions of no wind and wind flow condition (u = 0.3 m/s).

The surface temperature of the human body is set to 300K to
account for the effects of buoyancy-driven flow. For speaking
simulations, the speech flow boundary condition is imposed
through the mouth model. We consider the dispersion of
droplets in a flat and inclined environment as shown in Fig. 2.
The seating arrangements are three representative types as
follows: full, staggered, and grid types. In case of the
arrangement of grid type, it can be different depending on the
position of the infected person. Thus, we adopted three different

positions for grid type as shown in Fig. 3.

(a) F/Ow

M m \&“\k’, 81cm%

».," \'T’l »‘,z »._,1 s: . \./&‘“ \E’ »_,’
LSS LS DS,
! 4 £ £ £ 27cm § -

(b) @ £ g g
t\UmUmUs v ol
t6em (W2 1}\&);(»54:\84:\84'
- A e i 4
) &)itﬁl&) % % \UMUHU{:)U{’
o hd - |
§\\j\j\j\j§ il\!\f\f

FRRY | BEEEy

Fig. 2 Geometry as flat and inclined environments.
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Fig. 3 Seating arrangements for full, staggered, and grid types.
The grid type has three different arrangements.

7. Infection Risk Evaluation

To assess the infection probability, we used the dose-
response model [20, 21] which is widely used for quantifying
the risk of airborne diseases such as COVID-19. The model
assumes that the average number of viral particles needed to
infect an individual is No, and the infection follows a Poisson
process. Thus, the probability of infection P can be expressed as

p=1—elW) (®)

where N is the total number of virions inhaled. In order to
compute P, both N and No must be estimated. A range of values
for No have been reported in some literature [22, 23]. In this
study, we choose a value of 900, which lies within the reported
range. The number of inhaled virions N depending on the total
duration of exposure T and the amount of air inhaled by a person
breathing at the rate of B, is obtain the following expression.

N(x,T) =

v’; v f V3 (B)dt ©)

In activities such as speaking and singing over extended
periods, the rate of droplet generation and dispersion is expected
to reach a quasi-steady state. In this state, the integral term in
the above equation can be simplified to

pr 0

N(x,T) = 9()T (10)

where #3 is the quasi-steady state rate of droplet ejection
volume entering the breathing zone. Further details of the model
can be found in previous work [18]. Consequently, to assess the
infection risk of an individual upon exposure to the droplets, the
total number of droplets within the vicinity of an individual is
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measured. For simplicity, a small rectangular region
surrounding the mouth and nose has been chosen to represent
the breathing zone. In this study, we select a 10x10x15cm?
rectangular region that approximates the exhalation and
inhalation volume of the speaking model. The method for
tracking the droplets in the respective breathing zones are shown
in Fig. 4. For simplicity, we tracked the same droplet even if it
existed in the same breathing zone at the next time step or
passed the previous breathing zone and entered different

breathing zones.

® : Counted droplet  © : No-counted droplet [_]: Breathing zone

Fig. 4 A schematic of droplet tracking in the respective
breathing zone.

8. Numerical Results on Infection Risk

Some snapshot of the droplet dispersion in full conditions at
the flat/inclined seating arrangement is presented in Fig. 5 for
no wind cases and Fig. 6 for wind blows from backside, and the
droplets colored in dark blue generated by subjects. For no wind
conditions, It can be seen that the dispersion of droplets can be
differ as the seating environment, for instance, the droplet of a
flat environment dispersed shorter distance than that of inclined
conditions because the jet flow from the mouse in a flat
environment is blocked by the individual front of the subject.
Meanwhile, in an inclined environment, there is an open region
at the front side of the subject so that the droplet disperses to the
far field. In case of wind conditions, the dispersion of droplets
can be different by different flow characteristics as environment
induced from wind flow.

For instance, the droplet of a flat environment is dispersed in
not only the front side but also the back side. This is due to the
cavity and downflow generated by wind flow between the
subject and the person downstream. Thus, a droplet
accumulated there and propagated on the sides of the subject,
and if there was a gap between the persons, the droplet spread
to the backside. Meanwhile, that inclined environment only
dispersed front and downside with spreading both sides than flat
environments because of the open region at the front side of the
subject and wind flow. The difference in the overall infection
risk of individuals as two environments and wind conditions can
be appreciated by comparing the infection matrices presented in
Fig. 7. In this matrix, each element is corresponding with the
location of each individual, the infection risk is calculated for
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an exposure of 60 minutes based on the average exposure rate
of a given subject to droplets and aerosols from the simulation.

As the infection matrix notes that, a clustering of infection
risk around the infected subject are clearly shown. In infection
risk distribution of no wind condition, both environmental
conditions are shown higher risk in front of the subject. As
shown by the droplet dispersion in Fig. 5, the infection risk
increases from the fourth column line while increasing in front
of the subject and crossing over the fifth column line in case of
inclined environment. Meanwhile, in case of wind flow
condition, it reduces the local concentration of droplets at the
fourth column line but increases the infection risk on second and
third column lines where the side and backside of the subject.
Eventually, these spreading infection risks around the subject by
wind flow conditions increase the global infection risk. These

features that increase risk are shown in the inclined environment.
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Fig. 5 Droplet dispersion in full conditions at (a) flat and (b)
inclined seating arrangement, no-wind conditions.
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Fig. 6 Droplet dispersion in full conditions at (a) flat and (b)
inclined environments, wind conditions from 0°.
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Fig. 7 Distributions of infection risk in full conditions at (a) flat
and (b) inclined environment, no-wind (Top), and wind (Bottom)
conditions.
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Fig. 8 Droplet dispersion in full conditions at (a) flat and (b)
inclined environments, wind conditions from 0°.
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Fig. 9 Distributions of infection risk in full conditions at (a) flat
and (b) inclined environment, wind conditions from 90°.

The droplet dispersion in Fig. 8 is presented on full conditions
at the flat/inclined seating arrangement for wind blows from the
side. The droplets in both environments are quickly transferred
to the side of the subject so that is not accumulated between
individuals. With this trend, global infection risk, as shown in
Fig. 9, from both environments significantly decreased than
those of no-wind and wind flow from the backside.

Thus, we can understand that the dispersion of droplets is
strongly dependent on the wind direction. From the side view of
Fig. 8, we can see that the droplet dispersed widely after passing
the human models. This means that the infection risk increases
somewhat as the numerical model extended. Some snapshot of
the droplet dispersion in staggered conditions at the flat/inclined
seating arrangement is presented in Fig. 10 for no wind cases
and Fig. 11 for wind blows from backside. The infection risk for
both conditions are described in Fig. 12.

For no wind conditions, both environments show a similar
feature that the droplets are floated far field than those of full
conditions due to the open region in front of the subject.
Meanwhile, the dispersion of droplets is different as the seating
environment, for example, the droplets on a flat environment
and no-wind condition are accumulated in front of the individual
on the fifth column line causing significant increase in infection
risk. On the other hand, the trend of droplet dispersion on
inclined environments and no-wind conditions is similar with
those of flat and no-wind conditions, however, the difference of
altitude decreases the infection risk.

In case of wind conditions, the droplet in both environments
disperses on front and downside, and the cavity flows in the
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open region in front of the subject and the staggered seating
arrangement gives space which droplet can pass through there.
Eventually, the local concentration of droplets and infection risk
were reduced. Meanwhile, the droplets of inclined
environments are dispersed downside induced by wind so that
the infection risk increases than that of no-wind conditions.
Thus, proper seating arrangement can act effectively to prevent

infection risk as a given environment and wind flow conditions.
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Fig. 10 Droplet dlsperswn in staggered conditions at (a) flat and
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(b) inclined seating arrangement, no-wind conditions.
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Fig. 11 Droplet dispersion in staggered conditions at (a) flat and
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(b) inclined environments, wind conditions from 0°.
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Fig. 12 Distributions of infection risk in staggered conditions at
(@) flat and (b) inclined environment, no-wind (Top), and wind
(Bottom) conditions.

9. Conclusion

In this study, we have investigated the droplet dispersion and
infection risk in different seating arrangements and wind flow
conditions as flat and inclined environments. To do that, we
have presented a numerical framework developed for the
simulation of large-scale droplet dispersion for COVID-19 type
pandemic. The numerical results indicate that the dispersion of
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droplets and infection risk are strongly dependent on the seating
arrangement and wind direction by reducing the local
concentration of droplets or spreading to other regions.
Furthermore, the wind flow in different directions can also
significantly affect the droplet dispersion and infection risk.

Thus, Proper seating arrangements can be effective in
reducing the infection risk in two different environments and
wind flow conditions. These findings can provide important
insights for designing effectively to reduce infection risk in
public places.
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