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Eigenvalue maximization by voxel topology optimization using CUBE framework

HMIH AR D, IBH 5352, /0 58 Y, e EEY, FE > Y
Yuji Wada, Tokimasa Shimada,Koji Nishiguchi, Shigenobu Okazawa, and Makoto Tsubokura

DB TR AR IESERAMRI LT (T 226-8503 fias || R R IR AR X R H FH T 4259-R2-26, E-mail:ywada@sonic.pi.titech.ac.jp)
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Topology optimization to obtain a conceptual structure of an automobile frame that satisfies NVH per-
formance from a large domain of metal blocks requires a small volume fraction constraint and sufficient
element resolution. In this study, we implemented a voxel topology optimization framework based on the
CUBE framework to perform eigenvalue maximization of the structure in a massively parallel environment

and measured its parallelization performance.

Key Words : Topology optimization, Finite element method, Building-cube method, Eigenvalue analy-
sis, Locally optimal block preconditioned conjugate gradient method
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Fig.1 Procedure of topology optimization using CUBE
framework.
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Fig.2 Cubic cantilever, the problem for the weak scaling mea-
surement.

1. x; := {normalized random vector}, p; := 0

2. pio = x - A(x), rip = |A(x) — pioB(x)|

3. x; := {initial guess from previous topology iteration}
4. do loop:

5. pi=x-Ax), w; := A(x) — u;B(x)

6. r; = |w;|, normalize w;

7. break if max(r;/rip) < €0l

8. Z:=[xi,wipi]

9. SA:=ZTAZ), S =Z"B(2)

10. [A;, V] :=dsygv(Sa,Sg), V := (Bu» @kis Yii)"
11, y; := g auiWk + BriXk + YiiPr» Xi := normalize(y;)
12, y; := Xp @uiWk + YiiPk, pi := normalize(y;)
13. end loop
dsygv & BM x 3M) FIE DSR2/ N ZEATHNT NS
> tEAEREO KRB TH D A, EHEV DEE
N7 MLVTHE. KMFETIEvYaEZEHLTWS.
WIPEATHNCBE 3 21756 A(x) 1Z TRl OFIHTHEE T 5.
1. function A(x):
2.y =co Y lkjlx
3. return y after Halo communication
HETHICRE 3 2175/ B(x) B X CIEHEAEIE T
DD .

B(x)=mox &)
normalize(x) = x/ \/x - B(x) (6)
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Fig.2(a) @ & 5 3 AR LT, x =01l
HEFEEWER LRI oEHERET— F2EH T
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Tablel Problem settings for weak scaling measurement. Note
that 1 CUBE is 32° cells; and k=10°, M=10°, and
G=10°.

CPUs(=CUBEs) DOFs Fugaku Nodes
1 86.5k 1

8 739k 1

27  2.54M 1

64 6.10M 2

216 20.8M 5

512 49.5M 11

4096 400M 86

32768 3.21G 683

262 144 257G 5462
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Fig.3 Weak scaling characteristic of PCG solver with 1,000
iteration.
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Fig.4 (a) Simple beam half model boundary conditions and
(b) first bending mode.
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Fig.5 Optimal shape of first bending mode frequency maxi-
mization.
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Fig.6 Eigenfrequency history of eigenvalue optimization.

CUBE fllo#%k@E Yy LT, BEEEEPZZRE HET
2% BREHIREE ST ORKGHEBO R KEE ppar =
LT, TatzEMHLE.

Pdel = 0.0spmax (7)

FREIME 0 BRI SN A HIBREE X D KEW
pae TEZFIHT 2 DI, (KBEEEZOETHRKTICEHE
RHRMN O LZERE ZIH T 27-0TH 5.

Fig.5(a) \Z CUBE TOEFIK, (b) IZ ANSYS D
R E RS, MO RO E I E T2
H2H, WRFECENZRTIERE STV 2k
T 5.

Fig.6 Wi b K1 1 RE— FEBEKOBEREZ R~
3. CUBE O RIEFA(EDY 349 Hz TH 2 DITX LT,
ANSYS 13359 Hz TH D, MEREIX 97% 128 ¥ 24551
o7z, ¥7- CUBE I —EREFEICBWTHAEL & -
TW3 500, HHEZEEIRD ZHEFRS 572512 ANSYS

- C-01-02 -



© —MRAFEABARGEIER

C-01-02

W/ initial guess
w/o initial guess

LOBPCG solver iterations until relative tolerance

. .
0 50 100 150 200
Optimization iterations

Fig.7 LOBPCG solver iterations until relative tolerance with

and without initial guess.
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Fig.8 Boundary conditions and eigenmodes for vehicle frame

(e) torsional bending mode (3rd)

optimization.
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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.

Key Words : Building-Cube Method, Dose-response model, COVID-19, Immersed boundary method,

Droplet/Aerosol transmission

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

E‘I’V'F:S (]_)

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.

p
(1)
, Fi

_ | PU2

pU;
pujuy + Py — Ay \
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U= pu, = pujuz + Péi3 — A3 )
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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

= @
dlld _ 3Cd P
W_mp—d(u—ud)lu—udlw ®)

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

dt  3Prc 1y

(6)

Cpa

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:

dmy my (Sh

- 3Sc

F = - E ) In(1+ B,,) ©)

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

F28METETHHEERR

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.
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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

-C-01-04 -
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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.

(a) - (b) @ Infected person

g,,g,,g,,y,,g,,
b—b—brb—bge,

g.,g.,g.,y,g\:
(% e & e e e e
Fig. 5 Droplet dispersion in full conditions at (a) flat and (b)
inclined seating arrangement, no-wind conditions.
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@ (b)

e =
bz-»&»&uha.»&»

| & i i i ©
Y=
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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Recently, topology optimization methods have been applied not only to structural problems but also to fluid
flow problems. Our research focuses on topology optimization for unsteady flows, which are important from
an engineering point of view. However, unsteady flow topology optimization requires a fine mesh and hence
a huge computational cost. Therefore, we propose a large-scale unsteady flow topology optimization based
on the building-cube method (BCM), which is suitable for massively parallel computing. BCM is one of the
hierarchical Cartesian mesh methods and is confirmed to have good scalability. The governing equations are
discretized by a cell-centered finite volume method based on the BCM, and the sensitivity of the objective
function is computed by a sensitivity analysis based on the continuous adjoint method. Several numerical
examples will be used to discuss its applicability to large-scale computations.

Key Words : Topology optimization, Unsteady flow, Building-cube method, Finite volume method
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Massively parallel simulation of vehicle component structure
considering elasto-plasticity with Eulerian finite volume method
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With the growing interest in large-scale parallel simulations of vehicle structure dynamics, Eulerian meth-
ods using Cartesian meshes have been a renewed attention. Eulerian methods are attractive for large-scale
parallel computing, generating mesh fastly, and for simulating large deformations. In this study, we propose
Eulerian finite volume formulation using marker particles with elastoplasticity. We spatially discretize basic
equations with finite volume method using BCM for massively parallel computing of vehicle structures such

as B-pillar.

Key Words : Eulerian method, Finite volume method, Elastoplasticity, Vehicle structure dynamics
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Implicit Eulerian finite volume method
for fluid-structure interaction problems with interface discontinuity
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We propose an implicit Eulerian finite volume method for fluid-structure interaction (FSI) problems with

interface discontinuity to relax the limitation of time increment stemming from solid stress waves. The

reference map method is used to compute solid deformation stably for interface discontinuity of velocity

gradient. Moreover, we linearize a solid stress term using a fourth-order Jacobian tensor related to the left
Cauchy-Green deformation tensor. To validate the proposed approach, we compute several FSI problems.
Key Words : Eulerian method, Fluid-structure interaction, Interface discontinuity
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For the supercomputer Fugaku, we have improved ABINIT-MP (which is a program for fragment
molecular orbital (FMO) calculations) to perform interaction analysis on proteins related to infectious
diseases and to evaluate parameters for coarse-grained simulations of mesoscale systems. This document
summarizes the current status of ABINIT-MP on Fugaku and various related applications.
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The Analysis of Flow Field for Wind Resistance Design
of Structures which have Complex Shapes using BCM
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In this study, we show the results of applying a calculation method using a fully orthogonal lattice system
(CUBE) based on Building Cube Method to building structure model with complex shapes (setback and
eccentricity at the top). In addition, the application results of a simple prismatic structure model under the
condition that a rotation angle of 15 degrees were given to the inflow wind, which was performed as the

first stage of application, are also described.

Key Words : CUBE, Building Cube Method, Setback, Eccentricity, Prismatic Structure, 15degrees
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The importance of indoor space safety has been highlighted due to the COVID-19 pandemic. Assess-
ing indoor environments’ safety by directly measuring human-generated air pollutants like CO2 has
been suggested as one of methods to analyze indoor safelty. This is assuming a strong correlation
between CO2 levels and the presence of infectious pathogens. This study examines the accuracy of
this assumption by conducting a comparative analysis of infection risks in indoor settings using CO2
dispersion simulations and discrete droplet dispersion simulations.

Key Words : COVID, Indoor Air contamination, Pathogen transmission

1. INTRODUCTION

Airborne spread of virus-containing sputum droplets can
lead to airborne disease transmission, posing a significant
threat to public health. In recent decades, various highly
infectious and communicable diseases have emerged, such
as Severe Acute Respiratory Syndrome (SARS), HIN1 in-
fluenza, and Coronavirus Disease 2019 (COVID-19). Since
its appearance, COVID-19 has quickly become a lethal pan-
demic, causing hundreds of millions of infections and mil-
lions of deaths (source: JHU COVID-19 resource). More-
over, the indirect impact of the pandemic due to job loss
and major economic contraction is hard to measure. The ev-
idence on COVID-19 so far indicates that potential modes
of SARS-CoV-2 transmission include respiratory droplets,
direct person-to-person contact, and contact with surfaces
(fomite mode of transmission). Direct person-to-person
transmission and fomite transmission can be reduced through
proper hygiene practices, but controlling airborne transmis-
sion is much more difficult. As a result, airborne transmis-
sion is probably the main reason for COVID-19 becoming a
global pandemic (Center for Disease Control, CDC, USA).
The use of masks has been widely recognized and adopted
as an effective way to limit airborne transmission. The im-
portance of indoor ventilation and air circulation in reducing
airborne transmission cannot be emphasized enough. A well-
mixed indoor environment with a high air exchange rate per
person can significantly improve indoor space safety. In light
of this, a practical method for evaluating an indoor space’s
ventilation system is by measuring the COs level within the
space. This makes it easier for policymakers to issue guide-

lines for CO4 levels in public indoor spaces. While mea-
suring CO4 levels and providing guidelines for them is con-
venient, it is uncertain whether the infection risk in indoor
spaces due to airborne pathogens is strongly correlated with
COx, levels. To this end, in this work, we conduct a compar-
ative study to examine the correlation between CO- levels
and infection risk in a simplified indoor space. We use in-
fection risk assessment based on discrete droplet simulations
as the foundation for the comparative analysis. We employ
a fully compressible Navier-Stokes solver, where the evap-
orated phase of the droplet and its effect on droplet evapo-
ration are modeled. A discrete Lagrangian droplet model is
used to model droplet transport and evaporation. The droplet
model is connected to the flow equations to enable weak two-
way coupling between the droplets and the flow, where the
droplets are affected by the flow, while the opposite is not al-
lowed; however, the vapor phase of the droplets is influenced
by droplet evaporation. CO; is modeled as a passive scalar
through a species transport equation.

2. GOVERNING EQUATIONS

The sputum droplet dispersion is modelled through a com-
bination of a Lagrangian frame for the droplet dynamics and
the air/gas flow dynamics are modelled on a conventional
fixed Eulerian mesh. The conservation equations for mass,
momentum, energy are solved on the Eulerian mesh. Species
transport equations are considered to account for the humid-
ity variation around the mouth during a cough. The conser-
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vation equations in the compact form are given by

ou
5 TV F=S8 (1)

where U and F are given below.

[1.25]p [1.25]pu;
pUL pusut + Pé — pAn
U= | P [ pusug + Péig — A
pus | puiuz + Pdiz — pAi3 ’
pe plpe + Plu; — pAiju; + q;
PYk pu; Yy, — pikYy,
0
(p = po)g1
g_ | (p=roe | )
(P = po)gs
(p — po)giui
SPYk

Here, the density of the gas/air is represented by p and
the viscosity is given by p. u, e and P represent the ve-
locity, total specific energy and the pressure, respectively.
Species mass fraction and diffusion velocities of the k"
species are given by Y}, and 4F, respectively. (u1,uz,u3)
are the components of the velocity vector u along the princi-
pal directions 1, 2, 3. g is the acceleration due to gravity (eg.
g = (0,0,—9.81)m/s?). Of the species source terms Sy,
the non-droplet vapor species are zero. The definition of the
total specific energy is given by the following equation

P 1
= 5 Wiy, 3
e po— + 2u U 3)
where 7 is the ratio of the gas specific heat capacities. The
heat flux q is given by

q=—AVT, “

where ) is the thermal diffusivity, and A is the velocity gra-
dient tensor. The diffusion velocities of the chemical species
may be expressed as a function of species diffusivity Dy, as

0"y, = D, VY. (5)

(1) Droplet Model

We adopt a one-way coupling approach for the droplet
transport and evaporation model, wherein it is assumed that
the effect of droplet motion and evaporation on the ambient
air is negligible while the droplet transport and evaporation
are directly linked to the airflow and temperature [3]. The
equations modelling the transport, evaporation and the rate
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Fig. 1 a) Distribution of droplet diameter at the time of
injection[1].
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Fig. 2 The velocity profile of flow generated during the
speech as function of time[2].

of change of droplet temperature are given by the equations
below

Given below are the equations governing the rate of
change of droplet mass, mg, velocity, ug, temperature, Ty
and position.

%:ud, (©6)
%:%ém—ud)\u—ua, (M)
%:_%‘ (;ZZ) In (1+ By). ©)

Here, x4, ug, mg, and Ty are the droplet position, veloc-
ity, mass and temperature, respectively. T is the temperature
of the ambient air, L, the latent heat of evaporation at the
droplet temperature. c, and ¢; are the specific heat at con-
stant pressure of the ambient air and the specific heat capac-
ity of the liquid droplet, and 7, is the response time of the
droplet. f; is a correction to the heat transfer due to evapora-
tion of the droplet[4]. Nu & Pr are the Nusselt and Prandtl
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Table 1 The initial and flow conditions of the indoor

setup.

Ventilation Flow rate (m3/hr) 576
No. Air Exchanges (1/hr) 12
Inlet/Outlet Velocity (m/s) 1.778
Inlet CO;, level (ppm) 400
Inlet Temp. (K) 300
AC Flow rate (m>/hr) 1200
AC inlet velocity (m/s) 2.2371
AC inlet Temp. (K) 293
AC suction velocity (m/s) 0.7994
Room Temp. (K) 297
Ambient humidity (RH) 60
Human body surface Temp. (K) 300
Human exhalation CO2 (ppm) 40000

numbers, respectively [5,6]. B, is the mass transfer number
(details of which can be found in [3]), and Sh & Sc are the
Sherwood and Schmidt numbers, respectively. Under a unit
Lewis number assumption Pr = Sc. For the evaluation of
the Prandtl number the standard definition is used, where as
the Nusselt number [7,8] is evaluated using the expression is
given below along with the definition of 74.

pad;
- 10
Td 18u (10)
Nu = 2+ 0.552Rel/2 Prt/3 (11)
Sh =2+ 0.552Rel/2Sc!/3 (12)

In the above equation p4 is the density of the droplet and
Re; is the Reynolds number based on the slip velocity of a
droplet with respect to the gas phase flow velocity, ugip, =
max(|u — uq|)

Res = puslipidd .
17

The drag coefficient of the droplet, C'p, depends on its
Reynolds number and is given by

13)

2 (1+1/6Ref/®)  Req < 1000
CD — Rey ( + / ed €d ) (14)
0.424 Req > 1000,
and the droplet Reynolds number is given by
— d
Reg = M. (15)
I

3. Simulation Setup

The mouth flow generated while counting from 1 to 10
in English is employed to model speech flow. The flowrate
of speech is represented by ¢ = A, sin?(wt/T}), where A;
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Ventilation inlet

Ventilation outlet | \
T

>

1 j &

Fig. 3 The geometry of the indoor environment adopted
for the present work along with the human sub-
jects within the room.

and T; denote the amplitude and period of the ‘" utter-
ance, respectively. To precisely model respiratory flow dur-
ing speech, we include inhalation along with the expiratory
flow of speech, ensuring mass balance of respiratory flow
throughout one speech cycle. Inhalation phases are added af-
ter the words "five’ and *10’, resulting in a net flow rate of one
speech cycle equaling 0. The flow velocity when applying
this speech model to a mouth opening with an area of 6 cm?
is depicted in Fig. 2. The net flow rate of the speaking model
is 22.74 L/min (or 3.388 L/cycle). While literature provides
data on the size/area of mouth opening during a cough[9], in-
formation for speech is unavailable. Gupta et al.[9] report an
average mouth opening area of 4 cm? for coughing. We as-
sume that the mouth opening area for speech is slightly larger
than that during a cough, choosing a value of 6 cm?.

Droplet size distribution reported in literature varies sig-
nificantly. Loudon and Roberts, and Duguid and Chao et al.
report peak droplet counts of 6 um and 12 pm, respectively,
while Xie et al.[10] report a value as high as 50 yum. Given
the disparate droplet size distribution data in the literature,
we adopt a combination of these figures. The droplet diam-
eter distribution used in this work is illustrated in Fig. 2..
Droplets are injected into the domain at the circular mouth
model at time instants corresponding to the peak velocity of
each utterance.

The indoor space geometry utilized in this work is de-
picted in Fig.3. The room has a floor area of 4 x 4m? and
a height of 3 m. The ventilation system includes a fresh air
inlet and a stale air outlet located on diagonally opposite roof
corners. The room also features an air-conditioning system
with a suction vent that removes air from the room and an
inlet vent that supplies cool or hot air. Seven human subjects
are represented by simplified human figurines in the room.
The subjects are divided into two groups of three and four
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Fig. 4 Evolution of room averaged CO- level as the
speaking model is turned off after 120s.

individuals facing each other, assuming conversation. Dur-
ing the simulation, all subjects are presumed to be speaking
using the speech model shown in Fig.2. The ventilation rate,
AC settings, and initial conditions are summarized in Table 1.
A Neumann or zero gradient boundary condition is applied
to scalar species such as Hy) and CO; at room outlet vents
(Ventilation outlet and AC suction) and the mouth geometry
during the inhalation phase. Finally, the net mass flux of all
scalar species removed from the room through the AC suc-
tion vent is reintroduced via the AC inlet vent, assuming no
mass loss and maintaining net scalar mass conservation

4. RESULTS
(1) Verification

The following verification case was adopted to confirm
that the Dirichlet and Neumann boundary conditions used for
scalar species are suitable and that the scalar species mass is
conserved when recycled through the AC system. The ven-
tilation system is deactivated, the AC system remains opera-
tional during the simulation, and the human subject’s speak-
ing model is switched off after 120s. This configuration aims
to raise the COs scalar mass in the room due to expiration
during speech and maintain a stable value once the speak-
ing model is turned off. The room’s average CO2 mass,
expressed in parts per million, is illustrated in Fig. 4. As
intended by the setup, the CO; level in the room increases
steadily until the speaking model is turned off at 120s, af-
ter which it remains constant. The simulation continues until
240s, during which the total mass of COs scalar decreases by
0.5%.

(2)

Two distinct simulations were conducted to compare CO»
levels and distribution with droplet/aerosol concentration and
distribution: First, a scalar diffusion simulation was used
to model COy diffusion and accumulation within the in-
door space. Second, a droplet dispersion simulation was
performed to examine the dispersion dynamics of discrete
droplets exhaled during speech. In both simulations, the sim-

Comparison of aerosol and CO- distribution

HFE28METETHHEER

Fig. 5 A comparison of distribution of (left) virion con-
centration evaluated from droplet dispersion sim-
ulation and (right) CO5 level minus the ambient
CO;, level (400ppm) on a plane located at 1.6m
from the ground .

Fig. 6 The distribution of CO5 and virion concentration
in Fig. 5 converted to probability of infection.

)
<o B

Fig. 7 Numbering of the human subjects

ulation was run for 100s initially to develop the flow, fol-
lowed by the exhalation of CO4 and droplets. After starting
CO,, exhalation, the simulation continued for 900s, whereas
the droplet dispersion simulation lasted for only 100s. The
shorter duration of the droplet simulation is mainly due to
the computational load imbalance resulting from droplet ac-
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Fig. 8 The infection risk matrix for an exposure period
of 15 mins based on CO; distribution. The color
scheme of the matrix is matched with that of Fig. 9.
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Fig. 9 The infection risk matrix for an exposure period
of 15 mins based on the droplet distribution.

cumulation in certain areas of the computational domain.
Nonetheless, we believe the comparison presented in this
work will be informative and valuable to the reader.

The time-averaged distribution of CO5 levels and virion
concentration on a plane parallel to and situated 1.6m above
the ground is shown in Fig.5. The droplet concentration on
the mentioned plane can be converted into virion concentra-
tion by considering the virion density in the sputum. For
further information on the conversion methodology and rel-
evant parameters, readers are directed to our previous work
[11]. The comparison demonstrates that the local distribu-
tion of droplets/virions and CO4 differ significantly. This
disparity becomes even more pronounced when the CO5 and
droplet distribution are converted into a probability of infec-
tion (the methodology details can be found in [11]), which
is displayed in Fig.6. In both comparisons, the distribution
between the human subjects is similar, with the primary dif-
ference arising in the area below the AC. In other regions, the
difference is not as substantial.

BBEEETHHER

(3) Comparison of person to person infection

The source contamination from human subjects can be
separately tracked to assess the infection risk they pose to one
another. To accomplish this, droplets emitted from each sub-
ject are marked with a unique identifier, and a distinct scalar
transport equation is assigned to each subject to differentiate
the CO2 emitted by them. The number of human subjects is
displayed in Fig.7. The person-to-person risk of infection can
be evaluated using an infection risk matrix. The infection risk
matrix based on CO; levels and droplet concentration under
each subject’s nose is presented in Figs.8&9. The infection
matrix interpretation is as follows: the matrix rows repre-
sent an infected person, and the matrix columns represent a
subject who may be at risk of becoming infected. The rows
are numbered from bottom to top, the columns from left to
right, and the numbers correspond to the person ID in Fig 7.
The matrix entry corresponding to the first row and second
column indicates the risk of infection for person 2 due to
contaminants generated by person 1. The row labeled *Avg’
provides the average infection risk for a given person, con-
sidering contaminants from all other individuals in the room.
Similarly, the *Avg’ column shows the average infection a
given person is likely to cause due to contaminants gener-
ated by that person. Lastly, the matrix’s bottom-right corner
entry offers the room-averaged infection risk, assuming any
one of the occupants may be randomly infected. Note that
the matrix diagonal entries are, by definition, 0, as infected
persons cannot infect themselves.

A comparison of the risk matrix reveals two main obser-
vations. First, the infection risk distribution within the ma-
trix, the infection risk across the two groups, varies between
the two methods. Second, the room and averaged infection
risks are similar across the two methods, though not identi-
cal. Due to a more uniform distribution of CO5 within the
space, the infection risk of a subject from one group caused
by an infected subject from the other group is non-zero and
uniform. In contrast, the droplet simulation results indicate
that individuals in groups 5-7 are less likely to be infected by
persons in the 1-4 group, while persons in the 1-4 group are
at risk due to individuals in the 5-7 group. This difference
may result from the shorter simulation period of the droplet
simulation. The person and room average infection risk are
similar across the two methods mainly because the averaged
data is dominated by a given subject’s high infection risk due
to a nearby neighbor.

5. Summary

This study offers a comparative examination of CO4 diffu-
sion and droplet dispersion simulations, with the main objec-
tive being to ascertain if COy can serve as a suitable proxy
for infection risk due to droplet inhalation in indoor envi-
ronments. To achieve this, droplet dispersion simulation re-
sults, in terms of droplet and virion concentrations, were jux-
taposed with CO; diffusion simulation outcomes. Our analy-
sis revealed that the distribution of virion concentrations and
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COx, levels within the indoor space varied. The disparity be-
tween the findings might stem from the droplet simulation
duration being insufficient for yielding accurate steady-state
statistics. Consequently, enabling a longer simulation du-
ration for the droplet simulation is essential for a more de-
pendable comparison. The person-to-person infection risk
comparison exhibited greater consistency between the two
methodologies since this approach primarily concentrates on
the area between human subjects, where the agreement be-
tween the two methods is stronger.
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