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Optimizing the airflow of displacement ventilation system to reduce the
risk of particle inhalation and energy usage.
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In this study, we explored optimizing indoor ventilation systems to mitigate aerosol transmission risks
highlighted by the COVID-19 pandemic. We assessed the potential of retrofitting existing mixed ven-
tilation systems with displacement ventilation, which introduces fresh air from below to efficiently
remove airborne contaminants. Utilizing droplet simulations with the CUBE solver and genetic algo-
rithms for design optimization, we balanced infection risk reduction against energy consumption. Our
results demonstrated significant droplet concentration reductions in optimized scenarios, highlighting
a trade-off between health risks and energy use, as evidenced by the generated Pareto curve.
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1. INTRODUCTION

The novel coronavirus, identified in 2019, spread globally,
significantly impacting public health systems and everyday
life. One of the factors contributing to the rapid expansion
of COVID-19 infections is the lengthy asymptomatic incu-
bation period during which unaware carriers can transmit the
virus to others. This characteristic made it challenging to
identify and isolate infected individuals promptly, compli-
cating efforts to control the spread of the disease. The virus
primarily transmits through three pathways: contact, droplet,
and aerosol transmission. Contact transmission occurs when
virus-laden droplets from an infected individual contaminate
another person’s hands, which then contact mucous mem-
branes. Droplet transmission involves direct mucosal depo-
sition from larger respiratory droplets, while aerosol trans-
mission occurs through inhalation of microscopic droplets
suspended in the air.

Addressing these modes of transmission has involved var-
ious strategies: hand hygiene using alcohol-based sanitiz-
ers for contact transmission, wearing masks and avoiding
crowded places for droplet precautions, and enhancing venti-
lation for aerosol transmission. However, maintaining social
distancing is not always feasible in everyday life, making ef-
fective ventilation an essential strategy, particularly against
aerosol transmission.

Most facilities typically employ mixed ventilation systems
that dilute and disperse indoor pollutants by mixing contam-
inated indoor air with fresh intake. However, this method is
less effective in clearing smaller aerosol particles that pose a

significant infection risk. An alternative, displacement venti-
lation, introduces fresh air at a lower level, allowing natural
convection to lift lighter airborne contaminants to upper ex-
haust outlets without mixing with the indoor air. This method
can effectively ventilate pollutants but has been limited by
high costs. In his research, Yamamoto addressed these cost
challenges by adapting traditional mixed ventilation systems
for displacement ventilation, achieving successful replica-
tion but not yet examining more efficient designs comprehen-
sively. This background sets the stage for our study, which
aims to further explore and optimize ventilation designs to
enhance public health safety efficiently.

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-
vation equations in the compact form are given by

W v.F=s,

ot M

where U and F are given below.
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Here, the density of the gas/air is represented by p and
the viscosity is given by u. 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
€= —— + FUul;,

-1 2 )

where + 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

"V, = DLVY;. 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
of change of droplet temperature are given by the equations
below

Given below are the equations governing the rate of
change of droplet mass, m,, velocity, uy, temperature, Ty
and position.
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Fig. 1 a) Distribution of droplet diameter at the time of
injection[1].

6.0

4.0

2.0

0.0

Velocity (m/s)

-2.0

-4.0

0.0 2.0 4.0

time (s)

8.0

Fig. 2 The velocity profile of flow generated during the
speech as function of time[2].
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Here, x4, ug, my, and T, are the droplet position, veloc-
ity, mass and temperature, respectively. 7" 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
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
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the Nusselt number [7,8] is evaluated using the expression is
given below along with the definition of 74.

pad;
= Bd 10
181 (10
Nu =2+ 0.552Rel/2pPrt/3 (11)
Sh =2+ 0.552Rel/?S¢!/3 (12)

In the above equation p, 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, ugi, =
max(ju — uq|)

ipd
Re, = PUslipdd (13)
I
The drag coefficient of the droplet, C'p, depends on its
Reynolds number and is given by

24 2/3
o [ (1 +1/6Re> ) Rea <1000,
0.424 Req > 1000,
and the droplet Reynolds number is given by
—ug)d
Rey = w. (15)

3. Simulation Setup

In our study, we analyzed a room equipped with a single
air supply and exhaust vent, both located on the wall. The
layout of the room is designed to simulate the presence of an
infected individual to assess the dispersion and concentration
of droplets over time. Figure 3 illustrates the configuration
of the room.

Outlet

2.56m

Fig. 3 Ventilation design in the analyzed room.

Air Supply Vent: The design variables for the air supply
vent were its size and position. We identified ten potential
positions, distributed evenly across the upper and lower sec-
tions of the wall. Figure 4 shows these possible positions, fa-
cilitating the selection of the optimal placement for effective
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Fig. 4-a Upper inlet

Fig. 4-b Lower inlet

Fig. 4 Potential positions for the air supply vent.

Table 1 Options for air supply vent size.
Case | Size 1 (m?) Size 2 (m?)
1 | 02x04 03x05

air distribution. The vent size varied between two options:
0.2 x 0.4 m? and 0.3 x 0.5 m2, as summarized in Table 1.

Exhaust Vent: The exhaust vent’s size and position were
determined using a similar methodology as the supply vent.
Figure 5 and Table 2 outline these variables to ensure a bal-
anced ventilation approach.

Table 2 Exhaust vent size options.
Case | Size 1 (m?) Size 2 (m?)
1 | 02 x 04 0.3 x 0.5

This configuration allows us to extensively test the impacts
of vent position and size on the efficiency of the ventilation
system, aiming to optimize particle dispersion and energy us-
age.

Flow Rate: For the assessment of our displacement venti-
lation system, we established a range of flow rates at the inlet
vent, incrementally set from 0.01 m3/s to 0.06 m3/s in steps of
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Fig. 5-a Upper outlet

Fig. 5-b Lower outlet

Fig. 5 Configurations for the exhaust vent placement.

0.01 m3/s. This methodical approach allowed us to system-
atically evaluate the performance of the ventilation system
across a spectrum of potential airflow scenarios, ensuring a
comprehensive analysis of its effectiveness in various opera-
tional conditions. Each incremental step provided a discrete
data point for analysis, contributing to a robust set of simula-
tions that informed our optimization strategy.

4. Results

The Pareto optimization analysis conducted on the dis-
placement ventilation system demonstrated a progressive re-
finement of solutions across six generations. The resulting
data, as illustrated in Figure 6, reveals a clear Pareto frontier
emerging by the 6th generation, signifying an efficient trade-
off between the two competing objectives: virus density and
power consumption.

The objective functions of power and virus density
(copies/m3) were plotted, where each generation is repre-
sented by a distinct color. Initially, in the 1st generation, a
wide dispersion of solutions was observed, with some de-
signs yielding low virus density at high power consumption
and others showing the opposite trend. Subsequent gener-
ations showed a convergence towards a narrow band where
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the increase in power did not necessarily result in a signifi-
cant decrease in virus density.

By the 6th generation, represented in red, the data points
clustered tightly along a curve, demonstrating that the op-
timization process had successfully identified designs that
strike an optimal balance between minimizing virus density
and power usage. Specifically, the solutions with the low-
est virus density without excessive power consumption were
considered the most favorable.

The stability of the Pareto frontier between the 5th and
6th generations indicates that further iterations did not yield
significantly better trade-offs, suggesting a possible conver-
gence of the optimization process. The optimal solutions
identified offer insights into the design parameters that con-
tribute to an effective and energy-efficient displacement ven-
tilation system while minimizing the risk of viral particle
transmission.

Objective functions up to 6th generation
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Fig. 6 Pareto Frontier Representing the Trade-off Be-
tween Power Consumption (kW) and Virus Den-
sity (copies/m?) Across Six Generations.

5. Summary

In this study, we employed Computational Fluid Dynam-
ics (CFD) simulations to evaluate the risk of droplet trans-
mission and utilized the genetic algorithm CHEETAH/R for
optimization, aiming to balance infection risk and energy
consumption in indoor ventilation systems. As a result, we
observed the generation of a Pareto curve through succes-
sive generations, demonstrating the feasibility of optimizing
ventilation systems using this method. This allows for tai-
lored ventilation designs optimized for specific room config-
urations, aligning with user-defined priority parameters.

However, this research was limited to a single optimiza-
tion approach, which precludes a comparative performance
analysis with other methods. Future studies should explore
different crossover techniques and optimization strategies
to evaluate convergence properties and computational costs
more comprehensively. Additionally, while this study fo-
cused on optimizing infection risk and energy consumption,
the aspect of occupant comfort, which is crucial in evaluating
ventilation effectiveness, cannot be overlooked. Thus, future
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research should also consider optimizing indoor ventilation
with an emphasis on comfort to provide a more holistic ap-
proach to ventilation design.
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