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Abstract — In order to prevent the spread of COVID-19 through the airborne route for rooms without dedicated
ventilation systems, stand fans can be used for forced ventilation through windows and doors. In this work,
computational fluid dynamics (CFD) simulations of indoor airflow were performed using a CFD package to
assess the effect of a single stand fan in terms of air change rate per hour (ACH) and evacuation rate of aerosols
produced by two occupants. Four fan configurations were investigated in a room with one window and one door:
(1) air intake near the door, (2) air exhaust near the door, (3) air intake near the window, and (4) air exhaust
near the window. Additionally, two aerosol production cases were studied: (a) the occupant near the door solely
produces the aerosols and (b) the occupant seated near the window solely produces the aerosols. Results show
that all the configurations satisfy the DOLE guidelines for ACH of offices, and the intake configurations yielded
about 2-4 times higher air change rates compared to the exhaust configurations. Remarkably, even though
configuration 2 has the lowest air change rate per hour, it has the highest aerosol evacuation rate for case A.
Although, this is undesirable for actual implementation since the door path is used by occupants going in and out
of the room. Still, this study shows that the resulting air flow field and consequent aerosol transport is an
important factor besides the air change rate when assessing the potential of spreading the disease.
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I. INTRODUCTION

As of May 2021, around 155 million people have already been infected by COVID-19, and
around 3.2 million died because of the virus. To prevent its spread, lockdowns, halting of
production, and restriction of social gatherings were implemented in many countries. These
actions negatively affected, and are still affecting the global economy [1]. Meanwhile, despite
implementing the world’s longest lockdown, the Philippines recorded around 1 million
infections with 17 thousand deaths, and the running daily count of new cases is increasing yet
again [1]. The country suffered 9.5% contraction in Gross Domestic Product (GDP) with
almost 5 million Filipinos displaced in their jobs in 2020 [2].

Initially, COVID-19 was thought to be transmitted via respiratory droplets both through
direct and indirect routes [3]. Direct transmission can occur when an infected person is in close
proximity with a healthy one; the virus is spread through the droplets generated during
coughing, sneezing, and even talking and breathing. On the other hand, an indirect route is
manifested when the respiratory droplets generated by an infected individual fall on surfaces,
a healthy person touches the contaminated surfaces, and then proceeds to touch their eyes,
nose, or mouth where pathogens can enter. Accordingly, social distancing, use of face masks,
and disinfection of surfaces and hands were recommended to deter virus transmission.
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However, as the global pandemic ran its course, more and more evidences [4-6] suggest that
COVID-19 is actually transmitted more effectively through the airborne route via aerosols
(droplets with diameter of < 5 micrometers) that remain in the air for 3 hours or longer
depending on the ventilation [3]. These aerosols, being small in diameter and mass, can be
transported by parcels of air, and can infect a healthy person if inhaled in sufficient amounts.

Since the airborne transmission of COVID-19 is very likely to happen inside closed rooms
and buildings, it is necessary to review the ventilation strategies implemented in such indoor
spaces [7-8]. One of the guiding principles in ventilation standards is the displacement of stale,
possibly contaminated, air inside rooms through the introduction of fresh air from the outside.
This strategy helps in preventing the increase of virus concentration inside rooms, and it is
usually quantified using air change rate, or the measure of how many times the air inside a
room is replaced by clean air outside for a given time interval. It is usually reported in hourly
terms; for instance, it is recommended for hospital rooms to have 2-6 air changes per hour
(ACH) [9]. Recently, the Department of Labor and Employment (DOLE) released a guideline
of 6-12 ACH for offices and public transport [10]. Improvement of the air change rate is
accomplished through opening windows and doors, adding dedicated inlet and exhaust
ventilation systems, and adding fans for forced ventilation. In addition to air change rate, air
flow fields inside rooms also need to be considered. The air flow field should not transport
exhaled air of an infected occupant towards a healthy one, and there should be no flow patterns
that allow the stagnation of air which can lead to aerosols settling in some parts of the room.
Air flow fields can be improved through room layout modification and reorganization of
ducting and fan placement. Both the air change rate and the air flow field dictate the transport
of aerosols, from the moment they go out of the respiratory tract of an infected person until
they go to every part of the room or to outside. Another strategy that can be implemented is
the use of air filters and purifiers to remove or kill the virus.

To assess a ventilation system and strategy, experiments can be done to monitor the air
flow and temperature profiles, and even the particle content profile, in different parts of a room,
such as in the studies of Xue et al. [11], Liu et al. [12], and Lin et al. [13]. The success and
usefulness of such experiments are highly dependent on the spatio-temporal resolution of the
laser and imaging equipment in laser-based experiments, or the temperature and air flow
sensors in sensor-based experiments. In indoor air flow experimental research, equipment costs
can get quite prohibitive. This limitation gave way to the popularization of computational fluid
dynamics (CFD) simulations for studying indoor air flow. Several CFD simulation studies,
before and during the COVID-19 pandemic, were and are being performed to analyze the
effectiveness of different ventilation strategies for different scenarios. Horan et al. [14] studied,
using Ansys CFX software, the effects of external wind conditions, speed and direction, and
the number of windows for the ACH of a naturally ventilated building. Variation of external
conditions was shown to cause significant variation in ACH, while ACH was shown to be
positively correlated to the number of windows. Lipinski et al. [15] studied, using Star-CCM
software, the ventilation performance of two natural ventilation configurations, the Windhive
and Ventive Active, for classroom set-up. Performance was assessed in terms of ACH, air flow
profile, and CO, concentration profile. A constant release of 0.035 m®/hour of CO, from each
of the occupants was assumed in the study. They demonstrated a higher resulting ACH for the
Windhive configuration (3.3) compared to Ventive Active (2.5). The Windhive configuration
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also yielded favorable CO2 ppm levels. Their study shows that natural ventilation is desirable
since aerosols are not being pushed across the room. Abuhegazy et al. [16] investigated, using
Ansys Fluent with a k-e RNG turbulence model, the effects of particles size, aerosol source
location, barriers, and windows in the aerosol transport inside a classroom. They found that
around 24 — 50% of the particles smaller than 15 micrometers exit the system within 15
minutes. They also found that opening the windows increased the particle exit fraction by 38%.
Borro et al. [17] performed coupled Eulerian-Lagrangian CFD simulations of a waiting room
inside a hospital building. The particles are modeled with a Rosin-Rammler distribution. Their
results show that the implemented HVAC system helps in the dilution of infected particles.
However, it also helped in the transport of the infected particles across the room after a
coughing event. Kabrein et al. [18] performed CFD simulations, using Ansys Fluent with a k-
€ RNG turbulence model, to investigate the effect of air change rate to CO2 concentrations in
a room. They also performed subsequent experimental validation of the simulation results. A
fixed flow rate of CO> from each of the occupants was assumed in the study. They found that
CO2 concentrations are high near breathing zones and low near the walls where air velocities
are relatively low. The temperature, velocity, and CO- profiles generated were found to be in
accordance with ASHRAE standards. Bhattacharya et al. [19] simulated the airflow inside a
hospital room with an air-conditioning and aerosol-sanitizing system, using unsteady CFD
with a k-w SST turbulence model. Compared to the previous studies, the particles were aimed
to reach every part of the room, since it is assumed that the viral particles are already killed
using the sanitizer.

Until now, the University of the Philippines Diliman (UPD) is still delivering courses
online in order to prevent the spread of disease. On the other hand, offices that are needed for
processing urgent and important documents, e.g., the Budget Office and the Human Resources
Development Office, have to continue their operation, which requires their staff to report
physically to work. Upon official inspection, they are observed to follow protocols, e.g., face
mask wearing and social distancing requirements. However, the offices only have air-
conditioning systems for thermal comfort which is unsatisfactory from a ventilation standpoint.
The installed systems allow the indoor circulation of air but do not promote air exchange with
fresh outside air. Immediate strategies recommended were the opening of windows and the
addition of stand fans for forced ventilation. The stand fans were also recommended to be
placed near windows, and in some cases, near doors, so they can serve as inlet and/or exhaust
devices, thus increasing air exchange rates. The current work aims to study, using 3D CFD,
these immediate strategies in order to improve insight and provide more detailed
recommendations. The specific objectives of the current work are as follows:

1. Determine, for a single room with 2 occupants, the improvement in air change rate due
to the installation of a single stand fan under 4 configurations: (1) air intake near the
door, (2) air exhaust near the door, (3) air intake near the window, and (4) air exhaust
near the window.

2. Investigate, for a single room with 2 occupants, the resulting transport of aerosol

exhaled by a single occupant, i.e., whether aerosols get evacuated from the room,
deposited on surfaces, or stay airborne indoors.
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Il. METHODOLOGY

In this work, Ansys Fluent 19.2 was used for the three-dimensional (3D) CFD simulations.
The k-€ realizable turbulence model was adopted, similar to previous studies of indoor air flow
[20]-[23]. Although some studies showed the effectiveness of k-e RNG turbulence model, the
preliminary simulations we performed were not able to produce satisfactorily converged
solutions, thus leading us to continue with k-e realizable turbulence model. The pressure-based
coupled scheme, which was compared with the SIMPLE scheme on section 2.3, was used as
the solver. Least Squares Cell Based scheme for gradient was used for a balance of accuracy
and computational time [24]. Furthermore, the second order scheme for pressure transport, and
the second order upwind scheme for both momentum and turbulence transport were used to
maximize accuracy for a mesh generally unaligned with the flow field. Lastly, the cut-cell
method, a hexahedral dominant meshing technique, was used since preliminary simulations
for the default linear and quadratic tetrahedral elements failed to produce converged solutions.

Since the focus of this study is the effect of the single stand fan for forced ventilation, the
effects of external conditions, e.g., external air velocity and turbulence, were neglected.
Additionally, the air-conditioning system was set to be turned-off as the opening of windows
and doors may overload the system due to very high air infiltration load. The boundary
conditions of the two openings, the door and the window, were set as 0 gauge pressure inlet
and outlet. The choice of setting one as the inlet and the other as the outlet depends on the
location and orientation of the single stand fan. For example, when dealing with the
configuration with air intake near the door, the door is specified to be an inlet and the window
is specified to be an outlet. Moreover, we emphasize that both pressure-specified boundary
conditions allow backflow as it is an important consequence of not having the stand fan flush
with either boundary. Lastly, a convergence criterion of 1 x 103 was set for all residuals.

The door and window mass flow rates of all the configurations were monitored and
were used for the determination of air change rate per hour given by the equation

m
ACH = ———— x 3600 (Eq.1)
pfluid room

where

m = mass flow rate (kTg),

p = density of the fluid = 1.225 %, and

Vioom = volume of the room (m3).
Note that at steady-state, the mass flow rate going in is equal to the mass flow rate going

out. Therefore, we can use either the door or window mass flow rate for this calculation,
regardless of whichever is an inlet or an outlet.

2.1. Room Geometry, Layout, and Objects

The geometry and layout of an existing room (6.731m X 3.429 m X 2.690 m) in UPD
with two openings, the door (2.083 m x 0.889 m) and the window (1.470 m x 1.170 m), was

Copyright 2021 | Philippine Engineering Journal Phil. Eng’g J. 2021; 42(1): 83-105



K. Fernandez, J. Dalisay & M. Berana 87

used in the study. The approximate lay-out of the room is shown in Figure 1 and the simplified
geometries of the sitting occupants, their work tables and computer monitors are shown in
Figure 2.
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Figure 1: Room Lay-out

Figure 2: Simplified Occupants and Worktables

The front or back of the fan is assumed 1 foot (~0.30 m) away from the boundary and the
distance from the front/back to blades is half of the thickness of the fan (0.06 m). Thus, the
fan internal boundary condition was placed 0.036 m away from either at the center of the door
or window. The four configurations: (1) air exhaust at the door (fan door exhaust, FDE), (2)
air intake at the door (fan door intake, FDI), (3) air exhaust at the window, (fan window
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exhaust, FWE) and (4) air intake at the window (fan window intake, FWI) are illustrated in

Figure 3.
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Figure 3: Fan Configurations

2.2. Modeling the Fan from Experiments

An infinitely thin surface internal boundary condition, one of the validated models of
Krol et al. [25] in their study, was used to model the fan. In order to determine the boundary
condition properties, actual dimensions were measured, and its performance was characterized.

(@)

(b)

Figure 4: (a) Actual Fan (b) Pressure and Velocity Measurement Devices

(Pasco Xplorer GLX)
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The measured dimensions of the actual fan as shown Figure 4a are as follows: 0.41 m total
diameter, 0.10 m hub diameter, and 0.13 m fan thickness. These values are used to create a 3-
D model of the fan in ANSYS Spaceclaim. The input for the boundary condition was a single
pressure jump value, since the actual stand fan does not have an indicated fan curve and it is
assumed to run at a single steady mass flow rate. This pressure jump is computed from
experimental measurements of a fan operated at the highest speed; it is the average of measured
pressure jJumps at the points shown in Figure 4a. Table 1 shows the measurements and the final
average value of 16.711 Pa.

Table 1: Measurement of Pressure Jumps

Delta Pressure (Pascal) A B C D E
1 18.766 22.578 18.203 20.469 25.922
2 26.344 28.195 25.664 28.586 32.203
3 30.305 28.382 29.187 32.735 34.148
4 13.18 16.132 23.773 10.258 25.656
5 1.594 -0.219 6.492 3.094 -0.266
6 -2.179 0.015 2.711 -1.000 0.390
Average Per Line 14.668 15.847 17.672 15.690 19.676
Overall Delta Pressure 16.711

The boundary condition allows for swirling, which is important in modeling the induced
flow correctly. In order to characterize the swirl, CFD analyses of varying tangential velocity
component were performed using a geometry with only a fan in a vacant 3-D space. From these
analyses, we determined the tangential velocity component required to minimize the error with
respect to experimental measurements. The radial velocity component of such stand fans is
negligible [26-27] so it is set to 0 m/s in this study. The elements of the mesh are set to be
hexahedral with a maximum element size of 50 mm. While first assuming that the tangential
velocity component is negligible, gradient adaption was performed to enforce mesh
independence: elements with velocity gradients > 0.01 m/s were successively refined until
the average sum of squared velocity errors, between the previous and the current mesh, at a
vertical line situated 30 cm away from front of the fan (Figure 5) goes < 0.01.
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Figure 5: Vertical Line 30cm Away From Fan (Face A)

Table 2: Actual Velocity Measured at Face A

Position from the Ground (m) Measured Velocity (m/s)

(From Top to Bottom of Point A)
0.797 2.12 +/-0.6
0.834 4.14 +/- 0.5
0.871 4,76 +/- 0.5
0.897 4,54 +/-0.1
0.923 3.78 +/- 0.2
0.974 3.52+/-0.4
1.025 3.66 +/- 0.5
1.076 458 +- 0.3
1.102 4.62 +/-0.2
1.128 3.96 +/- 0.4
1203 2.02 +/-0.3

The axial velocities at Face A (Figure 5) were measured experimentally as listed in Table
2. Using the adapted mesh, the tangential velocity component was varied from 0 to 1 m/s at
increments of 0.1 m/s. The case with the minimum average sum of squared velocity errors
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between the experiments and simulations can be identified from this parametric analysis, as
seen in Figure 6. The resulting tangential velocity (0.6 m/s) is then used for this study.
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Figure 6: Average Sum of Squares of Error Versus Tangential Velocity (m/s)

2.3. Solver Choice and Mesh Dependence Studies

Preliminary steady-state simulations with global maximum element sizes of x mm (X
elements), 50 mm (~350000 elements), 100 mm (70000 elements), and 200 mm (20000
elements), were performed for all fan configurations to determine the solver that will be used
for the study, and ensure mesh independence. The comparison between two different solver
algorithms are in Table 3. Although using different solvers (Coupled vs. SIMPLE) yielded
close results, the Coupled solver was chosen since it produced converged solutions for all
configurations and element numbers.

Table 3. Solver Versus Corresponding Mass Flow Rate Values

Mass Flow Rate (kg/s)
Fan Door Intake Fan Door Fan Window Fan Window
Exhaust Exhaust Intake

Element SIMPLE | Coupled | SIMPLE | Coupled | SIMPLE | Coupled | SIMPLE | Coupled
Number
~350000 | 0.78149* | 0.81715 | 0.21792 | 0.22106 | 0.28497 | 0.28635 | 0.63023 | 0.61221
~70000 | 0.79318* | 0.75368 | 0.21959 | 0.22174 | 0.28642 | 0.29526 | 0.62562* | 0.61725
~20000 | 0.64826* | 0.70962 | 0.24278 | 0.22105 | 0.27586 | 0.29077 | 0.65744* | 0.67551

*did not converge, values taken in 2000 iterations
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The mesh dependence study results using the Coupled solver is in Table 4. The mass flow
rates at the door and window were compared with those of the finest mesh. Specifying a
criterion of less than 5% error for mesh independence, we proceed with using approximately
70,000 elements for the rest of the study.

Table 4: Element Number Versus Corresponding Mass Flow Rate Values

Fan Door Intake Fan Door Fan Window Fan Window
Exhaust Exhaust Intake
Element Mass | Percent | Mass | Percent | Mass | Percent | Mass | Percent
Number Flow Error Flow Error Flow Error Flow Error

Rate Rate Rate Rate
(kg/s) (kg/s) (kg/s) (kg/s)
~1300000 | 0.78999 - 0.22468 - 0.28737 - 0.63673 -

~350000 | 0.81715 | 3.44 |0.22106 | 1.60 |0.28635| 0.35 |0.61221| 3.85
~70000 | 0.75368 | 4.60 |0.22174| 130 |0.29526| 0.73 |0.617/25| 3.06
~20000 | 0.70962 | 10.52 |0.22105| 1.61 |0.29077| 1.18 |0.67551 | 6.09

2.4. Time Step Size Dependence Study for Transient Simulations

Reducing the convergence criterion for the residuals down to 1x 10™* produced
oscillating residuals for steady-state simulations. We surmised that there is inevitable transient
behavior in the system, so we decided to do transient simulations for the study. The Courant
number, a non-dimensional number for time-integration schemes that should ideally have a
value of < 1 [28], was monitored. It is given by the equation

C—At(u+v+w) (Eq.2)
B Ax Ay Az e

where
C = Courant number,
u, v, w = flow velocities in m/s along the x, y, and z directions, respectively,
At = time step size in seconds, and
Ax, Ay, Az = element sizes in meters along the x, y, and z directions, respectively.

For the simulations to have a maximum Courant number of less than 1, both the intake and
exhaust configurations of fan near the door should have a time step of 0.0005 seconds, while
it should be 0.00025 s for configurations of fan near the window. The transient simulations
were also performed at time-steps of 0.005 s and 0.05 s for the door configurations, while
0.0025 s and 0.025 s for the window configurations. It can be seen in Figure 7 and Figure 8
that, even though the maximum Courant number exceeded the value of 1 for larger time steps,
the mass flow rates approach similar steady-state behavior. This is possibly due to the Courant
number being large only at small regions of the domain, and thus not affecting the overall
behavior of the flow field very much. In order to decrease the computational expense, 0.05-s
time steps are adopted for fan-near-the-door configurations, and 0.025-s time steps are adopted
for fan-near-the-window configurations.

Copyright 2021 | Philippine Engineering Journal Phil. Eng’g J. 2021; 42(1): 83-105



1.00E+00

9.00E-01

8.00E-01

7.00E-01

6.00E-01

5.00E-01

4.00E-01

3.00E-01

Door Mass Flow Rate (kg/s)

2.00E-01

1.00E-01 |

0.00E+00

2.50E-01

2.00E-01

1.50E-01

1.00E-01

Door Mass Flow Rate (kg/s)

5.00E-02

0.00E+00

K. Fernandez, J. Dalisay & M. Berana 93

/
= Time-Step = 0.0005
= Time-Step = 0.005
‘ Time-Step = 0.05
10 20 30 40 50 60

Flow Time (seconds)

Figure 7: Time-Step Comparison (Fan Door Intake)
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Figure 8: Time-Step Comparison (Fan Door Exhaust)

2.5. Discrete Phase Model

The discrete phase model used in the studies of Zhai et al. [29] and L. et al. [30] was
used for particle tracking in this study. This Lagrangian model predicts the movement of the
particle based on the integration of external forces due to the fluid phase [31]. In this work, the
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Saffman lift, virtual mass, and pressure gradient forces were not included. For simplicity, a
uniform particle diameter was set to be 0.26 microns, which is based on a study of mean
diameters of human-generated aerosols [32]. The particle size limit is based on the use of
surgical masks (these are used by occupants of the room being studied) which allow
penetration of particles with aerodynamic diameters less than 5 microns [33-34]. Evaporation
or growth rate of particles due to temperature and relative humidity was neglected. The particle
velocity was set to be 4 m/s for normal breathing, and 15 m/s for coughing events [35]. The
default stochastic tracking discrete random walk model was used to disperse the particles based
on the instantaneous turbulence of the fluid phase. Lastly, the particle fate upon contact with
the boundaries were summarized in the table below.

Table 5: Discrete Phase Model Boundary Condition

Boundary Particle Fate
Door Escape
Window Escape
Floor and Walls Trap
Occupants and Worktables’ Surfaces except Trap
Mouth
Infected Occupant’s Mouth Reflect
Healthy Occupant’s Mouth Escape

The particles were continuously injected from an infected occupant’s mouth starting from
60 seconds flow time. This starting point is when the mass flow rates at the door and window
reach a steady-state value or oscillation. The simulations last until 240 seconds flow time.
Breathing and coughing events were modeled through the variation of velocity coming from
the infected occupant’s mouth. It was assumed that the area of the mouth is 5% of the total
area of the mask, thus, to estimate the particle velocity through the mask, continuity equation
was used given by

(pair) (Amask) (Vmask) = (pair) (Amouth) (Vmouth) (EQ- 3)
where

Pair = density of air in kg/m?3

Apask = area of the mask in m?

Vimask = velocity of the particle through the mask inm/s
Amoutn = area of the mouth in m?

Vimouth = velocity of the particle from the mouth inm/s

Figure 9 shows the assumed variation of the particle velocity through the mask in a 10-second
interval. The healthy occupant is assumed to have 0 velocity boundary condition. The fate of
each particles, whether escaped, trapped on the walls, or still circulating inside the room were
recorded. The process was repeated for the case where the infected and healthy roles were
switched.
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Figure 9: Infected Occupants Mask Velocity Versus Time

I11. RESULTS AND DISCUSSION
3.1. Air Change Rates

Table 6: Air Changes Per Hour of the Four Configurations

Air Changes Per Hour
FDE FDI FWE FWI
Min 1531 | 55.86 | 18.68 | 45.45
Max 16.67 | 61.47 | 20.68 | 53.30
Average | 16.19 | 59.06 | 20.19 | 49.90

Shown in Table 6 are the values of air change rates for the four configurations. Note that
because of flow oscillations, the ACH varies between minimum and maximum values. The fan
intake configurations produced relatively higher rates, by about 2 to 4 times, compared to the
fan exhaust configurations. The highest average value is 59.06 ACH for the fan door intake
(FDI) configuration, followed by fan window intake (FWI) with 49.90 ACH, and the lowest
average value is 16.19 ACH for the fan door exhaust (FDE), followed by fan window exhaust
(FWE) with 20.19 ACH. This peculiar behavior can be explained by flow reversals at the
boundary near the fan, when the fan is set to be an exhaust. This is illustrated for the FDE
configuration in Figure 10. The low-pressure region at the back of the exhaust fan allows air
to come in from the door. This decreases the weighted average of the mass flow rate at the
door, thus decreasing the air change rate as well.
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Figure 10: Path lines of FDE Configuration

3.2. Particle Transport

The fates of the aerosols coming from the infected occupant (man near the door for case A
and man near the window for case B) are tabulated below. For case A, the configuration with
the best evacuation rate is FDE, with 27.21% of the total particles generated exiting through
the door. Additionally, no particle has reached the side of the healthy occupant for this
configuration. On the other hand, the FWE configuration has the highest number of particles
still circulating the domain which is 33.58%. For case B, the highest evacuation rate is seen in
the FDI configuration with 10.54% of the total particle generated exiting through the window.
On the other hand, FDE and FWE configurations have a high number of particles still
circulating within the domain with values of 30.01% and 27.31%, respectively.
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Figure 12: Particle Fate Case B
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Case A under the FDE configuration having the most desirable result can be explained by
looking at the air flow field in a horizontal plane created at the level of the infected occupant’s
mouth (Figure 13). After the breathing or coughing events, the resulting air flow field moves
the particles directly towards the exhaust fan and then through the door. There are no nearby
vortex structures that can bring the particles to other parts of the room. Furthermore, Figure 14
shows that almost all the particles at t = 240 s are near the door, i.e., the infected occupant’s
side, and no particles are present in the other side of the room.

Infector

1.250e-02

-5.000e-02
[m s?-1]

0.750 2

Figure 13: Flow Field FDE (Case A)
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Figure 14: Particle Dispersion FDE (Case A)

The presence of incomplete particles, i.e., those still circulating within the domain, is
undesirable since these particles can still be breathed in, or deposit on surfaces that can be
touched, by the healthy occupant. The air flow fields of FWE configuration for cases A and B,
with incomplete particles of 33.58% and 27.31%, respectively, both have a large vortex
structure between the infected and healthy occupants. This is shown in Figure 15 and Figure
17. After coughing or breathing events, particles follow the streamlines leading to the
aforementioned vortex structure. This led to the particles being circulated in the space between
the occupants as shown in Figure 16 and Figure 18.
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Figure 15: Flow Field FWE (Case A)
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Figure 16: Particle Dispersion FWE (Case A)
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Figure 17: Flow Field FWE (Case B)
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Figure 18: Particle Dispersion FWE (Case B)

On the other hand, case B of the FDE configuration with 30.01% incomplete particles has
an isolated vortex structure near the infected occupant. This localizes the particles in the space
near the infected occupant so only a small fraction is accessible by the healthy occupant.
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Figure 19: Flow Field FDE (Case B)
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Figure 20: Particle Dispersion FDE (Case B)

3.3. Relationship Between Air Change Rate and Particle Transport

Even though the air change rate is a measure of how well the stale air inside the room
is displaced by fresh clean air outside so higher magnitude is theoretically better, the current
study shows that the configuration with the highest air change rate did not have the most
desirable particle evacuation characteristics. The FDI configuration, with the highest average
air change rate of 59.06, only has an evacuation percentage of 10.54% for case B. In stark
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contrast, Case A of the FDE configuration, with the lowest average air change rate of 16.19,
has an evacuation percentage of 27.21%. The important implication of the current study is that:
the air flow field inside the room is a decisive factor in determining the fate of the aerosols
inside a room, in addition to the air change rate. This supports the fact that the use of localized
or personalized ventilation systems in restaurants and hospitals, although has a very minimal
effect on the room air change rate, is very effective in evacuating particles in the room, whether
they be contaminants or odor.

IV. CONCLUSION

A 3-D CFD study was performed to assess the effect of using a single stand fan for forced
ventilation, in a single room with two occupants, to the air change rate and the particle
transport. Results show that the intake configurations (49.90 and 59.06 ACH) produced higher
values of air change rates compared to exhaust configurations (16.19 and 20.19 ACH).
Additionally, case A of the fan-door-exhaust configuration resulted to the highest particle
evacuation percentage (27.21% of generated particles) which is attributed to the resulting air
flow field directing the aerosols from the infected occupant’s mouth to the door exit. The
current study shows that determining, and perhaps changing, the air flow field inside a room
IS an important factor besides increasing the air change rate, in terms of particle evacuation.

Even though case A of the fan-door-exhaust configuration resulted to the highest particle
evacuation percentage, particle evacuation is primarily through the door. This is undesirable
for actual implementation, since the door path is used by occupants going in and out of the
room. Based on the study of air flow fields, a better recommendation would be to implement
the fan-window-exhaust configuration and relocate the two occupants on opposite sides of the
window. In this configuration, breathed and coughed aerosols will be sucked right away by the
stand fan and deposited out the window where no other individuals will be present. This can
be verified in the future by extending the configurations of the current study.

The current study is an isothermal analysis of the indoor environment. In reality,
temperature gradients may affect not only the natural convection of indoor air, but also the
growth or evaporation rate of airborne liquid particles. Non-isothermal analysis is
recommended for future investigation. Moreover, forces due to auxiliary effects such as
Saffman lift, virtual mass, and pressure gradient can be included in the discrete phase model
for better prediction of particle dispersion.

The paper was also limited to certain configurations of stand fan position and direction.
The effects of fan distance from the exit point, fan angle, exit area, and room layout on the

flow field and particle transport can be studied in future work. Lastly, exploring the movements
of the occupants in relation to the particle transport may be done in future work.
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