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investigates the air change rate effectiveness in reducing droplets spreading in a
classroom. Cases with various layouts of inlet and outlet vents are considered, and the
spread of droplets is studied. The airflow analysis shows the impact of the different
ventilation layout configurations. The results show that the CFD model simulation
indicates an optimum ventilation configuration to decrease the droplet spread. The
discrete phase model results also determine the trajectory of droplets spread along
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1. Introduction

The COVID-19 pandemic has spread in various countries including Indonesia. The SARS-CoV-2
virus that causes the disease can spread through droplets contained in the air exhaled by people
exposed to the virus. Insufficient ventilation in highly crowded environments such as schools,
restaurants, underground stations, and gyms does not allow proper dilution of virus particles emitted
by the infected people, leading to a high probability of virus transmission to other people in the area
[1]-[4]. To prevent this, the government worldwide has regulated some policies about the temporary
shutdown of most indoor environments that are likely to be affected by COVID-19 transmission and
being in the difficult role of deciding whether to prioritize education or health. After the first
pandemic wave in early 2020, guidelines for reopening schools and universities were prepared, but
they mainly relied on promoting personal and basic non-pharmaceutical mitigations such as social
distancing, hand washing, wearing masks, and occupancy reduction to half of the normal level [5]—
[7]. These prevention methods still lead to close contact transmission, which is a transmission route
in indoor environments [8], [9]. Clean air is beneficial for human health as it impacts the regular
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metabolism of our body. Indoor air quality can be improved by using different techniques such as
implementing engineering controls with purified air circulation, better ventilation, portable air
purifiers, etc. Engineering controls like providing ventilation or air filtration have been endorsed as a
capable method to improve air quality [10]. Ventilation can dilute the air contaminants in confined
spaces by indoor-outdoor air exchange. Different ventilation can be achieved through windows,
louvres, vents, or mechanically through the HVAC system. Although a high ventilation rate does not
give assurance of eliminating the virus, it can reduce the number of viruses in the ventilated space
[11]. To lower the concentration of the COVID-19 virus in the spaces further research is of great
importance.

Therefore, much research has been carried out regarding the size, number, and dispersion of air
particles exhaled by a person in indoor space [12]-[14]. Characteristics of different respiratory
processes such as breathing, sneezing, and coughing have also been studied [15]-[17], as well as the
dispersion of exhaled particles and the ventilation systems [18], [19]. Other factors such as the
relative position between the source and the receiver also have been experimentally studied to
analyse the risk of transmission and the distribution of airborne particle viruses.

The SARS-CoV-2 virus can spread through droplets and aerosols, expelled through exhalation
when coughing, sneezing, and talking [20]—[23]. The aerosols and tiny droplets could travel longer
distances and stay in the air for a longer time [24]. With a high infection and mortality rate, it is feared
that this virus can endanger human health, and researchers are also evaluating the characteristics
and behaviour of the spread of this virus. The droplet spread in the air mostly evaporates
instantaneously to half of their initial size and becomes droplet nuclei [25]. Several factors that can
affect the spread of the droplets are controlled by their physical properties i.e. density, viscosity,
surface tension, and temperature, and the ambient properties such as surface temperature,
roughness, surrounding gas temperature, and relative humidity, as well as the air movement [26]-
[29].

In the classroom, ventilation is an essential factor in the comfort of students and teachers. On the
other hand, ventilation can also be a medium for spreading the virus in the classroom. Furthermore,
the negative impact of low ventilation and air change rate per hour (ACH) on occupants has increased
the possibility of aerosol transmission containing the virus. The standard protocols for the prevention
of airborne infections suggest a 4 — 6 ACH and even 12 ACH during the COVID-19 pandemic
conditions. The classroom is predicted to increase virus infection through droplets/particles/aerosols
if there are no changes to the design or the addition of ventilation layouts. This study uses CFD
simulation to determine the opportunities for spreading the COVID-19 virus in the classroom in
different ventilation configurations.

2. Methodology

Many factors affect indoor air quality, from flow rate, temperature, CO2, humidity, etc. In the
case of the COVID-19 pandemic, there are several cases in a room setting that are vulnerable to virus
transmission due to mask opening [30]. High contamination load also plays a vital role in obtaining
an infection, especially for healthcare workers. In addition, the literature review-based analysis
determined some techniques for decreasing the risk, such as using an air purifier equipped with HEPA
filters or UV light, which will reduce contamination load and sterilize the indoor room.

To analyze complex problems, this kind of research can use either mathematical, numerical, or
statistical methods, and this study will use the numerical method using Computational Fluid
Dynamics (CFD). Literature review, and analysis with CFD simulation to analyze the indoor airflow
pattern, air change rate and the location of inlet and outlet are conducted. Different ventilation
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configuration was simulated to analyze their effect on the droplets' dispersion and airflow inside the

classroom. Here is the flowchart of this study, which can be seen in Figure 1.

The main factors in the HVAC systems have been investigated, and the boundary conditions and
setup of this study according to the previous case studies have been determined. The average values
based on several previous case studies make the research outcomes more reliable and not limited to
other cases. The geometry model is already defined by using the Mirzaie et al. classroom geometry
[3]. The dimension and specifications of the classroom and the seats are presented in Figure 2. The
classroom floor is 6 m wide by 8 m long and 5 m in height according to the design recommendation
of educational buildings and classrooms. The student seating in the classroom is arranged to have an

appropriate distance.

2.1 Classroom Geometry
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Fig. 1. Analysis flowchart

The geometry of the typical classroom uses the model with various inlet, outlet, and ACH

variations [3]. Details of the geometry dimensions are listed in Table 1 and shown in Fig. 2.
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Table 1
Classroom design parameters
Description Dimension
Width 6m
Length 8m
Window 2x2m?
Door 2.1x1 m?
Chair 0.6 x0.6 m?
Number of seats 30
Number of 2
windows
Exit doors 1
Table 1x0.6 m?
Platform 1.5x 4.5 m?
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Fig. 2. Classroom geometry [3]

The classroom has no partitions between seats In this study, a COVID-19 infected person of 1.8
height and mouth area of 4 cm? standing in front of the class suddenly coughed and released the
droplets containing the virus into the environment. The ventilation air is supplied with an intake on
the wall and exits through the door and another outlet duct. The dimension of the intake and outlet
duct is the same. The ventilation inlet dimension is 0.7 x 0.4 m2.

2.2 Boundary Conditions

This simulation is run using ANSYS- fluent 19.2. The boundary conditions are based on the airflow
rate supplied through the split-type air conditioner. In addition, there is a supply and return air with
various placements in the classroom. The simulation has been done in the steady-state condition,
with an air temperature of 25 °C . The case in this study is listed in Table 2 below. Furthermore, the
boundary conditions show in Table 3 and figure 3.
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Table 2
Inlet and outlet configuration
Case Study Inlet Outlet
Location Location
Cross ventilation 1 2
Single sided ventilation 2 3
Diagonal ventilation 1 3

Based on the previous study [31] the average dimension of the aerosols in one cough or sneeze
is 5 um with a speed of 10 m/s and a duration of 0.5 s has been selected for the boundary conditions.

Table 3
Case Study

Case Study

Airflow Speed [m/s]

Cross ventilation
Single sided ventilation
Diagonal ventilation
Air Conditioning Inlet
Air Conditioning Outlet

15
15
15
1.2
1.2

Fig. 3. Computational setup of a typical classroom

After the steady-state simulation was completed, a steady simulation was done to analyze the
distribution of droplets of aerosol released by the manikin model. The simulation was performed
using the RNG k-€ turbulence model. RNG k-€ turbulence model was chosen since the performance

was verified for airflow pattern simulation [32]-[34].

the Eulerian-Lagrangian method.

Furthermore, the droplet was tracked using
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2.3 Governing Equations

The general equation of conservation of mass, momentum, and energy for the incompressible
steady airflow is given as:

ap _
% +V-(p?) =0 (1)

(2)

v o N
p<E+V-|7V>=—\7P+u|72V+S
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For turbulence modelling, the RNG k-& turbulence model has been used for airflow simulation in
indoor environments and has shown to be a suitable model for this study. The corresponding
transport equation for turbulent kinetic energy k and dissipation rate € are given below:
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Where, Gy, is the generation of turbulence kinetic energy generated by mean velocity gradients
while G, is the generation of turbulence kinetic energy based on buoyancy. u; is the turbulent kinetic
viscosity coefficient, u, = C'Mpk2 / €,C, = 0.09is a constant, Y}, represents the contribution of the
fluctuating dilatation in compressible turbulence to the overall dissipation rate. S, and S, are the
user-defined source parameters; C;,, C5. and Cs. are transmission dissipation constants, C;, = 1.44,
Cye = 1.92, C3, = 1.00, in the other hand, o}, and o, are the turbulent Prandtl numbers for k and €,
o, = 1.00,0, = 1.3.

Assumptions used in this simulation are: (1) temperature variations are negligible; (2) cough emits
only droplets; (3) droplet particle size is 5 um; (4) student bodies and their thermal plume are
neglected; (5) thermal radiation from the outside are negligible; (6) no infiltration from door and
window.

2.4 CFD Model Set Up

Geometry and mesh details in selected case studies are shown in Fig. 4 and Table 4, with the
location of inlets, outlets, and droplet injection sources location. To simplify the simulation, the
details of the models are simplified, particularly for the human bodies. k-€ RNG turbulence model has
been selected for the simulation since the performance was recommended by the previous studies.
Discrete phase modelling to analyze droplet transmission has been considered. Mesh independency
to improve the quality of this simulation has been done. The mesh independence tests were
conducted using steady-state, single-phase methods [35]. The skewness and the quality determine
the final meshes which are suitable for this simulation. The mesh is presented in Fig. 5. The setup of
the CFD model in ANSYS software is presented in Table 5. In this simulation, we used 48 core, 3.8 GHz
computer at an estimated simulation time of six hours per simulation.
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Fig. 4. Mesh independency
Table 4
Mesh Independence
Mesh Fluid Cells  Av. Velocity (m/s)  Difference
Mesh 1 252946 0.0912 0.086
Mesh 2 485615 0.0863 0.027
Mesh 3 1139406 0.0838 0.002
Mesh 4 1488112 0.084 -

0,000

2,500

5,000

10,000 {m)

7,500

Fig. 5. Mesh of the typical classroom model
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Table 5
CFD Model Setup
Item Setup
Type Pressure Based
Solver Velocity formulation Absolute
Gravity -9.81
Airflow Analysis Steady Iteration 1000
. Time step (s) / 1/1800/20
Time . . .
Discrete Analysis [36] Unsteady No of time step

/ Max lteration

3. Results and Discussion

In the present study, the internal airflow characteristic is analysed with a numerical simulation by
variating the inlet and outlet vent locations that are generally used in all kinds of indoor rooms,
especially classrooms. In this simulation, the distribution of streamlines and the dead zones inside
the classroom are compared with respect to two other inlet and outlet vent configurations, and the
trajectory of the aerosols has been investigated.

3.1 Indoor airflow patterns, and the inlet/outlet configuration impact

Indoor airflow patterns and direction are essential factors that could influence the trajectory of
aerosols. In the case of contamination, airflow patterns might negatively affect the safe distance
between occupants inside the classroom. Figure 5 shows the distribution of the velocity vector for all
three cases.

As we see in Fig. 6, the steady airflow in the classroom is evaluated using the RNG turbulence
model for the inlet from both the vent and the split-type air conditioning unit. Three different layouts
of inlet and outlet vents were studied for this study. Fig 6. lllustrates the velocity vector field under
the steady flow condition for different ventilation layouts. Circulating flow could be observed in the
three cases, which can cause the distribution of the droplet from its source. We analyse the airflow
in case 1 and case 2 circulating from the front region to the back region of the classroom. This
phenomenon will cause the droplet to disperse along the classroom and take a long time to be taken
out through the outlet vent. This figure also shows that the diagonal ventilation (case 2) layout has
directed airflow from the droplet source to the outlet ventilation.

Veloci
Vector

1.509e+00

1.132e+00

7.545e-01

3.773e-01

0.000e+00
[m s7-1]

(a) (b)

Fig. 6. Velocity vector in each case (a) case 1, (b) case 2, (c) case 3
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The diagonal ventilation layout shows the best layout in this simulation due to the airflow pattern.
The next step in this study is simulating the diagonal ventilation layout to see the droplet spread,
which can be seen in the next section.

CFD results also could determine the dead zone (areas with low airspeed). The higher dead zone
area will result in a higher contamination load. The dead zone can be seen in Fig.7. with dark blue
colour with an airflow velocity of nearly zero. The dead zone can be minimized by changing the inlet
and outlet layout of the classroom.

Veloci
Contout¥1

0.48
045
0.42

0.39
0.36
0.33
0.30

. £ 0.27
0.24
0.21
0.18

0.15

0.12
0.09
0.06
0.03
0.00

[m sA-1]

(a) (b) ()

Fig. 7. Dead zones with very low air speed in each case (a) case 1, (b) case 2, (c) case 3

3.2 Impact of different ventilation layouts on the trajectory of droplets

The Air Change Hour (ACH) regulation for classrooms is about 4-6 ACH. Conversely, the standard
protocol for COVID-19 prevention is more than 12 ACH. To deal with safe air quality and lower energy
use, this CFD modelling was then studied. The theoretical ACH in this study with a volume area of
240 m? (8m x 6m x 5 m), and the total airflow rate was 1512 m3/h or 6.3 ACH. This is a proper setup
and complies with the standard. The results in Fig. 8. show that the ventilation layouts have a
significant impact in addition to the contaminant source location. The contaminant (droplet) source
was in front of the classroom. The droplets flow directly to the outlet ventilation by locating the outlet
ventilation near the contaminant source location. On the other hand, compared to the classroom
without ventilation, the droplets directly disperse and distribute, then fell due to their density. The
split air conditioner also worsens droplet spread. Fig.8 (b) shows that some amount of droplet
particles already disperse at 5s, leaving only a few droplets that fell to the ground.

The tested configurations have different performances in dispersing the droplets. It is clear that
different ventilation layouts, also have different possibilities for students to expose to the COVID-19
virus carried by the droplet. The concentration of the three cases in 0 minutes to 30 minutes showed
in Fig.9. We found that the diagonal ventilation shows the most efficient layout for absorbing the
droplets outdoors.

4. Conclusions

The airflow analysis results showed the impact of the ventilation layout of HVAC systems. From
the virus transmission by droplets, the airflow pattern plays a significant role and the air change rate

34



CFD Letters
Volume 15, Issue 1 (2023) 26-38

particle-tracks-3
Particle Residence Time

e
©wo

st s g s e
o= whrON®

w
—

particle-tracks-3
Particle Residence Time

o
©wo

PRARRRRRRR
omNdwhUION®

(72}
[R—

Z“E}
(a)
-
e
AR
-
veyiry
(1T
%
""“;:ﬁma.
9 T
ZQ-I:S-D

(b)

Fig. 8. Discrete phase modelling of the classroom (case 2) (a) without ventilation, (b) with additional ventilation

inside the room. CFD simulation is able to provide insight into aerosol transmission inside the
classroom and exhibit optimum ventilation configuration of inlet and outlet placement to decrease
the health risk. The discrete phase model results also determine the trajectory of droplets spread
along the classroom. It can be seen that the dead zone with poor ventilation and improper ventilation
layout has a higher risk. In this study, the diagonal ventilation layout shows the best performance in
expelling the aerosols directly to the outlet vent. CFD results show that significant amounts of
droplets were expelled to the outside and reduced their concentration inside the classroom.
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