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Abstract: The purpose of heating, ventilation, and air conditioning (HVAC) systems are to create
optimum thermal comfort and appropriate indoor air quality (IAQ) for occupants. Air ventilation
systems can significantly affect the health risk in indoor environments, especially those by contami-
nated aerosols. Therefore, the main goal of the study is to analyze the indoor airflow patterns in the
heating, ventilation, and air conditioning (HVAC) systems and the impact of outlets/windows. The
other goal of this study is to simulate the trajectory of the aerosols from a human sneeze, investigate
the impact of opening windows on the number of air changes per hour (ACH) and exhibit the role
of dead zones with poor ventilation. The final goal is to show the application of computational
fluid dynamics (CFD) simulation in improving the HVAC design, such as outlet locations or airflow
rate, in addition to the placement of occupants. In this regard, an extensive literature review has
been combined with the CFD method to analyze the indoor airflow patterns, ACH, and the role of
windows. The airflow pattern analysis shows the critical impact of inflow/outflow and windows.
The results show that the CFD model simulation could exhibit optimal placement and safer locations
for the occupants to decrease the health risk. The results of the discrete phase simulation determined
that the actual ACH could be different from the theoretical ACH as the short circuit and dead zones
affect the ACH.

Keywords: indoor environment; airflow; HVAC; ACH; UV light; CFD; COVID-19; IAQ

1. Introduction

Optimal thermal comfort and appropriate IAQ are vital for occupants. The purpose
of HVAC systems is to create thermal comfort and optimal air quality with minimum
health risk for occupants [1]. Major IAQ parameters include CO, CO2, NH3, O3, NO2,
aldehydes, VOCs (volatile organic compounds), and atmospheric aerosol particles such as
PM (particulate matter) [2,3], in addition to biological pollutants such as fungi, bacteria,
and viruses [4,5]. The analysis determined that the standard ventilation rate for residential
buildings in many European countries is about 0.35–1 ACH [6]. From a health perspective,
in another study, the monitoring of CO2, T, and RH (relative humidity) is suggested for
improving the indoor environment [7]. High indoor RH could increase health risks and
HDM infestations (house dust mites), as well as lead to the growth of MVOCs (Microbial
volatile organic compounds) in indoor air [8,9]. The measurements of indoor air quality
in 32 homes in China wherein occupants were reported to have sick building syndrome
(SBS) reveals that the sickness happened while the ventilation rates were among 0.35
and 0.78 ACH [10]. The indoor CO2 concentration in a room is mainly based on human
activities and is a simple parameter for measuring the actual IAQ, while the recent studies
focus are reducing electricity and energy costs [11].
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Wallace et al. analyzed the effect of windows, wind, temperature, and fans on the air
change rates. The analysis determined that the effect of opening windows or fan on ACH
were several times more than temperature change. The impact of wind speed and direction
on ACH was very little [12]. The low ventilation and ACH could increase the concentration
of indoor pollutants, and the main impact of on occupants are as follow [13,14]:

• Decrease of comfort level;
• Increase of health risk (i.e., asthma, inflammation, infections, allergy);
• Sick building syndrome (SBS);
• Decrease of productivity.

Dimitroulopoulou analyzed house ventilation in different countries in Europe and
examined the compatibility of standards/regulations. The results of the analysis deter-
mined the impact of adequate ventilation on human health. In practice and based on the
measurements of several case studies, the ventilation of the houses is often poor and less
than 0.5 ACH [6].

1.1. The COVID-19 Outbreak and the Role of HVAC on the Indoor Contamination Load

The COVID-19 outbreak was identified in early 2020 and shortly affected 213 coun-
tries and territories worldwide with more than 105 million confirmed cases and 2.3 mil-
lion deaths in about one year [15,16]. The outbreak of the new pandemic has been one
of the most important issues in many countries as it can negatively affect the sustainable
development elements [17–19] of nearly all 17 goals of the 2030 Agenda by the UN (United
Nations) [20–22].

The selection of an HVAC system depends on the building type, regulations, standards,
and climate type [23–25]. The analysis shows that using HVAC systems for comfort
air temperature could prevent the growth rate of bacteria, but in the case of viruses, it
depends on the type of air conditioner [26,27]. In addition, the analysis showed that the
transmission of contaminated droplets could be accelerated by air conditioner airflow [28].
The analysis determined the relationship between temperature and the positive cases of
COVID-19 [29–32].

The air-conditioning, ventilating, and heating systems may decrease or accelerate the
spread of infectious diseases such as influenza [33]. Generally, air conditioner systems
are not designed to filter small particles such as COVID-19. Thus the closed systems
(recirculating) could increase the infection risk [34,35]. There are approved correlations
among the infection rates and the indoor parameters, including humidity percentage,
airflow direction, periodic cleaning of the ventilation systems, type of used air filter, and
ACH [36].

Shajahan et al. investigated the impact of the air conditioning, ventilation system, and
indoor environment of a hospital on controls of infection rates. The results determined the
impact of the built environment, ventilation strategies, and vents/exhaust filtration systems
on the contamination load [37]. Lu et al. [28] analyzed the impact of air conditioning in
restaurants on the spread of COVID-19 infections. Their investigations determined that
ten people of three different families obtain a COVID-19 infection in a restaurant in China
from one infected person located at a neighboring table with a distance of more than one
meter. The analysis approved the role of airflow by AC systems as none of the staff were
infected, the air conditioner filter tests were negative, and there were no positive cases in
other tables, just in the tables in the direction of air conditioner’s airflow.

The analysis determined that mixing ventilation systems could better decrease contam-
ination load [37]. The important parameters in the case of ventilation could be the location
of the ventilation [38,39] and the position and distance of the persons (employee, students,
customers, etc.) that all affect the concentration of pollutants [40]. Another critical factor in
the ventilation systems is the airflow direction that could prompt droplet transmission [28].
The standard protocols of infection prevention and control (IPC) for potential airborne
transmission of the virus suggested by the National Quarantine Unit of the USA mainly
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include negative-pressure rooms with more than 12 ACH and the use of air-purifying
respirators [41].

1.2. The Transmission Mechanism of Contaminated Aerosols by Airflow

The spread of respiratory infections can be mainly through contaminated fluid parti-
cles by viruses such as droplets and aerosols [42]. The persistence of COVID-19 in aerosols
could be up to several hours [43,44]. The infectious aerosols by SARS-CoV-2 could persist
in the air for some hours, be trapped, and remain for several days on the surfaces depend
on the material. The experimental analysis showed a reduction of the infectious titer after
three hours from 103.5 to 102.7 TCID50 (tissue-culture infectious dose) per liter of air. In
addition, the half-lives of COVID-19 in aerosols were about 1.1 to 1.2 h with 95% reliable
intervals of 0.64 to 2.64 [45].

The analysis determined that SARS-CoV-2 could spread in two mechanisms, in-
cluding directly through droplets and person-to-person and indirectly through airborne
transmission and contaminated objects. The analysis of two air samples in the Nebraska
Biocontainment Unit (NBU), first near an infected patient’s bed (receiving oxygen via nasal
cannula) and second in a distance of 2 m, showed that both were positive, and the air
concentration in the first sample was higher than the second, 4.07 to 2.48 copies/L of air.
Even the samples in the hallways outside the patients’ room were positive, while the virus
concentration was about 2.51 copies/L of air [46].

The previous studies showed that the main portion of mouth aerosol during different
activities such as talking, breathing, and even coughing have a size less than 10 µm in
diameter, and the respirational diseases increase the number of aerosol particles with
the same size [47]. This also means that the virus can be transferred in the environment
through respiration aerosol by infected people, even in the absence of cough [48]. The
respiratory virus transmission can be categorized based on the droplet size into two groups
as follows [28,49,50]:

• Larger respiratory droplets (more than 5 µm): These droplets can remain in the air for
a short time, and travel can spread short distances, generally less than 1 m;

• Virus-laden, small, aerosolized droplets (less than 5 µm): These droplets can remain
floating and travel more than 1 m.

In general, the droplets more than 10 µm are heavy and are suspended for a short time
in the air. Thus, the impact of gravity is greater than that of the ventilation systems [51].
To decrease the risk of infection from these particles, a distance of 1 to 2 m could be more
useful than ventilation [52]. However, some droplets or those with reduced diameters of
2.5 to 10 µm due to the evaporation could change to the aerosols, significantly influence
ventilation systems [53,54].

1.3. The Impact of Supplementary Approaches in Decreasing Indoor Contamination Load

This section explains the role of air filters and UV lights as two supplementary ap-
proaches in decreasing contamination loads. Both approaches can be used to improve low
ACH, especially in the recirculation air conditioner systems.

1.3.1. The Impact of Air Filtration Systems on Indoor Contamination Load

The impact of filters such as High-Efficiency Particulate Air (HEPA) filtration systems
studied by many researchers showed the advantages and disadvantages of each type of
filter in reducing the contamination load. Sportelli et al. analyzed the impact of nanoma-
terial against the COVID-19 pandemic. They investigated the antimicrobial properties of
nanomaterials in filter production. The results determined that the efficiency in decreasing
virus spread [55].

Appropriate air filters may decrease the virus loads in the closed area that is very
important in the COVID-19 pandemic, and the possibility of getting an infection from
contaminated aerosols through the Personal Protective Equipment (PPE) will decrease [43].
The HEPA filters decrease the load of bacteria, which is very important for hospitals [56],
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and decrease airborne viruses and fungi [57]. The circulation ventilation systems by
using HEPA filtration can reduce the droplet nuclei by 30 to 90% [51]. In addition, the
implementation of some materials such as antibacterial and antiviral agents might increase
HEPA filters’ effectiveness [55].

Using HEPA filters alone might not effectively confront fungal spores since the filter
materials are vulnerable to fungal degradation, especially in humid conditions [58,59]. This
issue can occur in the filters inside the ducts for central and evaporative air conditioners,
and the filter might be contaminated and become a source of microorganisms itself [60,61].
The nanocomposites such as polyurethane, CuO, and bioactive nanoparticles can be used
in air filters due to the practical antimicrobial impact [62,63].

1.3.2. The Impact of Ultraviolet Light (UW) on Contaminated Aerosols

Grant and Giovannucci analyzed the impact of UV on the infection rate. Their results
showed that the rate of the COVID-19 pandemic could be connected to the latitudes [64].
Bang et al. analyzed the sterilization role of upper-room ultraviolet germicidal irradiation
(UR-UVGI) on respiration syndromes, including SARS and MERS. They modeled the air-
borne contaminants flow using CFD analysis and by the consideration of several scenarios.
Their results show that the sterilization effect depends on the UV level. In addition, the
locations of elements in the airflow are important, including the source of microorganisms,
air supplies, exhausts, and the UVGI system, and the best situation for placing the UVGI
system was found to be in the upper part of the ward entrance [65].

Required UV Dosage depends on the intensity of radiation, exposure time, the purpose
of use. Ultraviolet light is a component of the electromagnetic spectrum situated in a region
among visible light and X-Rays, from 100 to 400 nm. The UV lights categorized based on
the wavelengths as follow [66]:

• 100 to 200 nm: Far UV or vacuum UV;
• 200 to 280 nm: UVC (suitable for disinfection and sensing);
• 280 to 315 nm: UVB (suitable for curing, medical applications, and tanning);
• 315 to 400 nm: UVA (suitable for curing, lithography, printing, and medical applica-

tions).

The Centers for Disease Control and Prevention (CDC) recommended the use of UVGI
(ultraviolet germicidal irradiation) as an effective method to reduce the spread of airborne
microorganisms [67]. However, UVGI can be used as an adjunct method and cannot be
replaced with HEPA filtration [68]. High levels of UVGI can be used inside the ventilation
ducts to disinfect the air before recirculation and in the upper-room area [69] or rooms
in the absence of people [70]. The effectiveness of UVGI with a sufficient time could be
equal to 10–39 ACH [71]. Since the COVID-19 pandemic issue is new, there is no specific
deactivation dosage by UVC yet. However, the dosage values to achieve 99.9% disinfection
for similar viruses (SARS family) under controlled lab conditions are 10 to 20 mJ/cm2

with direct UVC in a wavelength of 254 nm. The same disinfection impact in office or
classroom settings could be achieved in dosages between 1000 and 3000 mJ/cm2 since all
contaminated particles might not be in direct UVC light [72].

The negative health impact of low ventilation and ACH on occupants is obvious by
reviewing the previous studies. The analysis determined that the ACH in many European
countries is currently about 0.35–1 ACH [6] and in China, about 0.35–0.78 ACH [10].
Meanwhile the standard protocols for prevention of airborne transmission infections,
which could be important during the COVID-19 pandemic, is more than 12 ACH [41]. The
different recommended ACH values in countries can also depend on the energy efficiency
regulations, such as nearly zero energy buildings (NZEB).

The previous studies are mainly about optimal thermal comfort, NZEB, and decreas-
ing energy consumption, resulting in less ACH. However, the optimal air quality with
minimum health risk for occupants is also an important factor, which depends on the
standard thresholds of ACH, and the design elements counting as the first knowledge
gap. Although some case study analyses investigated the HVAC systems and natural air
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ventilation, no study has analyzed the impact of windows on airflow and ACH while using
HVAC systems. In fact, opening the windows while using HVAC means a waste of energy,
but due to the COVID-19 pandemic, it is suggested by health care sectors.

Therefore, the study’s main goal is to analyze the impact of windows on the indoor
airflow patterns and trajectory of aerosols in the HVAC systems by using CFD simulation.
Another goal is to investigate the impact of windows on full ACH in comparison with
theoretical ACH due to the impact of dead zones with low airflow speed. The final goal of
the study is to show the application of CFD simulation in improving the HVAC design, such
as outlet locations and airflow rate in addition to the placement of occupants. Although the
transmission of the virus and medical investigation are out of the study scope, the results
could decrease the health risk in the indoor environments in addition to improving the
monitoring and IAQ systems.

2. Materials and Methods

Many factors affect indoor air quality, from flow rate to environmental parameters
(i.e., temperature, humidity, CO2, etc.) [73,74]. In addition, the literature-review-based
analysis determined some techniques for decreasing the health risk, such as the use of
HEPA filters and UV light for decreasing the contamination load and sterilizing the indoor
environment [75]. In the case of the COVID-19 pandemic, there are several cases in which
healthcare workers obtain an infection even by using Personal Protective Equipment (PPE)
and barrier precautions due to the high contamination load [76].

To analyze complex problems, one can use mathematical, numerical, or statistical
methods [77–80], and in this study, the numerical method using a Computational Fluid
Dynamic (CFD) solver has been applied. In this study, an extensive literature review
analysis combined with CFD simulation for analysis of indoor airflow pattern, ACH,
and the impact of opening windows is conducted. The analysis process by using CFD
simulation is according to the flowchart in Figure 1.

First, the main factors involving the HVAC systems have been investigated, and then,
according to the evaluation of several case studies, the boundary conditions for model
setup have been determined. The average values based on several case studies make
the outcomes more reliable as the results are not limited to any specific case. Second,
the geometry of the models has been defined, and validations of the models have been
done according to the selected studies. Third, the validated models have been used to
analyze airflow pattern, the trajectory of aerosols, and the impact of windows on ACH
while using HVAC system in a typical office and classroom. To study the full ACH and the
impact of the windows, a discrete phase model has been applied. The aerosols transport
by consideration of the average size for respiration aerosols in a cough or sneeze has been
simulated. Finally, according to the model results and extensive literature review, some
suggestions to improve the indoor ACH have been presented.

The modeling results allow us to compare the theoretical ACH based on the inflow
rate and dimensions and the full ACH based on the simulation considering dead zones
with low airflow. Moreover, the simulation would make it possible to check the impacts of
outlets location in full ACH, minimizing the dead zones (area with low airflow speed).
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Figure 1. Analysis flowchart.

3. Model Development
3.1. Research Hypotheses and Assumptions

The hypotheses and assumptions in the study are as follows:

• Since the airflow pattern and ACH are among the analysis purposes, the simulations
have been done in steady thermal conditions. Therefore, the steady-state condition
with the inflow temperature of 25 ◦C has been used for simulation;

• The central air conditioner systems in the rooms are fully fresh air and without
recirculation. In addition, the impact of natural ventilation is not considered in this
study;

• To calculate the full ACH, the worst condition has been selected for the locations of the
possible infection source (aerosol injection). Therefore, the class center, a location with
the longest distances from the outlets and windows, has been selected. The remaining
time of the particles in any other locations of the class will be less. In the office case,
two different locations have been selected for analysis of the aerosol movement.

• The simulation of the cases with open and closed windows can show the impact of
changing outflow on the airflow pattern and ACH. Therefore, the number of windows
cannot change the main result;
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• The outside wind could cause some turbulence and affect the airflow pattern. How-
ever, it has been neglected in the current study.

• The initial validation of the model with previous case studies could be acceptable for
analysis of the rooms with bigger sizes and more objects;

3.2. Main Governing Equations

The equations governing fluid motion in ANSYS are all derived from three basic
physics conservation laws, including the Navier–Stokes equation (momentum conserva-
tion), continuity equation (mass conservation), and energy equations (energy conservation),
Equations (1)–(3) [81,82].

Momentum:

∂(ρu)/∂t + ∇ ·
(

ρu
→
V
)

= − ∂p/∂x + ∂τxx/∂x + ∂τyx/∂y + ∂τzx/∂z + ρfx

∂(ρv)/∂t + ∇ ·
(

ρv
→
V
)

= − ∂p/∂y + ∂τxy/∂x + ∂τyy/∂y + ∂τzy/∂z + ρfy

∂(ρw)/∂t +∇ ·
(

ρw
→
V
)
= −∂p/∂z + ∂τxz/∂x + ∂τyz/∂y + ∂τzz/∂z + ρfz

(1)

Continuity:
∂ρ

∂t
+∇.

(→
V
)
= 0 (2)

where p is pressure and ρ is the fluid density.
Energy equation:

∂

∂t
(ρE) +∇.

(→
ν (ρE + p)

)
= −∇.

(
∑

j
Hj Jj

)
+ Sh (3)

To track the movement of particles within another fluid, the discrete model can be
applied. In this method, the force balance for particle cloud needs to be calculated, which
means the particle inertia with the acting forces. To predict the particle (aerosol) trajectory,
the motion equations can be used, as in Equations 4 and 5 [83]:

dup

dt
=

gx
(
ρp + ρ

)
ρp

+ FD
(
u− up

)
+ Fx (4)

Fx =
1
2

ρ

ρp

d
dt
(
u− up

)
(5)

where: u—fluid phase velocity, up—particle velocity, ρ—fluid density, ρp—particle density,
FD
(
u− up

)
—drag force per unit particle mass, and Fx—additional forces.

3.3. Model Design and Boundary Conditions

The boundary conditions in several case studies have been evaluated for developing
the models, and the average values have been used. The simulation has been done in the
steady-state condition, with an airflow temperature of 25 ◦C. Table 1 shows the boundary
condition in five previous case studies and the boundary condition for the selected typical
office and class. The dimensions are according to the typical classes and offices in the
University of Calabria, Italy, and the airflow speed and airflow rate are the average values
of the five selected case studies.
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Table 1. Boundary conditions for selected case studies.

Case Study
Size [m] Airflow Rate

[m3/s]
Airflow Speed

[m/s] Refs.
Length Width Height

Yongson et al. (2017) 3.7 2.7 3 - 5 [84]
ANSI/ASHRAE (2007) - - - - 0.8 [85]

Asmi et al. (2014) - - - 0.08–1.53 1.19 [86]
Fulpagare and Agrawal (2013) 14 13 3.6 - 0.7–1.4 [87]

Yu et al. (2020) - - - - 0.4–2.4 [88]

Typical Office 12 9 3.5 0.6 1.5 1
Typical Class 12 9 3.5 0.6 1.5

1 The dimension and airflow speed for a typical class and office.

The properties and boundary conditions of the respiratory particles for simulation of
a discrete phase model are presented in Table 2. As can be seen in the table, the diameter
of human respirational aerosol is between 0 to 100 µm, on average 5 µm. The speed of
respiratory aerosol is between 0.12 and 1 m/s, and for a cough and sneeze, from 4.2 to
11.2 m/s, on average about 10 m/s. Therefore, in this study, the average dimension of the
aerosols in one cough or sneeze is 5 µm with a speed of 10 m/s and a duration of 0.5 s has
been selected for boundary conditions.

Table 2. Boundary conditions for respiratory particles.

Aerosols Particle
Diameter [µm] Injection Speed [m/s] Mass Flow

Rate [mg/s]
Injection

Duration [s] Refs.

Yang et al. (2020) 10, 50 0.12 (respiration) - steady [89]
Yang et al. (2018) ≈10 11.2 (sneeze) - 0.5 [90]
Yan et al. (2020) 0–100 0.3–1 (respiration) - 0.5 [91]

Zhang et al. (2019) 5 4.2–10 (caugh and sneez) 5 0.5 [92]

Selected size of particles 5 10 5 0.5 1

1 Selected boundary condition.

3.4. CFD Model Set Up

The model setup (geometry and mesh) details in the selected case studies are shown
in Figures 2–6, with the locations of inlets, outlets/windows, and aerosol injection source
location for analysis of aerosol trajectory in the discrete model and calculation of ACH. For
decreasing the error and uncertainty in the mesh, the details of the models are simplified,
particularly for the human bodies, as recommended in previous studies [93,94]. The
turbulence method of k−ε has been selected for the simulation since the performance
was verified in similar case studies [95–99]. For decreasing the simulation error, the
suggested methodologies in the previous studies have been considered for airflow pattern
simulation [100], and for the discrete modeling, the recent studies on aerosol transmission
have been considered [93,97,101,102].

The mesh sensitivity analysis is presented in Figure 7 and details of the final mesh are
presented in Table 3. The skewness and orthogonal quality determine the final meshes are
suitable for simulation.

The details of the CFD model setup in ANSYS software are presented in Table 4.
For verification, the developed models were validated based on the velocity profile of

the measurement data in the previous studies by Ahn and Choi [97] and Zhang et al. [92].
Then, the simulations were completed for the selected boundary conditions in the current
study. The validation results are shown in Figure 8.
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Figure 2. The images of (University of Calabria, Italy) (a) a typical class (b) a typical office with laboratory.

Figure 3. Model setup of the office with the location of components and employees.
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Figure 4. Mesh of the typical office model.

Figure 5. Computational model setup of a typical class with the location of components
and student.
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Figure 6. Mesh of a typical class model.

Figure 7. Mesh sensitivity analysis: (a) Office; (b) Class.

Table 3. Mesh details in the selected case studies.

Case Study Nodes Elements (Tetrahedra) Skewness Orthogonal Qiality

Office 648,099 3,567,162 0.23 0.85
Class 535,690 2,725,893 0.24 0.85

Table 4. Model solution setup details.

Item Solution Setup

Solver

Type Pressure based

Velocity formulation Absolute

Gravity −9.81

Time

Airflow
analysis

Steady Iteration
Office 1300

Class 1300

Discrete
analysis Transient

Time step (s)/Number of
time step/Max Iteration

Office 1/1800/20

Class 1/1800/20
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Table 4. Cont.

Item Solution Setup

Model
Viscous k-epsilon

Discrete phase

Material Air, water liquid

Boundary
condition

Inlet Velocity

Outlet Pressure outlet

Surrounded surface Wall

Injection Velocity

Temperature
(airflow and

the walls)
25 ◦C

Solution Standard initialization

Validation
The model of airflow analysis pattern has been validated based on experimental
results of Ahn and Choi [97], and the discrete phase model of aerosols has been

validated based on the study by Zhang et al. [92]

Figure 8. Validation of the developed models according to the previous similar case studies.

4. Results and Discussion
4.1. The Results of the CFD Model

In this section, at first, the airflow streamline patterns in the selected office and
classroom have been analyzed, and the trajectory of the aerosols and ACH in two cases of
open and closed windows has been investigated.

4.1.1. Indoor Airflow Patterns and the Impacts of Inlet/Outlet, Windows Locations

The airflow path and the direction of airflows are essential factors that could influence
the trajectory of aerosols and, in the case of contaminated aerosols, might negatively affect
the safe distance between two occupants inside an office or classroom and thus should be
taken into consideration. The airflow patterns in the selected case studies are shown in
Figures 9–12.
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Figure 9. Airflow streamlines pattern in the typical office with closed windows.

Figure 10. Airflow streamlines pattern in the typical office with open windows.
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Figure 11. Airflow streamlines pattern in the typical classroom with closed windows.

Figure 12. Airflow streamlines pattern in the typical classroom with open windows.

4.1.2. ACH in the Indoor Environments and the Impact of Dead Zones

Using CFD modeling could also determine the dead zones (areas with low airflow
speed). The full ACH can change by increasing the dead zones, the air quality could be
lesser in the dead zones, and the contamination load could be higher. The dead zones are
determined in the dark blue color in Figures 13 and 14. The dead zones could be minimized
by CFD simulation and by changing the locations of the inlets/outlets in the rooms.
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Figure 13. Dead zones with very low airflow speed in the typical office: (a) Closed windows; (b) Open windows.

Figure 14. Dead zones with very low airflow speed in the typical classroom: (a) Closed windows; (b) Open windows.
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4.1.3. ACH and the Impact of Windows on the Trajectory of Contaminated Aerosols

The results of discrete phase in office and class with open and closed windows are
shown in Figures 15–18, and videos S1 and S2 in the Supplementary Materials. The figures
exhibit the particle traces, and the dots represent the remaining particles (aerosols) in the
mentioned times (s).

Figure 15. Cont.
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Figure 15. Discrete phase modelling of the office with closed windows: (a) 10 s; (b) 60 s; (c) 120 s; (d) 180 s; (e) 240 s.
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Figure 16. Cont.
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Figure 16. Discrete phase modelling of the office with open windows: (a) 10 s; (b) 60 s; (c) 120 s; (d) 180 s; (e) 240 s.
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Figure 17. Cont.
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Figure 17. Cont.
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Figure 17. Discrete phase modelling of the classroom with closed windows: (a) 10 s; (b) 60 s; (c) 120 s; (d) 180 s; (e) 240s;
(f) 360 s.
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Figure 18. Cont.
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Figure 18. Cont.
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Figure 18. Discrete phase modelling of the classroom with open windows: (a) 10 s; (b) 60 s; (c) 120 s; (d) 180 s; (e) 240 s;
(f) 360 s.
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The estimations of the ACH for the selected classroom and office are presented in
Figures 19 and 20.

Figure 19. The percentages of the remaining particles in the typical office in two cases of open and
closed windows.

Figure 20. The percentages of the remaining particles in the typical classroom in two cases of open
and closed windows.

The ACH in many European countries for residential buildings is currently about
0.35–1 [6], but the recommended ACH for offices is about 2–3, and for classrooms is about
4–6 [85]. Meanwhile, the standard protocol for the prevention of airborne transmission
of infections, which could be important during the COVID-19 pandemic, is more than
12 ACH [41].

The theoretical ACH for the case studies with an area of 378 m3 (12 m × 9 m × 3.5 m),
the total size of eight inflows equal to 0.4 m2, the inlet velocity of 1.5 m/s, and the airflow
rate of 0.6 m3/s should be 5.6 ACH, which is in the range of acceptable IAQ [85]. However,
the CFD simulation determined that the full ACH in the office (>95%) with closed windows
was three, nearly half of the theoretical ACH. The ACH value for the same office with open
windows was 7.5 (every 8 min). By opening windows, the short circuit happened, and this
advantage could be used for the proper placement of occupants.

For the classroom, the ACH for both conditions was about 2.5 (every 24 min), less than
the acceptable IAQ thresholds. The analysis of the ACH in the class reveals the important
role of the location of inlets/outlets in addition to the contaminant source location. The
contaminant source location was in the center of the class with equal distances from
windows and outlets. By opening the windows, the outlet’s total size increased while the
inlet size remained the same. The new outlets (windows) caused the airflow streamlines
divided into four directions, but a decrease in the airflow speed happened. As a result, the
time in which the aerosols can exit the class was started with a delay. However, since the
outlet number increased, all droplets (>95%) are evacuated from the class area at the same
24 min. The results show that the full ACH could not increase just by opening windows
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and without considering the airflow path and the locations of tables, objects, and internal
walls.

4.1.4. Recommendations for Future Studies

The impact of dynamic airflow rate based on the pollutant concentration and the
number of occupants is recommended for future studies. Furthermore, the thermal analysis
for the same case studies to find a balance between health risk and energy efficiency is
recommended for future investigations.

5. Conclusions

The airflow analysis results showed the critical impact of windows and the loca-
tions of the inlets/outlets of HVAC systems. From the viewpoint of respiratory infection
transmission by aerosols, the airflow path is a parameter as important as ACH. The CFD
simulation could exhibit optimal placement and safer locations for occupants to decrease
the health risk, such as the employee tables in the offices and the placement of students in
the classrooms.

The discrete CFD model results determined that the full ACH could be different
from theoretical ACH in the design as the short circuit and dead zones affect the ACH.
Moreover, the analysis determined that the dead zones with poor ventilation could be
minimized by optimizing the inlets/outlets’ locations using CFD simulation. In addition,
the role of windows while using the HVAC system can be significant on the ACH and
aerosols’ trajectory, but both parameters would also depend on the location of the inlets,
outlets/windows, and occupants.

The simulation results show that the full ACH in the office with closed windows was
nearly half of the theoretical ACH, and the value of the ACH for the same office with
open windows was more than double compared to that of the closed windows model.
However, the ACH analysis in the classroom shows that, while the full ACH was half of
the theoretical ACH, it was nearly the same in both cases of closed and opened windows.
As a result, opening windows can decrease the infection risk through two mechanisms,
including declining the contamination load through the created short circuit and increasing
the airflow paths, that if combined with the optimal placement of the tables, could be more
useful. The analysis of supplementary approaches determined that HEPA filters and UV
lights could improve the low ACH and decrease the infection risk in indoor environments.

In conclusion, the impact of windows on ACH is critical, but the airflow pattern
analysis determined the critical role of the HVAC system design. Moreover, in a central
HVAC system with full fresh inflow, the ACH in both cases of opened and closed windows
could be nearly the same. However, even in the last case, putting windows open would
increase the flow paths due to increased outlets. The increase of the airflow paths can
decrease the infection risk by contaminated aerosols, as fewer people would be placed in
one flow path.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13147931/s1, Video S1: Office closed windows., Video S2: Office open windows.
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